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Abstract 

 

Title of Dissertation: Regulation of retinoid homeostasis by cellular retinol-binding 

protein, type 1 

Stephanie Zalesak-Kravec, Doctor of Philosophy, 2022 

Dissertation Directed by: Maureen A. Kane, PhD, Professor of Pharmaceutical Sciences 

 

Retinoic acid (RA) is the main active metabolite of Vitamin A, an essential diet-

derived nutrient. RA signaling regulates cell differentiation, proliferation and apoptosis. 

RA levels are tightly regulated throughout the body via the expression and activity of 

catabolic and biosynthetic enzymes, and chaperone proteins, including cellular retinol 

binding protein, type 1 (CRBP1). CRBP1 binds to retinol and retinal, protecting them from 

non-specific oxidation, and facilitating their delivery to the appropriate enzymes for RA 

biosynthesis. CRBP1 has been shown to be decreased in disease states that display 

dysfunctional proliferation and differentiation, including cancers. Reduction of CRBP1 

levels directly correlates with reduction in RA and restoration of CRBP1 expression has 

been shown to increase RA levels and positively impact RA-dependent outcomes. 

Research on the role of CRBP1 in disease has been limited because of its low abundance 

and poor immunogenicity. We have developed a targeted, bottom-up proteomics approach 

for absolute CRBP1 quantitation in complex biological matrices and have utilized this 

assay to answer important biological questions regarding the role of CRBP1 in regulating 

RA and RA-mediated signaling.  



 

 

 

While proper RA homeostasis is essential for biological processes throughout the 

body, the research in this thesis has focused on its role in the small intestine, heart, and 

lung. In the small intestine, RA plays an essential role in regulating the gut immune 

response. In instances of cellular stress in the intestine, RA levels are decreased. We have 

employed our CRBP1 quantitative assay, along with retinoid metabolite quantitation and 

quantitative gene expression, to systemically probe the mechanism of disrupted retinoid 

signaling in intestinal disease via an in vitro model of the small intestine. Proper RA levels 

are also necessary for growth and development, including heart and lung morphogenesis, 

and have also been shown to be disrupted in many diseases, such as heart failure and lung 

cancer. Using a global CRBP1 knock-out mouse model, we have also explored the in vivo 

effect of loss of CRBP1 on retinoid signaling via multi-omics analysis. Together these 

studies will help further our understanding of the mechanisms and impact of CRBP1 loss 

in diseases of the intestine, heart, and lungs. 
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Chapter 1: Overview of Cellular Retinol-Binding Protein, Type 1 

1.1 ABSTRACT 

Cellular retinol-binding protein, type 1 (CRBP1), is a member of a highly conserved 

class of retinoid binding proteins. CRBP1 is the main intracellular chaperone protein for 

Vitamin A. CRBP1 binds to retinol and retinal, protects them from non-specific oxidation, 

and delivers them to the appropriate enzymes for retinoic acid (RA) biosynthesis. In this 

overview, we describe the function and structure of CRBP1 and its essential role in 

regulating retinoid homeostasis. To further describe the role of CRBP1 in vivo, we describe 

results from studies using the CRBP1-null (Rbp1-/-) mouse. Finally, CRBP1 levels have 

been shown to be dysregulated in many diseases that display dysfunctional proliferation 

and differentiation. While the most common characterized dysregulation is a reduction in 

expression due to epigenetic silencing, specifically hypermethylation which is observed in 

numerous in cancers, there are other instances where CRBP1 gene expression levels are 

increased in disease. Overall, this review provides crucial background information about 

the role of CRBP1 and establishes the importance of understanding the mechanism of 

CRBP1 disruption in disease.  

1.2 CRBP1 FUNCTION 

Cellular retinol-binding protein, type 1 (CRBP1) is one of four retinol-binding 

proteins identified in humans, and has ubiquitous tissue distribution and greatest affinity 

for retinol among the homologs.(1) The function of CRBP1 has been thoroughly described 

by many reviews.(1-3) Briefly, CRBP1 is responsible for chaperoning retinol (ROL) and 

retinal within the cytosol. CRBP1 can obtain retinol from interaction with STRA6 

(stimulated by retinoic acid 6), the membrane receptor that binds to extracellular RBP4, 
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which delivers circulating retinol to cells (Figure 1.1). CRBP1-retinol can interact with 

LRAT (lecithin:retinol acyltransferase) to convert ROL to RE for storage or interact with 

the retinol dehydrogenase enzymes (RDH), such as RDH1, DHRS9, or RDH10, to oxidize 

ROL to retinal. The oxidation of ROL to retinal is reversible, with the reverse reaction 

catalyzed by the retinal reductase enzymes (RRD), such as DHRS3, DHRS4, or RDH11. 

The CRBP1-retinal complex can interact with the retinal dehydrogenase enzymes 

(RALDH), such as RALDH1, RALDH2, or RALDH3 for the irreversible, oxidation of 

retinal to retinoic acid (RA). RA is the main active metabolite of Vitamin A. CRBP1 does 

not bind with strong affinity to RA. Instead, RA is chaperoned by the cellular retinoic-acid 

binding proteins, CRABP1 or CRABP2. RA can be degraded by the CYP26 enzymes or 

transported to the nucleus, where is binds to the nuclear receptor RAR (retinoic acid 

receptor) and initiates gene transcription. This is a highly conserved cascade of enzymes 

where LRAT, RDH, and RRD access to substrate is regulated by CRBP1. However, in the 

absence of CRBP1, such as the Rbp1-/- mouse, biosynthesis of RA still occurs, just not as 

efficiently.(1, 2)  

The regulation of RA biosynthesis is due to its structure, described in section 1.4, 

and the ratio of apo:holo-CRBP1(4). Studies in the liver (5, 6) and lung (Chapter 5), have 

shown that the ratio of apo:holo CRBP1 plays an essential regulatory role in RA 

biosynthesis by directing ROL towards RA biosynthetic enzymes or towards RE formation 

for storage.  

CRBP1 is ubiquitously expressed throughout the body, including the embryo, liver, 

kidney, lung, sex organs, brain.(1-3) Immunostaining of CRBP1 is used to differentiate 

between quiescent and activated hepatic stellate cells (HSC).(7-9) In the pancreas, 
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immunostaining shows CRBP1 expression correlates with islet size when the diet has 

sufficient vitamin A.(10) Transient expression of CRBP1 has also been seen during wound 

healing in the skin(11) and arterial smooth muscle cells,(12, 13) as well as the heart(14) 

and lung(15) after myocardial infarction. This is due to infiltration of fibroblasts into the 

damaged area during wound repair, and CRBP1 plays a role in the evolution of granulation 

tissue.(11) 

 

Figure 1.1 Retinoid metabolism and 

RA signaling. 

RBP4 binds extracellular Vitamin A 

(retinol) and delivers to membrane 

transport protein STRA6 for import into 

the cell. Once inside the cell, retinol is 

chaperoned by CRBP1 and has multiple 

fates. Retinol may be converted to retinyl 

esters for storage via LRAT or oxidized 

to retinal via RDH. Retinal can be 

reduced to retinol by RRD or irreversibly 

oxidized to retinoic acid via RALDH. 

Once formed, RA can be bound to 

CRABP1 and channeled to CYP26 for 

degradation or bound to CRABP2 or 

FABP5 and transported to the nucleus 

where it binds to nuclear receptors (RAR 

or RXR) and initiates gene transcription. 

 

 

 

 

CRBP1 levels directly correlate with RA levels. In a study with mammary cell lines, 

tumorigenic MCF-7 and MDA-MB-231 cells had reduced RA and Rbp1 expression 

compared to non-tumorigenic MCF-10-2A cells.(16) Furthermore, when the tumorigenic 

cells were treated with either AM580, a RAR agonist known to increase Rbp1 expression, 

or decitabine, a demethylating agent that relieves epigenetic repression and increases Rbp1 
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expression, there was also a subsequent increase in RA levels. While CRBP1 regulates RA 

biosynthesis, CRBP1 expression is also regulated via RA.(17-19) Additionally, NF1 family 

is also seen to regulate CRBP1 gene expression.(20) Therefore, CRBP1 could be an 

intriguing target when treating diseases with dysfunctional retinoid metabolism.  

1.3 OTHER CRBP1 HOMOLOGS 

There are four cellular retinol-binding proteins that specifically bind to retinol and 

retinal to facilitate retinoid metabolism.(1) Of these homologs, CRBP1 has the most 

extensive tissue distribution and strongest binding affinity for ROL, with a kd value of ~0.1-

3 nM.(1, 21) CRBP2 expression is limited to intestinal enterocytes and has a kd value of 

~10 nM for ROL.(21) In the intestine, CRBP2 has a specialized role in the nutrient 

absorption of vitamin A where CRBP2 channels dietary-derived retinoids into RE 

biosynthesis.(1) Specifically, in small intestinal enterocytes, CRBP2 chaperones dietary 

vitamin A (retinol) into RE and fosters efficient reduction of beta-carotene-derived retinal 

into retinol.(1) CRBP3, encoded by Rbp7, has extensive expression, and binds to ROL with 

kd value of ~109nM.(2) CRBP3 provides ROL to LRAT for RE biosynthesis.(1) Studies in 

lung (Chapter 5) and liver (5, 6) have shown that apo-CRBP3 does not regulate retinoid 

metabolism like apo-CRBP1.(22) CRBP4, encoded by Rbp5, is found in liver and kidney, 

has a kd value of ~60 nM for ROL, and does not have a mouse ortholog.(1, 23) 

1.4 CRBP1 STRUCTURE 

CRBP1 is 135 residues, 15.9 kDa and assigned to human chromosome band 

3q23.(1, 24) Of the retinoid-binding proteins, CRBP1 is the most widely studied via 

multiple techniques including X-ray crystallography, NMR, and mass spectrometry, and 

methods for its purification, gene expression, and immunohistochemistry have been 
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thoroughly described.(25-27) The structure of CRBP1 has been thoroughly described by 

many reviews.(1, 2) Briefly, CRBP1 consists of two orthogonal sheets of five anti-parallel 

β-strands that form a flattened β-clam (Figure 1.2).(28) This orientation creates a binding 

pocket for retinol and retinal, protecting them from non-specific oxidation.  

 

Figure 1.2. 

Structure of CRBP1 

bound to retinol.  

Two different views 

of CRBP1 show the 

β-clam structure (left) 

and retinoid-binding 

pocket (right). 

PDB:5LJB  

 

 

CRBP1 binds tightly to retinol (kd= 0.1-3 nM) and retinal (kd= 9 nM).(1, 21) Protein 

conformation and ligand dissociation is affected by local solvent properties, where 

conditions that mimic the environment surrounding biological membranes, such as 

decreased pH, promote dissociation.(29-31) Superposition of apo- and holo-CRBP1 crystal 

structures have shown that binding interactions within holo-CRBP1 increase rigidity 

compared to apo-CRBP1, which suggests an induced fit upon ligand binding.(32-34) 

Additionally, studies with NMR, hydrogen-deuterium exchange mass spectrometry, and 

molecular dynamic simulations have elucidated the mechanism of retinol binding within 

CRBP1. A hydrophobic area on the portal region, which encompasses the α-helixII, CD 

and EF loops, attracts retinol.(35-37) Then Arg58 and Phe57, both located in the CD loop, 

provide retinol with access to the binding cavity.(37) 
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Of the other retinoid-binding proteins, CRBP1 shares the greatest sequence 

similarity, 56% amino acid sequence identity, with CRBP2, and these two proteins have 

the greatest binding affinities for retinol.(1) While these two proteins have many similar 

properties, they have very different biological functions, and many studies have worked to 

gain further insight into these differences via NMR and molecular dynamics 

simulations.(37-40) Polar interactions affect the movement of retinol inside the β-barrel of 

both proteins, but a different hydrophobic interaction with each protein allows retinol to 

access this pocket.(37) Using multidimensional NMR, the greatest difference between the 

two proteins was seen in the alphaII helix of the protein backbone, which is the area of 

CRBP1 responsible for attracting retinol.(37, 38) Additionally, there is more flexibility and 

greater transfer of retinol from CRBP2 to lipid vesicles than from CRBP1, where CRBP1 

requires direct interactions with membranes.(39-41)  

Since the structure of CRBP1, and its interaction with retinol, are highly stable and 

have been thoroughly described, many studies have used this interaction as a proof of 

concept when establishing new methods. To test a new computational method for 

calculating proton chemical shift perturbations (CSPs), researchers used the CRBP1-retinol 

interaction as a model system, and found strong agreement with the X-ray structure, where 

previous NMR experiments produced large errors in CSP values.(42) The CRBP1-retinol 

interaction was also used to assess electrospray-ionization mass spectrometry analysis of 

non-covalent protein ligand complexes, and were able to identify species in the gas-phase, 

reflecting the artifactual dissociation of the protein-ligand complex induced by the 

ionization source/interface conditions, which emphasized the importance of carefully 
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selecting electrospray conditions to properly match the environment in solution and to 

minimize artifactual species.(43) 

1.5 Rbp1-/- MOUSE MODEL 

Studies with the Rbp1-/- mouse have provided extremely useful information about 

the role of CRBP1 in vivo. The loss of CRBP1 is a non-lethal genetic deletion, where initial 

reports showed decreased liver RE storage, shorter elimination half-life of liver retinoids, 

and a predisposition to vitamin A deficiency, but no gross morphological phenotypes when 

fed a vitamin A-sufficient diet.(44, 45) Because of the loss of the main intracellular 

chaperone protein, these mice exhibit decreased retinoid metabolism efficiency, and, 

therefore, provide a unique insight into the effect of dysregulated retinoid metabolism 

throughout the body.  

In the liver, stellate cells in the KO mice have fewer and smaller lipid droplets than 

WT mice.(1) In the pancreas, the KO mouse exhibits abnormal pancreas development, 

evident via α-cell infiltration into the islet β-cell field.(46) There was no significant 

difference in RA or RE levels between WT and KO mice, but there was a significant 

increase in 9-cis-RA and ROL in the KO mouse compared to WT, in both the fed and fasted 

experiments. The KO mice pancreas islet cells also have defective expression of genes 

regulating glucose sensing and insulin secretion (Pdx-1, Glut2, and GK), which contributes 

to increased rate of gluconeogenesis and fatty acid oxidation. Finally, these KO mice have 

increased adipogenesis (47) but are resistant to obesity when fed a high-fat diet.(46) 

Overall, these studies show that CRBP1 plays an essential role in regulating glucose 

homeostasis and lipid metabolism. 
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In the mammary, loss of CRBP1 led to 40% decrease in RA levels and a 89% and 

69% increase in ROL and RE, respectively.(48) Gene expression of Stra6 was significantly 

upregulated, while Raldh1 and 2 were significantly decreased in KO mice compared to 

WT. Histological staining of the KO, but not the WT, showed epithelial hyperplasia, 

stromal hypercellularity, and oxidative stress, which are characteristic of early stages of 

tumorigenesis.  

In the endometrium, the loss of CRBP1 led to a 37% decrease in levels of RA, 42% 

increase in ROL levels, and no change in RE levels.(49) Histological staining showed 

morphological disorganization, hypercellularity, and collagen accumulation in the KO 

mouse. 

In the heart, RA levels were decreased in the KO by 33% and 24% in the right 

ventricle and left ventricle, respectively.(50) Additionally, there was a 65% and 69% 

decrease in ROL in the WT and KO left ventricle compared to the right ventricle, 

respectively, and there were no changes in RE levels between genotype or tissue type. 

Proteomic and metabolomic analysis identified pathways most changed in the KO mouse 

heart involved cellular metabolism: carnitine homeostasis, amino acid biosynthesis, and 

LXR/RXR activation; and cardiac remodeling: Ras homolog gene family, member A 

signaling, Hippo, and Renin-Angiotensin pathway. Additionally, the loss of CRBP1 show 

increased fibronectin deposition in embryonic hearts.(51)  

In the lung, the loss of CRBP1 led to a 45% decrease in RA levels, 52% increase in 

ROL, and 49% increase in RE.(Chapter 5) Gene expression analysis showed Dhrs3, Dhrs9, 

Raldh2, Stra6, Cyp26a1, Cyp26B1 increased in KO mice and Rhd10, Rdh12, Raldh3 

decreased. Histological staining showed lung metaplasia, hyperplasia, and increased 
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collagen accumulation, which are similar characteristics as those reported for the Vitamin 

A deficient lung. This study also shows how the loss of CRBP1, and subsequent 

dysregulation of RA homeostasis, led to exaggerated lung injury and worse disease 

outcomes, including increased collagen accumulation and increased respiratory frequency, 

compared to WT mice in a model of whole thorax lung irradiation.  

In an imiquimod-induced psoriasis-like model, KO mice had increased skin 

lesional area and severity index scores compared to WT mice.(52) The loss of CRBP1 led 

to increased severity of parakeratosis, papillomatosis, and spongiosis.  

Additionally, there have also been studies in transgenic mice with increased CRBP1 

expression. These mice have normal gross tissue morphology and RE storage.(53, 54)   

1.6 DYSREGULATED CRBP1 LEVELS IN DISEASE 

1.6.1 Decreased CRBP1 levels 

 Dysregulated CRBP1 levels are a common aspect of multiple diseases, especially 

cancers, with epigenetic silencing, specifically hypermethylation, being the most common 

cause of decreased CRBP1 gene expression. Mammary cancer is the most studied of these 

diseases, where methylation occurs early in the disease, and epigenetic silencing is seen in 

25% of mammary cancers.(55-65) In hepatocellular carcinoma patients, low CRBP1 

expression related to worse disease outcomes, methylation occurrence also increased with 

patient age.(66-68) Researchers also saw that overexpression of CRBP1 suppressed 

hepatocellular tumor formation through inhibiting the Wnt//β-catenin signaling 

pathway.(66) CRBP1 expression is decreased in non-small cell lung carcinoma 

(NSCLC),(69, 70) and restoration of CRBP1 gene expression reduced NSCLC cell 

proliferation and viability, specifically through pAKT/pERK/pEGFR-related genes.(71) In 
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other disease affecting the respiratory tract, there was decreased CRBP1 gene expression 

in esophageal squamous cell carcinoma and adenocarcinoma, as well as nasopharyngeal 

and laryngeal carcinoma.(72-77) In the gastrointestinal system, CRBP1 methylation was 

found in gastric, pancreatic, gall bladder, colorectal, and rectal carcinomas, and these gene 

silencing was often an early event in tumorigenesis.(58, 78-84) In the urinary tract, CRBP1 

levels were reduced in bladder and renal cell carcinoma, with hypermethylation of CRBP1 

led to increased bladder cancer cell proliferation and migration.(85, 86) Additionally, 

CRBP1 expression decreases during renal fibrosis.(87) In the female reproductive system, 

decreased CRBP1 expression was seen in endometrial, ovarian, and cervical carcinoma, as 

well as uterine fibroids, and reduced CRBP1 was associated with higher grades of 

endometrial cancer.(88-96) In the male reproductive system, CRBP1 methylation increases 

with prostate cancer disease severity.(97, 98) Finally, CRBP1 expression was also 

decreased in melanomas,(99) thyroid carcinoma,(100) hematologic neoplasms,(101) and 

lymphoma.(58, 102) 

1.6.2 Increased CRBP1 levels 

Interestingly, there are also diseases where CRBP1 levels are increased. In patients 

with alopecia areata, increased CRBP1 expression directly correlates with increased 

clinical severity.(103) Overexpression of CRBP1 was seen in multiple squamous cell 

carcinomas, including tongue squamous cell carcinoma,(104) oral squamous cell 

carcinoma,(105) and laryngeal squamous cell carcinoma,(106) and this increased 

expression could serve as a prognostic factor. Additionally, a knock-down of CRBP1 

blocked tongue squamous cell carcinoma cell proliferation and invasion.(104) In the 

female reproductive tract, increased CRBP1 expression was seen in cervical squamous 
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lesions(107) and endometrioid tumors(108). In the skin, proper retinoid levels are essential 

for maintaining skin homeostasis, and increased CRBP1 expression levels are seen in 

psoriatic lesions.(52, 109) In the brain, CRBP1 expression is increased in astrocytic and 

non-gliobastomatous diffuse gliomas and the increased levels were correlated with tumor 

necrosis factor-α-nuclear factor-kappa B (TNF-α-NF-κB) signaling promoted malignancy 

and, therefore, CRBP1 expression could be used as a prognostic marker.(110, 111) 

Additionally, hypermethylation of CRBP1 promoter improved outcomes in patients with 

isocitrate dehydrogenase 1 and 2 mutant gliomas.(112) Finally, increased CRBP1 

expression in leiomyosarcoma(113) and lung adenocarcinoma(114) patients was 

associated with worse disease outcomes. Overall, the dysregulation of CRBP1 in disease, 

whether an increase or decrease in expression, suggests that dysregulated retinoid 

metabolism plays significant roles in disease progression and, therefore, CRBP1 could be 

a potential therapeutic target. Furthermore, changes in CRBP1 levels in diseases, involved 

either gene expression or immunostaining. There is limited literature on the correlation of 

CRBP1 gene expression and protein levels,(115) and the antibody for CRBP1 suffers from 

non-specificity, which emphasizes the importance of studying CRBP1 protein levels for 

improved accuracy with regards to how CRBP1 changes in various diseases.  

1.7 AIMS OF THE THESIS 

CRBP1 plays an important role in regulating retinoid homeostasis and CRBP1 has 

been shown to be dysregulated in multiple diseases. However, the mechanism of CRBP1 

disruption, and the subsequent effect on retinoid homeostasis, has yet to be fully elucidated. 

In this thesis, we present an integrative mass-spectrometry based approach to characterize 
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the mechanism of CRBP1 dysregulation in various in vitro and in vivo models of diseases 

in the small intestine, heart, and lung.  

Current efforts to research the role of CRBP1 in disease has been limited because 

of its low abundance and poor immunogenicity. In Chapter 2, we describe a targeted, 

bottom-up proteomics approach for absolute CRBP1 quantitation in complex biological 

matrices. This assay will allow us to answer important biological questions regarding the 

role of CRBP1 in regulating RA and RA-mediated signaling.  

In Chapter 3, we use the developed a targeted proteomic assay, along with other 

biochemical techniques, such as retinoid metabolite quantitation and quantitative gene 

expression, to systematically probe the mechanism of disrupted retinoid signaling in in 

vitro models of small intestinal stress. We compare the effect of three different cellular 

stressors: oxidative stress, hypoxia, and inflammation, on two intestinal epithelial cells: 

Caco-2 and HIEC-6, to provide a comprehensive, systems biology analysis of disrupted 

retinoid homeostasis.  

In Chapters 4 and 5, we use the Rbp1-/- mouse as an in vivo model of disrupted 

retinoid signaling to better understand the role of CRBP1 in adult mice. Proper RA levels 

are necessary for growth and development, including heart(116-119) and lung 

morphogenesis(120-123), and have also been shown to be disrupted in many diseases, such 

as heart failure and lung cancer.(69, 124) Using a global CRBP1 knock-out mouse model, 

we have also explored the in vivo effect of loss of CRBP1 on retinoid signaling via multi-

omics analysis. Together these studies will help further our understanding of the 

mechanisms and impact of CRBP1 loss in diseases of the intestines, heart, and lungs. 
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Chapter 2: Absolute Quantitation of Cellular Retinol-Binding Protein, 

Type 1 
 

2.1 ABSTRACT 

Cellular retinol binding protein, type 1 (CRBP1), is a chaperone protein of retinol 

and retinal that regulates the biosynthesis of retinoic acid (RA), the active metabolite of 

vitamin A. Vitamin A metabolism is critical for many biological processes, including 

development, immune response, and reproduction; it is also often dysregulated in cancer. 

Changes in CRBPI levels have been linked to early tissue dysfunction in cancer and may 

have diagnostic utility in delineating cancer subtypes for precision and personalized 

medicine.   However, CRBP1 is low abundant and a poor immunogen, making it 

challenging to study and quantify. We have developed a targeted proteomics assay utilizing 

an in-gel digestion with 15N-CRBP1 as an internal standard to provide absolute quantitation 

of CRBP1 in complex biological matrices.  

Cells were lysed with RIPA buffer, which provided the best yield for the target 

protein; then introduced detergent was removed by running SDS-PAGE. By directly 

cutting the gel band containing the target protein, we removed other abundant species that 

might interfere with CRBPI’s signal during mass spectrometric analysis. Moreover, we 

used recombinant heavy labeled 15N-CRBPI as an internal standard, to account for all 

major analytical variances (protein extraction efficiency, tryptic digestion efficiency, 

peptide losses during transfer, retention time shifts, ion suppression effects, etc.) introduced 

during sample handling and data collection.  

This targeted proteomics workflow for CRBPI quantitation enables endogenous 

CRBPI protein to be identified and accurately quantified in complex biological samples. 
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The assay was then applied to evaluate CRBPI protein changes in various cancer-relevant 

cell lines. 

2.2 INTRODUCTION  

Vitamin A is an essential diet-derived nutrient that plays key roles in many 

biological processes, including development, immune response and reproduction. Vitamin 

A is also essential for proper cell function and tissue organization.(125) The main active 

metabolite of Vitamin A is all-trans retinoic acid (RA), which is critical for nuclear-

receptor mediated signaling for cell proliferation, differentiation, and apoptosis.(126, 127) 

RA biosynthesis is tightly regulated through interaction of retinoid-binding and retinoid-

metabolizing enzymes.(125) Dysregulated RA levels have been associated with many 

diseases, including cancers, autoimmune dysfunction, and inflammation.(127)  

Cellular retinol binding protein, type 1 (CRBP1) is the main intracellular chaperone 

protein for retinol and retinal.(1) CRBP1 regulates RA homeostasis by protecting retinol 

and retinal from non-specific oxidation and facilitating their delivery to the appropriate 

enzymes for all-trans retinoic acid biosynthesis.(2, 6) There has been a growing interest in 

studying CRBP1 in recent years as studies have indicated that CRBP1 levels are decreased 

in diseases that display dysfunctional proliferation and differentiation, including cancer, 

inflammatory disorders, fibrosis, and infection.(49, 58, 115) For example, CRBP1 loss 

occurs early in carcinogenesis and may be a potential marker for cancer detection.(61) 

Additionally, the reduction of CRBP1 directly correlates with reduction in the active 

metabolite, RA, and restoration of CRBP1 expression has been shown to increase RA 

levels and positively impact RA-dependent outcomes. (61, 128, 129)  
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Previously, studying the mechanism and impact of CRBP1 loss has been hindered 

because this protein is lowly abundant and lacks a specific antibody. Current methods to 

quantify CRBP1, including radioimmunoassays and retinol-binding activity assays, suffer 

from low reproducibility and contradictory results between labs.(130-133) Therefore, an 

accurate and precise measurement of CRBP1 will allow elucidation of its role in retinoid 

signaling and how that is disrupted in various disease states. We developed an targeted 

mass spectrometry-based proteomic approach for absolute quantitation of CRBP1 in 

complex biological matrices.  

In this study, we also explored the capabilities and limitations of two acquisitions 

modes, Single Ion Monitoring (SIM) and Parallel Reaction Monitoring (PRM), on a 

quadrupole-Orbitrap platform. After filtering for the signature peptide m/z in the 

quadrupole, SIM acquires the ion signal for the intact signature peptide (MS1 scan), while 

PRM acquires the ion signal for the fragments of the signature ion (MS2 scan). When 

optimized, PRM mode provides superior specificity, while SIM provides greater signal 

intensity.(134-136) Because of the improved specificity and the plans for future application 

to complex biological matrices, we validated the PRM method using elements of the 

Clinical Proteomic Tumor Analysis Consortium (CPTAC) guidelines (137) and quantified 

endogenous CRBP1 levels in multiple epithelial cell lines.  

2.3 MATERIALS AND METHODS 

2.3.1 Recombinant proteins.  

Recombinant mouse CRBP1 was prepared as previously described(48). Briefly, 

mouse CRBP1 with a GST tag was expressed recombinantly from E. coli cells. The protein 

was purified first through glutathione Sepharose 4 fast flow gravity columns (GE 
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Healthcare) followed with the cleavage of the GST tag with Promega ProTEV protease 

(Promega, Madison, WI, USA). The excess of protease was removed through Ni Sepharose 

6 Fast Flow gravity columns (GE Healthcare). Purified protein was dialyzed through a 3 

kDa molecular weight cutoff (MWCO) spin filter columns (Millipore, Billerica, MA, USA) 

and 94.9 μM CRBP1 was stored in PBS solution at –80 °C. The heavy labeled full-length 

recombinant 15N-CRBP1 was expressed and purified similarly except the LB broth media 

used for E. coli was replaced by M9 medium (prepared based on Cold Spring Harbor 

Protocols) with 15NH4Cl as the only nitrogen source. And 60.9 μM 15N-CRBP1 was stored 

in PBS solution at –80 °C. 

2.3.2 LC-MS reagents.  

Optima LC/MS grade water (H2O), acetonitrile (ACN), trifluoroacetic acid (TFA) 

and formic acid (FA) were purchased from Fisher Scientific (Pittsburgh, PA).  

2.3.3 Cell Culture.  

All cells were obtained from American Cell Culture Collection (ATCC). MCF-10-

2A cells were grown in 1:1 mixture of Dulbecco’s Modified Eagle’s Medium and Ham’s 

F12 medium, supplemented with 20 ng/mL epidermal growth factor, 100 ng/mL cholera 

toxin, 0.01 mg/mL bovine insulin, 500 ng/ml hydrocortisone, and 5% horse serum. MCF-

7 cells were grown in Eagle’s Minimum Essential Medium supplemented with 10% fetal 

bovine serum. Caco-2 cells were maintained in Eagle’s Minimum Essential Media 

supplemented with 20% Fetal Bovine Serum (FBS). HIEC6 cells were maintained in 

OptiMEM 1 Reduced Serum Medium (Gibco) supplemented with 20 mM HEPES, 10 mM 

GlutaMAX, 10 ng/mL epidermal growth factor (EGF), and 4% FBS. Cells maintained at 

37°C in 5% CO2 and passaged at ~85% confluency.  
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2.3.4 Cell Lysis. 

400,000 cells (or 350,000 cells for HIEC-6) were seeded in 6-well plates for 24 

hours. Cells were washed twice with cold PBS and then 100 μL RIPA buffer (Thermo 

Scientific) supplemented with cOmplete™ protease inhibitor cocktail (Roche, 

Switzerland) was added to each well. Plates were placed on ice and gently shaken for 10 

minutes. Cells were scraped and transferred to 1.5 mL Eppendorf tubes. Samples were 

sonicated on ice for 5 minutes and frozen at -80°C. Protein concentration was determined 

via Pierce™ BCA Protein Assay Kit (Thermo Scientific) for normalization. 

2.3.5 In-gel Digestion.  

In-gel digestion was performed based on the protocol of Trypsin Gold (Promega) 

with minor modifications to enhance lowly abundant endogenous CRBP1. Cell lysate 

samples were spiked with 0.5 ng 15N-CRBP1 and prepared with 4x Laemmli Sample Buffer 

(Bio-rad) with 2-mercaptoethanol (Sigma Aldrich). Samples were heated for 5 minutes at 

95° before separation via electrophoresis. Samples were run on a 0.75 mm 15% SDS-Tris-

Glycine gel, which was made in-house using the Mini-PROTEAN® Tetra handcast 

systems (Bio-rad, CA). Gels were stained with Biosafe G-250 solution (Bio-rad) and 

destained with H2O. To assist with identification of CRBP1, 3 μL of protein molecular 

weight standard (PageRuler™ Prestained Protein Ladder, Thermo Fisher Scientific) was 

loaded on a separate lane of the same gel. The band corresponding to CRBP1, ~15 kDa, 

was cut out for each lane and further cut into 1x1 mm pieces. The gel pieces were subjected 

to destaining in 50% ACN /100 mM ammonium bicarbonate for 45 minutes, twice. Gel 

pieces were then incubated in 100% ACN at 1000 rpm for 10 minutes, before liquid was 

removed and pieces were dried in the hood for 20 minutes at room temperature. Gel pieces 
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were resuspended in 40 μL trypsin solution (20 μg/mL in 40 mM ammonium 

bicarbonate/10% ACN) by adding 20 μl twice over two hours at room temperature. Care 

was taken that all gel pieces were completely submerged in solution, sometimes adding an 

additional 10-20 μl of 40 mM ammonium bicarbonate/10% ACN. Gel pieces were 

incubated at 37°C overnight. The next day, 150 μL LC-MS grade H2O was added for the 

digest to incubate for 10 minutes at 1000 rpm. The liquid was removed to a fresh tube and 

the gel slices were extracted twice with 50 uL of 50% ACN/5% TFA for 60 minutes each 

at 1000 rpm. All extracts were pooled and dried in SpeedVac®. Samples were resuspended 

in 40 μL LC-MS grade H2O with 0.1% FA and cleaned with ZipTip® pipette tips.  

2.3.6 ZipTip® Protocol.  

A ZipTip® tip was prepared by washing with 10 μL 100% ACN twice, then 10 μL 

of 0.1% TFA twice. The sample was fully drawn into and out of the tip 8-10 times and the 

liquid was expelled. The tip was washed with 10 μL 0.1% TFA five times. The sample was 

eluted in 2 μL 90% ACN, 0.1% FA. 13 μl of LC-MS grade H2O with 0.1% FA was added 

to each sample.  

2.3.7 nanoLC-MS/MS. 

Samples were run on a Acquity UPLC M-Class Peptide BEH C18 Column, 130Å, 

1.7 μm, 100 μm x 100 mm (Waters) on a Waters nanoAcquity UPLC coupled to a Thermo 

Q-Exactive HF Hybrid Orbitrap-Quadrupole mass spectrometer with a nanoelectrospray 

ion source. 10 μL of sample was loaded onto the trapping column at 10 μL/min and desalted 

with 3% ACN for 5 minutes. The LC flow rate was 300 nL/min with a linear gradient of 

15% to 30% ACN in 30 minutes. The instrument settings for nanoESI interface were: spray 

voltage: 1.9 kV; ion transfer tube temperature: 300°C; S lens: 60 V; sheath gas: 3.  Data 
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was acquired in both PRM (Parallel reaction monitoring) and SIM (Selected Ion 

Monitoring) modes with the same time schedule (shown in Figure 2.2) for comparison. 

Detailed parameters for PRM mode are: Resolution: 15,000; AGC target 1e5; max IT 40 

ms; Isolation window 2.4 m/z; NCE 20 eV. Detailed parameters for SIM mode are: 

Resolution: 120,000; AGC target 1e5; max IT 800 ms; Isolation window 6.0 m/z; scan 

range 400 to 1000 m/z. Both modes used a time schedule with a mass list of the CRBP1 

signature peptides.    

2.3.8 Cell lysis background preparation for matrix effect experiments.  

MCF-7 cells were pelleted and washed with PBS twice. 0.5 mL of lysis buffer 

(0.1% SDS, 50 mM Ammonium bicarbonate, supplemented with cOmplete™ protease 

inhibitor tablet (Roche, Switzerland)) was added per 2 million cells. Samples were heated 

at 95°C for 5 minutes, sonicated on ice for 10 minutes, and centrifuged for 10 minutes at 

14,000*g at 4°C. The supernatant was collected, and protein concentration was determined 

with a BCA assay.  

2.3.9 Data Analysis.  

Proteome Discoverer (Thermo) was used to identify signature peptides (1% FDR) 

and generate a spectral library for Skyline (MacCoss lab software, University of 

Washington). The most abundant precursor ion peaks in SIM are the M, M+1, and M+2. 

The most abundant product ions in PRM are the y5, y6, and y7. The sum of the peak area 

of the three most abundant peaks were used for quantification, which was performed using 

extracted ion chromatograms of either the three MS1 precursor ions in SIM mode or three 

MS2 fragment ions in PRM mode for each signature peptide. The summed peak area ratios 

of unlabeled to 15N-labeled (light to heavy) CRBP1 were used to determine accurate 
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quantities of endogenous CRBP1. The p values were calculated by using a paired, two-

tailed Student’s t test. The data represents the mean and standard error obtained from at 

least four replicates.  

2.4 RESULTS  

2.4.1 Development of PRM and SIM method for CRBP1 quantitation. 

The overarching objective of this study was the develop a targeted mass-

spectrometry-based proteomic assay for absolute quantitation of CRBP1 in complex 

biological matrices as an alternative to unreliable antibody-based methods. The 

development of this assay comprised of a search for target peptides of CRBP1, an 

optimization of sample preparation procedures to enrich the target peptides, a thorough 

examination of both SIM and PRM acquisition modes, and a validation of the most reliable 

acquisition mode (Figure 2.1). 

Toward determination of the best target peptides of CRBP1. A data-dependent 

acquisition (DDA) was performed using recombinant light and heavy CRBP1 and results 

were analyzed with Proteome Discoverer. Five unique signature peptides were detected 

and used to create the spectral library for Skyline. This library contained the MS and 

MS/MS spectra of all candidate peptides, with and without 15N labeling. Of the signature 

peptides identified via DDA, three were consistently reported in our initial targeted 

analyses and used for further method optimization (Figure 2.2). Of those, ALDVNVALR2+ 

provided the most consistent retention times and greatest abundance through all protein 

concentrations and matrices tested, making it the ideal candidate for quantitation. 

Additionally, we use EFEEDLTGIDDR2+ and IANLLKPDK2+ for validation purposes.  
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Figure 2.1. Diagram depicting the bottom-up, targeted proteomic workflow for absolute quantitation 

of CRBP1.  

(A) Heavy, 15N-labeled CRBP1 (0.5 ng) is incorporated to RIPA cell lysate before running on SDS-PAGE. 

The 15 kDa band is excised for in-gel digestion and sample clean up prior to MS analysis. (B and C). The 

peptide digest is separated via nano-LC and data is acquired in either Single Ion Monitoring (SIM) (B) or 

Parallel Reaction Monitoring (PRM) (C) modes on a high-resolution quadrupole-Orbitrap MS, to obtain 

precursor or product ion scans, respectively. (D) The calculated peak area ratios of the light (unlabeled, 

endogenous) CRBP1 and heavy (15N-labeled) CRBP1 are calculated and normalized to starting cell count for 

absolute quantitation of CRBP1. 
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Figure 2.2. Signature peptide identification for CRBP1.  

(A) Representative extracted ion chromatogram of three peptides of in-gel digested CRBP1. Pink peptide, 

ALDVNVALR2+, was chosen as signature peptide for assay because this peptide produced the most 

consistent retention times and greatest ion efficiency. (B) Mass list of signature peptides that were monitored 

throughout each sample run. Retention times and time schedule window for each endogenous and heavy-

labeled peptide are included and identical. (C) Ion chromatogram for signature peptide ALDVNVALR2+ 

(red) and internal standard 15N-ALDVNVALR2+ (blue). (D) Ion chromatogram for ALDVNVALR2+ top 

three product ions. (E) Ion chromatogram for 15N-ALDVNVALR2+ top three product ions.   
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The peptide retention times were then used to establish a time-schedule for both 

PRM and SIM data acquisition (Figure 2.2). Additionally, the PRM method was further 

optimized by determining the collision energy (CE) that produced the highest signal 

intensity of the signature peptide. CE values from 16 to 34 were tested, in increments of 2, 

to determine the optimal CE value of 22 (Figure 2.3).  

 

Figure 2.3. Collision energy optimization.  

To determine the normalized collision energy (NCE) 

parameter providing the greatest intensity of the total ion 

chromatogram (TIC) of peptide ALDVNVALR2+, PRM was 

performed repeatedly on a sample containing 1 ng CRBP1 with 

NCE ranging from 16 to 34. As a result, ALDVNVALR2+ 

show an optimal signal intensity at CE value of 22.  

 

 

SIM acquisition mode acquires the MS1 scan and PRM acquisition mode acquires 

the MS2 scan. Peptide analysis was performed in Skyline for both SIM and PRM 

acquisition modes. In SIM mode, the three most abundant species are the M, M+1, and 

M+2 product ions, which were combined to produce the total peak area used for 

quantitation (Figure 2.4 top). In PRM mode, the three most abundant species are the y5, 

y6, and y7 product ions (Figures 2.2D-E), which were combined to produce the total peak 

area used for quantitation (Figure 2.4 bottom).    
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Figure 2.4. Example mass spectra for unlabeled (red) and 15N-heavy labeled (blue) CRBP1 signature 

peptide ALDVNVALR2+ acquired in SIM (top) and PRM (bottom) acquisition modes.  

Top. MS1 scan obtained in SIM acquisition mode. Three most abundant peaks were the M, M+1, and M+2. 

Total peak area of the three peaks is used for quantitation in Skyline. Bottom. MS2 scan obtained from PRM 

acquisition mode. Three most abundant product ion peaks are y5, y6, and y7, which are combined for total 

peak area and quantitation in Skyline.  

 

2.4.2 Evaluation of Matrix Effects.  

Experiments were performed to determine the matrix effect on our signature 

peptide. Prior to in-gel digestion, 2 ng light and 0.5 ng heavy CRBP1 standards were spiked 

into neat background (Optima LC/MS grade water) or cell lysate (Figure 2.5). The cell 

lysate was prepared from cells shown to have decreased CRBP1 levels using a lysis 

procedure with low efficiency for CRBP1 protein recovery.(16) The lysate was prepared 

via the same in-gel procedure and ran on the same experimental methods, and no CRBP1 

peptides were identified (data not shown). Therefore, this cell lysate was used as a cell 
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lysate background control because it lacked detectable CRBP1 proteins according to the 

current detection limit of the developed assay.  

 In both the neat and cell lysate matrices, SIM data provides a signal intensity 10- 

to 1000-times greater than that acquired by PRM mode, since no signal is lost due to 

fragmentation (Figure 2.5). This may provide a necessary advantage when working with 

lowly abundant species, such as CRBP1 in neat solvent. However, as sample complexity 

increases with the cell lysate background, additional species are easily detected in the SIM 

acquisition mode (Figure 2.5C). In PRM mode, there are no additional peaks observed 

when sample matrix complexity is increased (Figures 2.5B, D), because of the great 

specificity of this technique monitoring fragment ions. The calculated matrix effect for the 

L/H peak area ratio in SIM was 1.42. The calculated matrix effect for PRM was 1.51.  

 Additionally, assay selectivity was assessed by preparing cell lysate samples 

without CRBP1 (Figure 2.5E) and with spiked CRBP1 standards (Figure 2.5F). The 

ALDVNVALR2+ signature peptide was unidentified in the blank samples acquired in both 

PRM and SIM acquisition modes (data not shown). Therefore, there is no matrix 

interference.  
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Figure 2.5. Matrix effects in SIM and PRM acquisition modes.  

2ng light CRBP1 (red) and 0.5 ng heavy CRBP1 (blue) were prepared in neat solution (A, B) or spiked in 

cell lysate that did not contain CRBP1 proteins (C, D). Both samples were acquired in SIM (A, C) and PRM 

(B, D) acquisition modes. Images show example ion chromatograms for each sample preparation method and 

acquisition mode for comparison. Intensity is sum of M, M+1, and M+2 ion intensities for SIM acquisition 

mode and sum of y5, y6, and y7 ion intensities for PRM acquisition mode. Additionally, assay selectivity 

was assessed by preparing cell lysate samples without CRBP1 (E) and with spiked CRBP1 standards (F). 

The ALDVNVALR2+ signature peptide was unidentified in the blank samples acquired in PRM acquisition 

mode indicating no matrix interference. 
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2.4.3 Calibration Curve Acquisition of CRBP1 Standards in SIM and PRM 

Acquisition Modes.  

The calibration curve was generated in cell lysate by spiking 0.5 ng 15N-CRBP1 

(heavy) into increasing concentrations of unlabeled-CRBP1 (light) prior to in-gel digestion 

(Figure 2.6). The data was acquired in 

both SIM (Figure 2.6A) and PRM 

(Figure 2.6B, C) modes. Calibration 

curves were generated by graphing the 

ratio of light:heavy CRBP1 peak areas 

vs. concentration of light CRBP1. This 

is possible since the same amount of 

15N-CRBP1 (heavy) is spiked in at the 

beginning of sample handling, allowing 

us to account for any analytical 

variances that may arise during sample 

handling and data collection, such as 

tryptic digestion efficiency, peptide 

extraction efficiency, peptide losses 

during transfer, and ion suppression 

effects.  

Figure 2.6. Calibration curves generated in SIM and PRM acquisition modes for signature 

quantitation and validation peptides.  

Samples were prepared by spiking 0.5 ng 15N-CRBP1 (heavy) into increasing concentrations of unlabeled, 

recombinant CRBP1 (light) prior to in-gel digestion. Calibration curves were generated by graphing 

calculated light:heavy (L/H) peak area ratios vs the amount of light CRBP1. Data was acquired for 

ALDVNVALR2+ in SIM (A) and PRM (B) modes, as well as EFEEDLTGIDDR2+ in PRM mode (C). 
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In SIM mode, the light: heavy peak area ratio of ALDVNVALR2+ was linear in the 

tested range of 0.05 ng to 1.5 ng (R2
 =0.9792) (Figure 2.6A). In PRM mode, the light: 

heavy peak area ratios were linear within the test range of 0.025 to 4 ng for both 

ALDVNVALR2+ (R2 = 0.9953) (Figure 2.6B) and EFEEDLTGIDDR2+ (R2= 0.9980) 

(Figure 2.6C). Data acquired in both acquisition modes are adequate for quantification and 

match with the known ratio of light vs. heavy CRBP1. Because of the greater specificity, 

sensitivity, and linear range of PRM mode, the PRM-based assay was further validated.  

2.4.4 Robustness of PRM method.  

We followed elements of the Clinical Proteomic Tumor Analysis Consortium 

(CPTAC) Assay guidelines for validation, because of the potential for future application to 

clinical samples.(137) CPTAC assay characterization includes response curve, evaluation 

of repeatability, selectivity, stability, and reproducible detection of endogenous analyte, 

with only the first two items being required. Our response curves (Figure 2.6) show a linear 

correlation between L/H peak area ratio and concentration of light standards with a linear 

range of 0.025 – 4 ng CRBP1. For repeatability experiments, we prepared and ran eight 

replicates containing 1 ng light and 0.5 ng heavy CRBP1 on three consecutive days.  

Samples were analyzed in PRM acquisition mode and Table 2.1 describe retention times 

and L/H peak area ratios for each trial. The %CV for each group is below 10%.  

Selectivity was assessed by comparing the detection of signature peptides in neat 

solvent and cell lysate matrix blanks as in Figure 2.5. The blank matrix interference less 

than 5.0% for each of the signature peptides of the 15N-CRBP1 internal standard.   
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Table 2.1. Reproducibility of PRM Assay.  

1 ng light and 0.5 ng heavy CRBP1 were prepared and ran on three consecutive days, n=8. Samples were 

analyzed in PRM acquisition mode. Retention times (RT) and the average light: heavy (L/H) peak area ratio 

of ALDVNVALR2+ signature peptide is included in the table.  

Day 
Average RT ± 

SD (min) 

Average L/H 

Peak Area 

Ratio ± SD 

Intra-day 

%CV 

L/H Ratio 

Inter-day 

%CV  

L/H Ratio 

1 21.2 ± 0.2 2.84 ± 0.20 7.2 

7.3 2 21.2 ± 0.1 2.76 ± 0.26 9.4 

3 21.0 ± 0.1 2.78 ± 0.15 5.3 

 

2.4.5 Sample Stability 

Additionally, we prepared a large batch of samples and analyzed various aspects of 

sample stability upon freezing (Table 2.2). The percent change of the L/H peak area ratio 

for each condition compared to the standard sample preparation (Group 1) was calculated. 

All percent changes were less than 0.1% and the inter-day %CV was 13.5%. Overall, there 

was no significant effect of freezing on sample stability. 

Table 2.2 Freeze-thaw stability.  

PRM acquisition mode comparing change in light: heavy (L/H) peak area ratios of ALDVNVALR2+ over 

freeze-thaw cycles. N=6 for each group.  

Group Freezing Parameters Average L/H 
Intra-day 

%CV 

Percent 

Change 

from 

Group 1 

Inter-day 

%CV 

1 None 2.46 ± 0.47 19.1 N/A 

13.5 

2 
Placed at -80°C after drying 

down and sample prep was 

finished next day 

2.45 ± 0.39 15.7 -0.008% 

3 
Placed at -80°C after complete 

sample prep, frozen for 1 day 
2.67 ± 0.19 7.1 0.001% 

5 
Placed at -80°C after complete 

sample prep, frozen for 3 days 
2.66 ± 0.31 11.6 0.1% 

 

2.4.6 Application of Assay towards Determining CRBP1 levels in Cultured Cells.  

Once validated, the PRM assay was utilized to analyze CRBP1 levels in cell culture. 

Two different intestinal epithelial cells were analyzed for CRBP1 quantitation (Figure 2.7). 

Caco-2 and HIEC-6 cells were chosen because of their high and low gene expression of 
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Rbp1, the gene that encodes for CRBP1 (Figure 2.7 left). Caco-2 had significantly greater 

levels of endogenous CRBP1 than HIEC-6 (Figure 2.7 middle), which is consistent with 

reports from the literature that the levels of Rbp1 gene expression and CRBP1 protein 

levels are correlated.(115) Additionally, Caco-2 cells also had greater levels of retinoic 

acid (RA), the active metabolite of Vitamin A (Figure 2.7 right), which is consistent with 

reports in the literature that Rbp1 gene expression correlates with RA levels.(16, 128, 129)  

 

Figure 2.7. Quantitation of Endogenous CRBP1 levels in intestinal epithelial cells.  

Caco-2 and HIEC-6 cells were chosen because of their high and low relative Rbp1 gene expression, 

respectively (left). The higher relative gene expression of Rbp1 in Caco-2 cells corresponded with greater 

levels of endogenous protein (center). Additionally, Caco-2 cells also had greater levels of retinoic acid (RA), 

the active metabolite of Vitamin A.     

2.5 DISCUSSION 

Interest in cellular retinol-binding protein, type 1 (CRBP1) has been growing in 

recent years because of its potential utility as a prognostic or diagnostic marker for cancer 

and inflammatory disorders.(61) Studying this protein has been hampered by its low 

abundance and lack of a specific antibody.(133) Previous reports on CRBP1 protein levels 

were determined via radioimmunoassays or retinol-binding activity assays and these results 

vary widely between laboratories.(130, 131, 133, 138) To combat this issue, we developed 

a reliable, bottom-up, targeted, mass-spectrometry based approach that provides accurate 

quantitation of CRBP1 protein levels in complex biological matrices.  
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When developing this targeted assay, the primary objected was to establish the 

sample preparation and data acquisition parameters. Sample preparation was optimized at 

every step, which began with establishing the most efficient cell lysis that would provide 

the highest yield of our low abundant species and great downstream MS compatibility. 

This was consistent with reports that detergent was necessary to release CRBP1 from lipid-

protein aggregates.(131, 133)  

Additional enrichment strategies proved a necessary component of the sample 

preparation procedure. Immunoprecipitation was tested, but proved insufficient in 

enriching CRBP1, due to the lack of specificity of the CRBP1 antibody (data not shown). 

CRBP1 is a poor immunogen, which has led to widely variable techniques to produce 

antibodies between laboratories, and overall causes doubt in the reliability of previously 

reported results.(130, 131, 138) Levin et al. (1987) was aware of this issue and proposed 

quantification based on gene expression, instead of protein levels, so directly measured 

CRBP1 mRNA (Rbp1) via RNA blot hybridization using cloned cDNAs.(133) This 

approach is outdated and only measures gene expression, and there is only limited literature 

showing a direct correlation between Rbp1 expression and CRBP1 protein levels.(115) 

Direct quantitation of protein levels provides a more accurate representation protein levels 

in the cellular environment, compared to measuring gene expression.(139, 140)  

In order to directly measure protein levels without antibodies, we chose to utilize 

an in-gel digestion approach for the greatest enrichment of our lowly abundant species. 

This technique was introduced by Rosenfeld et al. as a method for bottom-up proteomics 

and has since been modified, along with the advancement of high-quality reagents and 

instrumentation, to improve protein yield and limit of quantitation.(141-143) By running 
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our cell lysate samples on SDS-PAGE, we can separate all proteins based on size and 

directly cut the gel band at 15 kDa containing our protein. This technique removes other 

more abundant species, which could interfere with our ability to detect CRBP1 during our 

MS analysis. It also removes the detergents introduced by our RIPA buffer lysis.  

Another important aspect of sample preparation is the use of recombinant 15N-

CRBP1 as an internal standard. Labeled proteins are ideal internal standards because they 

allow for accurate analytical measurements with high precision and reproducibility.(144) 

Unlike typical workflows that utilize heavy-labeled peptides and spike them into samples 

towards the end of sample preparation, our system incorporates full-length, recombinant 

15N-CRBP1 prior to sample handling. This allows us to account for any analytical variances 

that may arise during sample handling and data acquisition, such as tryptic digestion 

efficiency, peptide extraction efficiency, peptide losses during transfer, and ion 

suppression effects.  

Like sample preparation, the data acquisition parameters were also optimized for 

this system. All samples were run on a hybrid quadrupole-orbitrap mass spectrometer, 

which allows fast data acquisition with a high-resolution and accurate-mass (HRAM) mass 

analyzer.(145) Two acquisition modes, Single Ion Monitoring (SIM) mode and Parallel 

Reaction Monitoring (PRM) mode, were used for targeted analysis to determined which 

would provide the most reproducible results for our system.  Both acquisition modes 

utilized the same scheduled, mass (m/z) list of the intact peptides of interest and their 

elution times. This allows for better sensitivity and improves the signal to noise ratios by 

increasing the ion trapping time.(146) The mass list allows the mass filter, or quadrupole, 

to select for a particular precursor ion. SIM mode acquires the ion signal for the intact 
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signature peptide (MS1 scan), while PRM mode acquires the ion signal for the fragments 

of the signature ion (MS2 scan).(134-136) Our peptides fragments were produced via 

collision induced dissociation (CID), where the ions collide with neutral gas molecules in 

a controlled electrical field and generate b and y ions as a result of peptide amide bond 

breakage.(147)  

Both of these methods have their advantages and disadvantages. SIM provides 

greater signal intensity since no signal is lost to fragmentation. This is shown in Figure 2.4, 

as the same sample was run in both acquisition modes and the signal intensity was 10- to 

1000-times greater in SIM mode than that acquired in PRM mode. However, when the 

CRBP1 protein standards were spiked into cell lysate, there were other peaks present in the 

resulting ion chromatogram. Even after performing an in-gel digestion to enrich our protein 

of interest and remove other more abundant proteins, extraneous peaks were still observed. 

The SIM method may provide high signal intensity, but our system requires greater 

sensitivity and specificity. In Figure 2.4, there was minimal effect of sample complexity 

on the performance of PRM mode. Despite the fact that PRM has signal loss due to the 

fragmentation, this mode provides specificity, since it monitors specific product ions from 

specific precursor ions. PRM mode has a wider linear range for the L/H peak area ratio, 

but both acquisition modes can be used for quantitation. Overall, PRM mode was chosen 

for further validation because there was high-specificity, strong linear correlation between 

the peak area ratio of light to heavy CRBP1 and amount of CRBP1, and no strong 

interference from the background.  

Validation was performed following elements of the CPTAC guidelines by 

monitoring reproducibility of the assay with regards to the retention times and signal 
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intensities, which informs on the repeatability of the assay (Table 2.1). Additionally, 

stability was addressed in Table 2.2. Because CRBP1 has been shown to be downregulated 

in many diseases, a quantitative assay has the potential future application to clinical 

samples as a diagnostic measure.(137) 

Cellular samples were the first step towards applying this assay to answer 

biologically relevant questions. Figure 2.7 shows the endogenous CRBP1 levels in two 

intestinal epithelial cell lines, Caco-2 and HIEC-6. Intestinal epithelial cells are known to 

produce high levels of RA, the main active metabolite of Vitamin A, and this RA plays 

essential roles in regulating the gut immune system.(148-152) Rbp1 gene expression 

(Figure 2.7 left) and RA levels (Figure 2.7 right) are significantly greater in Caco-2 cells 

compared to HIEC-6 and the measured endogenous levels of CRBP1 are also greater in 

Caco-2 cells (Figure 2.7 center) This is consistent with reports from the literature that the 

levels of Rbp1 gene expression and CRBP1 protein levels are correlated(115) and that Rbp1 

gene  expression correlates with RA levels.(16, 128, 129) 

In Figure 2.7, the acquired L/H peak area ratio data was normalized to million cells, 

but results could also be normalized to μg of total protein.  Both of these methods are valid 

normalization techniques, and each produce their own inherent error. For cell 

normalization, cells were only counted when they were seeded, and then incubated for 24 

hours before being harvested and lysed for the experiments. For total protein normalization, 

protein concentration was determined via a BCA assay, which has an uncertainty 

associated with the protein quantification assay.  

Here we describe a targeted proteomic assay for direct quantification of CRBP1. 

There are some limitations of this assay, including that the sample preparation is time 
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consuming and requires the tedious process of making gels in-house, running each sample 

on the gel, and cutting out the specific bands corresponding to CRBP1. Additionally, the 

instrument run time is approximately 60 minutes per sample. Development of an LC-

MS/MS approach based on multiple reaction monitoring (MRM) using a tandem quadruple 

instrument will allow higher throughput sample analysis for CRBP1 absolute quantitation. 

Tandem quadrupole instruments are more robust and provide enhanced quantitative 

analytical performance compared to orbitrap instruments including a typically greater 

dynamic range. The tandem quadrupole instrument will be coupled to an HPLC or UPLC, 

allowing shorter run times, ideally less than 10 minutes, compared to the 60-minute run 

time needed for the nano-LC coupled to the orbitrap instrument. MRM monitors a specific 

precursor ion to product ion transition, which imparts specificity and sensitivity due to its 

elimination of background.(144) This is a similar principle to PRM and will provide 

superior selectivity compared to SIM. Enhanced selectively combined with the high 

specificity and reproducibility of an LC-MS/MS approach based on MRM may allow in-

solution digestion of cell lysate, instead of the tedious in-gel digestion protocol. 

2.6 CONCLUSION 

In conclusion, this chapter describes the development of a targeted mass 

spectrometry-based proteomic assay for the absolute quantitation of CRBP1 in complex 

biological matrices. This assay utilizes an in-gel digestion protocol for enrichment of our 

lowly abundant protein of interest. This assay also employs a heavy labeled internal 

standard which is spiked into each sample prior to sample handling to account for any 

analytical variances that may be attributed to sample handling and/or data acquisition. 

Reproducible quantitation of CRBP1 was demonstrated followed by application to CRBP1 
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quantitation in various cells lines. Overall, this technique provides a direct measurement of 

CRBP1 that will be useful for the elucidation of the role of CRBP1 in retinoid pathway 

signaling and how that is disrupted in various disease states. Finally, this method could be 

modified to quantify other proteins that are lowly abundant and/or poor immunogens.   
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Chapter 3: Effect of Cellular Stress on Retinoid Metabolism in Intestinal 

Epithelial Cells   
 

3.1 ABSTRACT 

All-trans retinoic acid (RA), is the main active metabolite of Vitamin A, and 

regulates proper cellular function and tissue organization through nuclear receptor 

mediated signaling. The intestinal immune response has a well-defined requirement for 

RA, and multiple disease of the intestine, such as cancers, infection, and inflammatory 

bowel disease, show disrupted retinoid homeostasis, although the mechanism of 

dysregulation is unclear. To identify the mechanism of disrupted retinoid homeostasis in 

two intestinal epithelial cell lines (Caco-2 and HIEC-6) as a function of cellular stressors 

(oxidative stress, hypoxia, and inflammation), we quantified mRNA, metabolite, and 

protein levels. We found that all three stressors caused a significant dose-dependent 

decrease in RA levels in both cell lines, however, retinol (a RA-precursor) and retinyl ester 

(a Vitamin A storage form) levels were largely unaffected. Co-treatment of the stressor and 

proteasomal inhibitor, MG132, confirmed that protein degradation plays a role in the 

decreased levels of RA. Quantitative gene expression was performed on a panel of retinoid 

metabolism pathway genes. Changes in gene expression varied between cell lines and by 

treatment type. Rbp1 expression was significantly upregulated in a dose-dependent manner 

in Caco-2 treated with all three stressors, and HIEC-6 cells treated with an inflammatory 

stress. Additionally, CRBP1 protein levels were quantified using a recently developed 

targeted proteomic assay, and preliminary data shows no change in CRBP1 in Caco-2 cells 

treated with oxidative, hypoxic, or inflammatory stressors. Overall, our systematic 

approach to study the effect of cellular stressors on intestinal retinoid signaling at the gene, 
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metabolite, and protein level has provided unique insight into the mechanism of retinoid 

homeostasis disruption in disease.  

3.2 INTRODUCTION 

Vitamin A is an essential diet-derived nutrient. Retinoids are compounds with 

Vitamin A activity and are essential for many biological processes, including proper cell 

function and tissue organization.(125) The main active metabolite of Vitamin A is retinoic 

acid (RA), which is critical for nuclear-receptor-mediated signaling for cell proliferation, 

differentiation, and apoptosis.(126, 127) Retinoid signaling and RA are essential for 

intestinal immune homeostasis14. Intestinal epithelial cells (IEC) produce high levels of 

RA, which is crucial for RA-dependent signaling, lineage commitment, and barrier 

function.(125, 148, 149) Vitamin A deficiency, triggered by diet or mucosal damage, can 

alter intestinal immune and IEC homeostasis.(149-151) In inflammatory conditions, RA 

facilitates tight junction repair and increases expression of anti-inflammatory 

cytokines.(152) 

 Many diseases affecting the gut have been shown to disrupt retinoid homeostasis. 

Studies in patients with inflammatory bowel disease (IBD) and Crohn’s disease have 

shown decreased serum retinol levels compared to healthy controls.(153-155)  In simian 

and human immunodeficiency virus (SIV and HIV), there is a significant decrease in RA 

levels compared to healthy controls.(156, 157) In mouse and NHP radiation models, 

jejunum RA levels were also decreased after exposure to irradiation.(158, 159) A mouse 

model of colorectal cancer shows decreased colonic RA compared to age-matched control 

mice.(160)  
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Interestingly, many labs have also explored the potential of treating intestinal 

disorders with RA to improve disease outcomes. In two mouse colitis models, induced by 

trinitrobenzene sulfonic acid or dextran sulfate sodium, researchers have found that RA 

treatment downregulated the inflammatory response to improve colitis and overall disease 

outcomes, through inhibiting nuclear factor kappa-B (NF-κB) signaling and decreasing the 

Th1 cells, which cause the inflamed mucosa of IBD patients.(161, 162). RA 

supplementation was also shown to reduce tumor burden in a colorectal cancer model, and 

inhibition of RA, through the use of pan-RAR inverse agonist BMS493, promoted 

tumorigenesis, emphasizing the importance of RA signaling maintenance for tumor 

growth.(160)   

It is clearly evident that regulating RA metabolism is essential to proper gut 

homeostasis. There are many mechanisms in place to maintain retinoic acid homeostasis, 

including the expression and activity of the biosynthetic and catabolic enzymes, RDH, 

RRD, and RALDH, as well as the expression of chaperone proteins. Cellular retinol 

binding protein, type 1 (CRBP1) is the main intracellular chaperone protein. CRBP1 binds 

to retinol and retinal, protects them from non-specific oxidation, and facilitates their 

delivery to the appropriate enzymes for all-trans retinoic acid biosynthesis.(1, 2) CRBP1 

has been shown to be decreased in diseases that display dysfunctional proliferation and 

differentiation, including cancer, inflammatory disorders, fibrosis, and infection.(58, 115) 

.(72-77) In the gastrointestinal system, CRBP1 methylation was found in gastric, 

pancreatic, gall bladder, colorectal, and rectal carcinomas, and these gene silencing was 

often an early event in tumorigenesis.(58, 78-84) Reduction of CRBP1 directly correlates 
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with reduction in the active metabolite, RA, and restoration of CRBP1 expression has been 

shown to increase RA levels and positively impact RA-dependent outcomes.(128, 129) 

 While RA levels are clearly dysregulated in multiple disease affecting the intestine, 

this mechanism of disrupted retinoid metabolism is not clear. Here we propose an approach 

to systematically probe the mechanism of RA dysregulation in intestinal disease. We used 

two intestinal epithelial cell lines: Caco-2 and HIEC-6, and three cellular stressors: 

oxidative stress, hypoxia, and inflammation. Additionally, we investigate the effect of these 

stressors on the metabolomic level, via retinoid metabolite quantitation, transcriptomic 

level, via quantitative gene expression, and the protein level, via absolute quantitation of 

CRBP1. Together, this study provides a thorough assessment of the mechanism of 

disrupted RA biosynthesis in intestinal disease.  

3.3 METHODS 

3.3.1 Cell culture.  

Caco-2 and HIEC-6 cells were obtained from American Type Culture Collection 

(ATCC). Caco-2 cells were maintained in Eagle’s Minimum Essential Media 

supplemented with 20% Fetal Bovine Serum (FBS). HIEC6 cells were maintained in 

OptiMEM 1 Reduced Serum Medium (Gibco) supplemented with 20 mM HEPES, 10 mM 

GlutaMAX, 10 ng/mL epidermal growth factor (EGF), and 4% FBS. All cells were grown 

at 37°C and 5% CO2 atmosphere. 

3.3.2 Cellular stress treatments.  

Caco-2 and HIEC-6 cells were grown in various conditions to mimic disease 

microenvironments known to cause dysregulated RA homeostasis. Treatment 

concentrations and treatments were adapted from the literature. Oxidative Stress: Cells 
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were cultured with 0, 10, and 50 μM hydrogen peroxide (H2O2) for 24 hours. Hypoxia: 

Cells were cultured with 0, 0.1, and 1 μM cobalt (II) chloride hexahydrate (CoCl2) (Sigma) 

for 24 hours. CoCl2 stabilizes hypoxia inducible factors 1α and 2α under normoxic 

conditions and is commonly used to mimic hypoxia.(163, 164)  Inflammation: Cells were 

cultured with 0, 0.1, and 1 μg/mL lipopolysaccharide (LPS) (Sigma) for 48 hours.  

3.3.3 Inhibitor co-treatments.  

To probe the mechanism of disrupted retinoid metabolism, cells were co-treated 

with cellular stressors and one of two inhibitors: MG132 or leupeptin. MG132 

(carbobenzoxy-Leu-Leu-Leu-al, Sigma) is a potent, reversible, and proteasomal inhibitor. 

Leupeptin (Sigma) is a lysosomal inhibitor. Where indicated, cells were cultured with 1 

μM MG132 or 100 μM leupeptin in addition to the cellular stressor oxidative stress, 

hypoxia, or inflammation.  

3.3.4 Cell viability assay.  

1*105 cells were seeded in each well of a 12-well plate and treated as described. 

Cell viability assay was performed with 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) to ensure the concentrations of cellular stressors was 

not killing the cells. Live cells with active metabolism are able to convert MTT into 

formazan, so the quantity of formazan is presumed directly proportional to the number of 

viable cells.(165)  After treatment, cells were rinsed with PBS, and incubated with 0.5 

mg/ml MTT in media for 4 hours at 37°C and 5% CO2 atmosphere. Three wells containing 

just media 0.5 mg/ml MTT (i.e. no cells) were used as a control to ensure there was no 

media effect. After the four-hour incubation, media was removed, and 1 mL dimethyl 

sulfoxide (DMSO) was added to solubilize the formed purple formazan crystals. 100 μL of 
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sample was added to a well in a 96-well microplate in triplicate, and absorbance at 570 nm 

was recorded.  

3.3.5 Retinoid extraction and quantification.  

1*105 cells were seeded in each well of a 12-well plate and treated as described. 

Samples were prepared under yellow light and all retinoids were handled with glass 

syringes and containers during extraction and quantification procedures. For retinoid 

quantification, 0.1 million cells were seeded in per well per 1 mL in a 12 well plate. Cells 

were grown in different conditions in triplicate and treated with 2 μM holoRBP4 for 3 

hours. holoRBP4 was prepared as previously described by Yu et al.(16) After incubation, 

media was removed, and 0.8 mL normal saline (0.9% NaCl) was added for storage at -

80°C until the extraction was performed. Extraction and analysis were performed as 

previously reported with minor modification.(166-168) Ten microliters of each internal 

standard: 4,4-dimethyl-RA and retinyl acetate in acetonitrile were added to each sample. 1 

mL of 0.025 M KOH in ethanol was added to the sample. The aqueous phase was extracted 

with 5 mL hexane. The organic phase containing nonpolar retinoids ROL and RE was 

transferred to a new glass tube. Then 65 μL 4M HCl was added to the aqueous phase and 

the aqueous phase was extracted by 5 mL hexane. The organic phase containing polar 

retinoid RA was transferred to another new glass tube. Organic phases were removed under 

nitrogen with gently heating at 30°C in a water bath (Organomation Associates Inc. model 

N-EVAP 112, Berlin, MA, USA). Retinoid extracts were resuspended in 60 μL acetonitrile. 

RA was quantified by liquid chromatography-multiple reaction monitoring cubed (LC-

MRM3) using a Prominence UFLC XR liquid chromatography system (Shimadzu, 

Columbia, MD, USA) coupled with a AB Sciex 6500 QTRAP hybrid quadrupole mass 
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spectrometer (Sciex, Framingham, MA, USA) using atmospheric pressure chemical 

ionization (APCI) operated in positive mode, as described previously in detail.(168) Levels 

of retinol and RE were quantified by HPLC-UV using a Waters H-Class UPLC system 

equipped with a photodiode array detector operated in single wavelength detection mode, 

as described previously in detail.(166, 169) HPLC-UV chromatograms were generated at 

325 nm, and peaks were measured for retinol at 4.8 min, the internal standard retinyl acetate 

at 8.9 min, and RE at 16.6 min using Waters Empower Software. RA, ROL, and total RE 

content in each sample was normalized to cell number.   

3.3.6 RNA isolation and real-time qPCR analysis.  

3.5*105 HIEC-6 cells or 4*105 Caco-2 cells were seeded in each well of a 6-well 

plate and treated as described. After treatment, total RNA was isolated from cells using the 

Qiagen RNAeasy Kit (Qiagen, Germantown, MD, USA). RNA concentration was 

determined by Take3 plates on an Eon plate reader (BioTek, Winooski, VT, USA). 1 μg 

RNA was reversed transcribed to cDNA by High-Capacity cDNA Reverse Transcription 

Kit (Invitrogen). Real-time qPCR was performed with TaqMan Gene expression assay 

(Invitrogen) using the StepOnePlus Real-time PCR System (Applied Biosystems, Canada). 

Real-time qPCR primers were obtained from Applied Biosciences and included Rbp1 

(Hs00161252_m1), Rbp2 (Hs00188160_m1), Rbp4 (Hs00924047_m1), Rbp7 

(Hs00364812_m1), Stra6 (Hs00223621_m1), Bco1 (Hs01015945_m1), Aldh8a1 

(Hs00988965_m1), Rdh5 (Hs01123934_g1), Rdh10 (Hs00416907_m1), Dhrs3 

(Hs00191073_m1), Dhrs9 (Hs00608375_m1), Raldh1 (Hs00167445_m1), Raldh2 

(Hs00180254_m1), Raldh3 (Hs00167476_m1), Cyp26a1 (Hs00175627_m1), Cyp26b1 

(Hs00219866_m1), Cyp26c1 (Hs01595345_m1), Rara (Hs00940446_m1), Rarb 
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(Hs00977140_m1), Rarg (Hs01559234_m1), Crabp1 (Hs01011034_m1), Crabp2 

(Hs00275636_m1), Fabp5 (Hs02339439_m1), Hif1a (Hs00153153_m1), Mmp9 

(Hs00957562_m1), Il6 (Hs_00174131_m1), and Hmox1 (Hs01110250_m1). Gapdh, 

eu18s, βActin (Applied Biosciences) were used as housekeeping genes. qPCR data were 

analyzed with the StepOne software (Applied Biosystems). Relative expression was 

determined by calculating the ∆Ct value for each target gene by subtracting the geometric 

mean of the Ct values for the three control genes (GAPDH, eu18S, and β-ACTIN) from 

the Ct value of each of the target genes. Mean ∆Ct of an n=6 for each condition control 

was calculated and used to determine the ∆∆Ct for each of the cell samples. ∆∆Ct values 

were used to determine the relative expression of target genes using a log scale (base 2) 

and the standard errors is indicated within each group to show variations.  

3.3.7 CRBP1 Protein Absolute Quantitation. 

CRBP1 quantitation is performed as described in Chapter 2. Briefly, 3.5*105 HIEC-

6 cells and 4*105 Caco-2 cells were seeded in each well of a 6-well plate. After treatment, 

cells were washed twice with cold PBS and then 100 μL RIPA buffer (Thermo Scientific) 

supplemented with cOmplete™ protease inhibitor cocktail (Roche, Switzerland) was 

added to each well. Plates were placed on ice and gently shaken for 10 minutes. Cells were 

scraped and transferred to 1.5 mL Eppendorf tubes. Samples were sonicated on ice for 5 

minutes and frozen at -80°C. Protein concentration was determined via Pierce™ BCA 

Protein Assay Kit (Thermo Scientific) for normalization. Cell lysate was spiked with 0.5 

ng 15N-CRBP1 and prepared with 4x Laemmli Sample Buffer (Bio-rad) with 2-

mercaptoethanol (Sigma Aldrich). Samples were heated for 5 minutes at 95° before 

separation via electrophoresis. Samples were run on a 0.75 mm 15% SDS-Tris-Glycine 
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gel, which was made in-house using the Mini-PROTEAN® Tetra handcast systems (Bio-

rad, CA). Gels were stained with Biosafe G-250 solution (Bio-rad) and destained with H2O. 

The band corresponding to CRBP1, ~15 kDa, was cut out for each lane and further cut into 

1x1 mm pieces. The gel pieces were subjected to destaining in 50% ACN /100 mM 

ammonium bicarbonate for 45 minutes, twice. Gel pieces were then incubated in 100% 

ACN at 1000 rpm for 10 minutes, before liquid was removed and pieces were dried in the 

hood for 20 minutes. Gel pieces were resuspended in 40 μL trypsin solution (20 μg/mL in 

40 mM ammonium bicarbonate/10% ACN) by adding 20 μl twice over two hours at room 

temperature. Care was taken that all gel pieces were completely submerged in solution, 

sometimes adding an additional 10-20 μl of 40 mM ammonium bicarbonate/10% ACN. 

Gel pieces were incubated at 37°C overnight. The next day, 150 μL LC-MS grade H2O was 

added for the digest to incubate for 10 minutes at 1000 rpm. The liquid was removed to a 

fresh tube and the gel slices were extracted twice with 50 uL of 50% ACN/5% TFA for 60 

minutes each at 1000 rpm. All extracts were pooled and dried in SpeedVac®. Samples 

were resuspended in 40 μL LC-MS grade H2O with 0.1% FA and cleaned with ZipTip® 

pipette tips. Samples were run on a Acquity UPLC M-Class Peptide BEH C18 Column, 

130Å, 1.7 μm, 100 μm x 100 mm (Waters) on a Waters nanoAcquity UPLC coupled to a 

Thermo Q-Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometer with a 

nanoelectrospray ion source. 10 μL of sample was loaded onto the trapping column at 10 

μL/min and desalted with 3% ACN for 5 minutes. The LC flow rate was 300 nL/min with 

a linear gradient of 15% to 30% ACN in 30 minutes. The instrument settings for nanoESI 

interface were: spray voltage: 1.9 kV; ion transfer tube temperature: 300°C; S lens: 60 V; 

sheath gas: 3.  Data was acquired in PRM (Parallel reaction monitoring) mode which used 
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a time schedule with a mass list of the CRBP1 signature peptides. Instrument parameters: 

Resolution: 15,000; AGC target 1e5; max IT 40 ms; Isolation window 2.4 m/z; NCE 20 

eV. Detailed parameters for SIM mode: Resolution: 120,000; AGC target 1e5; max IT 800 

ms; Isolation window 6.0 m/z; scan range 400 to 1000 m/z. Peak areas were determined by 

Skyline software, and a ratio of unlabeled to 15N-labeled (light to heavy) CRBP1 were 

compared to a calibration curve to determine accurate quantities of endogenous CRBP1 

protein. 

3.3.8 Statistical Analysis.  

For each experiment, the levels of retinoid metabolites and CRBP1 protein in cells 

were normalized to cell number. Data are shown as mean ± SEM, n=6 for qPCR and 

CRBP1 quantitation, and n=3 for retinoid metabolite quantitation.  An unpaired, two-tailed 

student’s t-test was used to determine statistical significance (p<0.5). Data analyses were 

performed using Prism 8 (GraphPad) Software.  

3.4 RESULTS 

3.4.1 RA levels are decreased in all three cellular stressors in both intestinal 

epithelial cell lines 

Both Caco-2 and HIEC-6 cell lines were tested with a variety of cellular stressors 

before deciding on the final experimental conditions. For oxidative stress conditions, 10, 

50, and 100 μM H2O2 treatment for 24 hours was chosen as initial test conditions based off 

preliminary data from our lab’s experiments with treating human endometrial stromal cells 

(HESC) and reports from (170-172). For hypoxia conditions, 0.1, 1, 5, 10, 50, and 100 μM 

CoCl2 treatment for 24 hours was chosen as initial test conditions based on reports from 

(173-177). For inflammation, 0.1 and 1 μg/mL LPS treatment for 48 hours was chosen as 
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initial test conditions based on reports from (178-180). MTT cell viability assays were 

performed to optimize test conditions, to ensure that the stressor treatment was not killing 

cells and would not affect our further studies (Figure 3.1). Of the tested conditions, none 

had a significant change in cell viability. Therefore, we were able to perform our retinoid 

metabolite quantitation to determine if the stressors had an effect on retinoid metabolism.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. MTT assay results show the chosen cellular stress conditions do not decrease cell viability.  

A range of conditions were tested for each of three cellular stressors for two cells lines, Caco-2 (A, C, and 

E) and HIEC-6 (B, D, and F). Oxidative stress was mimicked with H2O2 treatment (A, B). Hypoxia was 

mimicked with CoCl2 treatment (C, D). Inflammation was mimicked with LPS treatment (E, F). Results are 

shown as mean ± SD, n=3.  
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 We quantified three metabolites in retinoid metabolism pathway: RA, ROL, and 

RE. RE are the storage form of Vitamin A and ROL (Vitamin A) is a precursor to RA, the 

main active metabolite. RA was quantified with LC-MRM3 and ROL and RE were 

quantified via HPLC-UV.(166, 168, 169) In all three cellular stressors, and in both cell 

lines, RA levels decreased in a dose-dependent manner (Figure 3.2). ROL levels (Figure 

3.3) were only significantly changed in Caco-2 cells treated with oxidative stress and 

HIEC-6 cells treated with larger concentrations of hypoxia (greater than 5 μM). There were 

no significant changes in total RE levels in response to either of the three cellular stressors 

in both cell lines (Figure 3.4). Overall, these results show that RA levels are significantly 

dysregulated in response to cellular stressors in two different intestinal epithelial cell lines. 

Additionally, the levels of precursor (ROL) and storage form (RE) are largely unaffected. 

Therefore, it is important to continue to probe the mechanism of disrupted RA biosynthesis, 

as the starting material is available, but RA levels do not reach control levels in disease 

states.  
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Figure 3.2. RA levels decrease in a dose-dependent manner when exposed to oxidative, hypoxic, and 

inflammatory cellular stressors.  

A range of conditions were tested for each of three cellular stressors for two cells lines, Caco-2 (A, C, and 

E) and HIEC-6 (B, D, and F). Oxidative stress was mimicked with H2O2 treatment (A, B). Hypoxia was 

mimicked with CoCl2 treatment (C, D). Inflammation was mimicked with LPS treatment (E, F). Results are 

shown as mean ± SD, n=3. *p-value <0.05. **p-value<0.01. ***p-value<0.001.  
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Figure 3.3. ROL levels are decreased in oxidative stress, but unaffected after exposure to hypoxic or 

inflammatory stressors.  

Caco-2 (A, C, and E) and HIEC-6 (B, D, and F) cells were treated with one of three cellular stressors. 

Oxidative stress was mimicked with H2O2 treatment (A, B). Hypoxia was mimicked with CoCl2 treatment 

(C, D). Inflammation was mimicked with LPS treatment (E, F). Results are shown as mean ± SD, n=3. *p-

value <0.05. **p-value<0.01. ***p-value<0.001.  
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Figure 3.4. Total RE levels were unaffected by the intestinal cellular stressors.  

Caco-2 (A, C, and E) and HIEC-6 (B, D, and F) cells were treated with one of three cellular stressors. 

Oxidative stress was mimicked with H2O2 treatment (A, B). Hypoxia was mimicked with CoCl2 treatment 

(C, D). Inflammation was mimicked with LPS treatment (E, F). Results are shown as mean ± SD, n=3. p-

value > 0.5 for all conditions.   
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3.4.2 Protein degradation, not lysosomal degradation, plays a role in dysregulated 

RA levels in intestinal cellular stress 

To further probe the mechanism of disrupted RA biosynthesis, Caco-2 and HIEC-

6 cells were co-treated with each cellular stress and one of two inhibitors, MG132 or 

leupeptin. MG132 is a potent, proteasomal inhibitor, shown to assess the role of protein 

degradation in cells.(16, 91, 181, 182) Leupeptin is a lysosomal inhibitor, shown to assess 

the role of lysosomal degradation in cells.(182) For each experiment, two concentrations 

of cellular stressor was chosen that corresponded to decreased RA levels (Figure 3.2) and 

no significant reduction in cell viability (Figure 3.1). MG132 and leupeptin were added as 

a co-treatment, and concentrations of RA were normalized to controls for each experiment, 

so data is shown as percent of RA compared to controls to account for inter-day variances 

between experiments. For both cells lines, the cells that did not receive any inhibitor co-

treatment exhibit a dose-dependent decrease in RA levels (Figure 3.5), which is consistent 

with previous RA results (Figure 3.2). However, when the cells were co-treated with 

MG132 and a stressor, there is no longer any significant decrease in RA levels, which is 

true for all three stressors and both cell lines. By blocking protein degradation, you can 

protect the dysregulation of RA levels. In contrast, when the cells were co-treated with the 

cellular stressors and leupeptin, they exhibit the same dose-dependent decrease as seen 

without any co-treatment. Therefore, blocking lysosomal degradation has no effect on 

retinoid homeostasis. Consistent with the initial cellular stress experiments (Figure 3.3 and 

3.4), ROL and total RE levels were largely unchanged in response to the inhibitor co-

treatment (data not shown).  
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Figure 3.5. Protein degradation plays a role in the decreased levels of RA after exposure to cellular 

stressors.  

Caco-2 (A, C, and E) and HIEC-6 (B, D, and F) cells were treated with oxidative stress (A, B), hypoxia (C, 

D), or inflammatory stressors (E, F) with or without the presence of MG132, a proteasomal inhibitor, or 

leupeptin, a lysosomal inhibitor. Results are shown as mean ± SD, n=3. *p-value <0.05. **p-value<0.01. 

***p-value<0.001.  
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3.4.3 Retinoid pathway gene expression is altered in intestinal cellular stress 

To further probe the mechanism of disrupted retinoid metabolism, quantitative gene 

expression was performed for both Caco-2 and HIEC-6 cells after exposure to the three 

stressors: oxidative stress, hypoxia, and inflammation. Levels of mRNA were quantified 

using real-time qPCR. Relative expression was determined by calculating the ∆Ct for each 

target gene based on the geometric mean of three control genes: eu18s, GAPDH, and β-

actin.  The average ∆Ct for each experimental control (n=6) was used to calculate the ∆∆Ct 

value for each target gene and determine relative expression levels. Gene expression data 

is shown for Caco-2 cells treated with H2O2 (Figure 3.6), CoCl2 (Figure 3.7), and LPS 

(Figure 3.8). Gene expression data is shown for HIEC-6 cells treated with H2O2 (Figure 

3.9), CoCl2 (Figure 3.10), and LPS (Figure 3.11). Additionally, gene expression markers 

of cellular stress were quantified and shown in Figure 3.12.  

Figure 3.6. Gene expression of Caco-2 cells treated with H2O2 to simulate oxidative stress.  

Relative changes in mRNA expression were determined by qPCR. Results are shown as mean ± SEM, n=6. 

*p-value <0.05.  

 



 

55 

 

 

 

Figure 3.7. Gene expression of Caco-2 cells treated with CoCl2 to simulate hypoxia.  

Relative changes in mRNA expression were determined by qPCR. Results are shown as mean ± SEM, n=6. 

*p-value <0.05. **p-value <0.01. 

 

 

Figure 3.8. Gene expression of Caco-2 cells treated with LPS to simulate inflammation.  

Relative changes in mRNA expression were determined by qPCR. Results are shown as mean ± SEM, n=6. 

*p-value <0.05, **p-value <0.01.  
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Figure 3.9. Gene expression of HIEC-6 cells treated with H2O2 to simulate oxidative stress.  

Relative changes in mRNA expression were determined by qPCR. Results are shown as mean ± SEM, n=6. 

*p-value <0.05.  

 

Figure 3.10. Gene expression of HIEC-6 cells treated with CoCl2 to simulate hypoxia.  

Relative changes in mRNA expression were determined by qPCR. Results are shown as mean ± SEM, n=6. 

*p-value <0.05.  
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Figure 3.11. Gene expression of HIEC-6 cells treated with LPS to simulate inflammation.  

Relative changes in mRNA expression were determined by qPCR. Results are shown as mean ± SEM, n=6. 

*p-value <0.05.  

Stra6 encodes for the membrane transport protein, STRA6, which imports retinol 

bound to chaperone RBP4 into the cell. Stra6 expression significantly increased in HIEC-

6 cells in response to all three cellular stressors (Figures 3.9-3.11), but only increased in 

Caco-2 cells treated with LPS for inflammation (Figure 3.8). There are four endogenous 

retinol-binding proteins, which are encoded by: Rbp1, Rbp2, Rbp4, and Rbp7. Rbp1 

expression levels were the most consistently affected by cellular stress. In Caco-2 cells, 

Rbp1 expression is increased in a dose-dependent manner after exposure to all three cellular 

stressors (Figures 3.6-3.8). In HIEC-6 cells, Rbp1 expression is significantly increased in 

LPS-treated cells (inflammatory response) (Figure 3.11). Rbp2 expression was not seen in 

HIEC-6 cells and was unchanged in Caco-2 cells. Rbp4 expression was not seen in HIEC-

6 cells and was increased in a dose-dependent manner after exposure to all three cellular 
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stressors in Caco-2 cells (Figures 3.6-3.8). Rbp7 expression was unchanged in HIEC-6 

cells and had a variable response in Caco-2 cells; with the low dose of LPS causing the 

greatest increase in expression levels (Figure 3.8).  

The retinol dehydrogenase (RDH) enzymes; encoded by Rdh5, Rdh10 and Dhrs9, 

catalyze the oxidation of ROL to retinal; the first, reversible step in RA biosynthesis. Only 

Rdh10 expression was decreased in HIEC-6 cells exposed to hypoxia (Figure 3.10). The 

retinol reductase (RRD) enzymes; encoded by Dhrs3, catalyze the reduction of retinal to 

ROL. Dhrs3 expression was increased in Caco-2 cells treated with oxidative stress (Figure 

3.6) and inflammation (Figure 3.9).  

The retinal dehydrogenase (RALDH) enzymes; encoded by Raldh1, Raldh2, and 

Raldh3, catalyze the second, irreversible oxidation of retinal to RA. In Caco-2 cells, only 

LPS-treated cells showed significant changes in RALDH gene expression, with increased 

levels of both Raldh2 and Raldh3 (Figure 3.8). In HIEC-6 cells, Raldh1 was increased in 

cells treated with H2O2 (Figure 3.9) and LPS (Figure 3.11) but decreased in cells treated 

with CoCl2 (Figure 3.10), along with Raldh3.  

Once RA is formed, it is bound to chaperone proteins for delivery to the nucleus to 

mediate signaling, delivery to degradation enzymes to maintain proper retinoid 

homeostasis, or delivery out of the cell. Three genes that encode for chaperone proteins 

that bind to RA were assessed: Crabp1, Crabp2, and Fabp5. Crabp1 expression was not 

seen in HIEC-6 cells and was unchanged in Caco-2 cells. Crabp2 was unchanged in Caco-

2 cells, but significantly increased in HIEC-6 cells for each cellular stress condition 

(Figures 3.9-3.11). Fabp5 increased in Caco-2 cells for each cellular stress condition 

(Figures 3.6-3.8) but was unchanged in HIEC-6 cells.   
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Three cytochrome P450 (CYP) enzymes have been shown to degrade RA: encoded 

by Cyp26a1, Cyp26b1, and Cyp26c1. CCyp26a1 expression was unchanged among all 

conditions and cell types tested. Cyp26b1 was significantly decreased in HIEC-6 cells 

exposed to hypoxic conditions (Figure 3.10) and was unchanged in all other conditions. 

Cyp26c1 expression was not seen in either cell line.  

Inside the nucleus, RA binds to the RA receptors (RAR), encoded by Rara, Rarb, 

and Rarg. Rara expression was unaffected in Caco-2 cells but increased in HIEC-6 exposed 

to all three cellular stressors (Figures 3.9-3.11). Rarb expression was unchanged in all cells 

and conditions. Rarg expression was only increased in Caco-2 cells treated with LPS for 

inflammation (Figure 3.8).  

Additionally, we looked at the expression of Aldh8a1 and Bco1. Aldh8a1 converts 

9-cis-ROL into 9-cis-RA and was significantly increased in HIEC-6 cells treated with an 

inflammatory stress (Figure 3.11). Bco1 cleaves beta-carotene into two retinal molecules. 

Both Caco-2 and HIEC-6 treated with low-dose LPS saw significant increases in Bco1 gene 

expression (Figures 3.8 and 3.11). In addition to genes involved in the retinoid metabolism 

pathway, markers of cellular stress were also analyzed (Figure 3.12). Hif1a encodes for 

hypoxia-inducible factor, subunit 1-alpha, is a marker of hypoxia, and was only seen to be 

significantly upregulated in HIEC-6 treated with a low-dose of LPS (Figure 3.12F). Hmox1 

encodes for heme-oxygenase 1 is a marker of oxidative stress and was only seen to be 

dysregulated in Caco-2 cells treated with low-dose CoCl2 (Figure 3.12C). Il6 encodes for 

interleukin-6 and is a marker of inflammation. Il6 expression was significantly increased 

in HIEC-6 exposed to low-dose LPS (Figure 3.12F) and significantly decreased in Caco-2 

cells exposed to low-dose LPS (Figure 3.12E). Mmp9 encodes of matrix metalloprotein 9 
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and regulates the extracellular matrix. Mmp9 expression is increased in Caco-2 cells treated 

with all three cellular stressors (Figure 3.12A, C, and E) and HIEC-6 cells treated with LPS 

(Figure 3.12F).    

Figure 3.12. Gene expression of cellular stress markers in Caco-2 and HIEC-6 cells.  

Relative changes in mRNA expression were determined by qPCR. Caco-2 (A, C, and E) and HIEC-6 (B, D, 

and F) cells were treated with oxidative stress (A, B), hypoxia (C, D), or inflammatory stressors (E, F). 

Results are shown as mean ± SEM, n=6. *p-value <0.05, **p-value <0.01. 
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3.4.4 CRBP1 protein levels are decreased in intestinal cellular stress 

 To further probe the relationship between Rbp1 gene expression, CRBP1 protein 

levels, and RA levels, we utilized a recently developed targeted, bottom-up proteomics 

assay that provides absolute quantitation of CRBP1 in complex biological matrices 

(Chapter 2). CRBP1 has been shown to be decreased in diseases that display dysfunctional 

proliferation and differentiation, including cancer, inflammatory disorders, fibrosis, and 

infection.(58, 115) Our preliminary data shows that CRBP1 protein levels are not 

decreased in Caco-2 cells exposed to oxidative, hypoxic, or inflammatory stressors (Figure 

3.13).  

 

Figure 3.13. CRBP1 protein levels are not decreased in Caco-2 cells exposed to oxidative, hypoxic, or 

inflammatory cellular stressors.  

Results are shown as mean ± SEM, n=6, *p-value<0.05. 

 

3.5 DISCUSSION 

Intestinal epithelial cells produce high levels of RA that play essential roles in 

regulating the gut immune response, such as inducing gut-homing receptors on immune 

cells,(183, 184) modulating dendritic cell differentiation and function,(150, 151) and 

maintaining the lineage commitments of the secretory cells which secrete the mucus 

membrane.(148, 152) Additionally, RA and retinol levels have been shown to be decreased 

in multiple disease affecting the intestinal epithelial cells, including cancers (160) and 
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IBD.(154-156) Our present study investigated the effect of intestinal cellular stress on 

multiple aspects of retinoid homeostasis with the goal of elucidating a mechanism for 

disrupted RA biosynthesis in disease. A systems biology approach was performed to assess 

changes at the gene, metabolite, and protein level to provide a detailed picture about the 

effect of cellular stress on retinoid homeostasis. Additionally, we chose two intestinal 

epithelial cell lines and three cellular stressors to provide a complete picture of multiple 

disease mechanisms.  

To describe the effect of cellular stress on the metabolite level, retinoid metabolites 

RA, ROL, and RE were quantified. In both cell lines, and after exposure to all three cellular 

stresses, RA levels were significantly decreased in a dose-dependent manner (Figure 3.1). 

However, there was no significant change in any of the total RE levels (Figure 3.4), and a 

limited, variable response in the ROL levels (Figure 3.3).  ROL levels (Figure 3.3) were 

only significantly changed in Caco-2 cells treated with oxidative stress; however, the total 

change was less than a 25% decrease, which is less than the 40% decrease seen in RA 

levels (Figure 3.3A). Additionally, ROL levels were significantly decreased in HIEC-6 

cells treated with larger concentrations of hypoxia (greater than 5 μM), therefore, moving 

forward only CoCl2 concentrations of 0.1 and 1 μM were used (Figure 3.3D). These results 

are consistent with the literature describing decreased RA levels in intestinal diseases in 

humans and mice.(154-157, 160) This finding also emphasizes the necessity of identifying 

the mechanism of disrupted retinoid metabolism, since levels of the active metabolite were 

decreased, but the substrate was available at levels similar to control, untreated levels.  

We tested a lysosomal and proteasomal inhibitor to continue to probe the 

mechanism of disrupted RA biosynthesis. By co-treating the cells with an inhibitor of 
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proteasomal degradation and the cellular stressor, we were able to recover the loss of RA 

seen without the co-treatment. Therefore, we can confirm that protein degradation plays a 

role in the decrease of RA. There are many mechanisms in place to maintain retinoic acid 

homeostasis, including the expression and activity of many biosynthetic, catabolic, and 

chaperone proteins in the retinoid pathway. Previous reports have shown similar response, 

where MCF-10-2A cells, a non-tumorigenic epithelial mammary cell line, treated with 

CoCl2 had decreased levels of RA, but cotreatment with MG132 was able to recover 

decreased RA levels.(16)  

Previous qPCR analyses of the retinoid pathway have shown that disrupted retinoid 

signaling, due to loss of Rbp1, caused tissue specific changes in gene expression in the lung 

(Chapter 5) and mammary.(48) We used qPCR analyses to probe the effect of cellular stress 

on genes involved in the retinoid pathway. In addition to providing useful information 

about the mechanism of disrupted retinoid homeostasis, the gene expression experiments 

also identify unique differences between the cell lines and stressors.  

Stra6 expression increased in all HIEC-6 cell experiments, but only in Caco-2 cells 

exposed to inflammation. Stra6 expression has previously seen to be significantly 

increased in the mammary and lung of Rbp1-/- mice, a model of dysregulated retinoid 

metabolism.  

There are four chaperone proteins involved in retinoid metabolism, encoded by 

Rbp1, Rbp2, Rbp4, and Rbp7.  Rbp1 expression was one of the most upregulated genes in 

response to cellular stress. This was surprising, as previous studies have shown decreased 

levels of Rbp1 expression in various diseases that display dysfunctional proliferation and 

differentiation, such as cancers and inflammation, usually through epigenetic silencing via 
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hypermethylation.(58, 82-84, 115) Additional studies probing the timing of decreased RA, 

increased Rbp1 expression, and potentially Rbp1 methylation should be performed to better 

understand these results.  Rbp2 expression was not seen in HIEC-6 cells even though RBP2 

is well-known to uptake dietary Vitamin A in the small intestine epithelial cells.(1-3, 185) 

RBP4 is an extracellular chaperone for Vitamin A, so it was not expected to be seen in 

these cellular models, which is consistent with no expression in HIEC-6 cells but was 

surprising to see expression in Caco-2 cells that increased with increasing cellular stress 

(Figures 3.6-3.8).  

Three categories of RA biosynthesis enzymes were studied in the gene expression 

analysis: RDH, RRD, and RALDH. Expression of the RDH (Rdh5, Rdh10, and Dhrs9) and 

RRD (Dhrs3) enzymes was largely unchanged in the majority of experimental conditions. 

The expression of RALDH (Raldh1, Raldh2, and Raldh3) had variable responses 

depending on treatment and cell type. In Caco-2 cells exposed to an inflammatory stress, 

Raldh2 and Raldh3 levels were increased (Figure 3.8). However, in HIEC-6 cells, Raldh1 

was increased in cells exposed to oxidative and inflammatory stressors (Figure 3.9, 3.11), 

and Raldh3 was decreased in hypoxia-treated cells (Figure 3.10). Previous reports in 

dysregulated retinoid metabolism models, specifically the Rbp1-/- mouse, have shown 

decreased expression of Raldh1 and Raldh2 in the mammary,(48) and increased expression 

of Raldh1 in the lung of Rbp1-/- mouse compared to wild-type (WT) mice (Chapter 5). 

These variable responses illustrate differences in mechanisms of retinoid homeostasis 

between cell and tissue type. 

Three RA chaperones were included in our retinoid pathway gene panel: Crabp1, 

Crabp2, and Fabp5. Crabp1 and Crabp2 were unchanged in Caco-2 cells, but there was 
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no expression of Crabp1 in HIEC-6 cells and Crabp2 was significantly increased. 

Contrastingly, Fabp5 expression was increased in stressed Caco-2 cells, but unchanged in 

HIEC-6 cells. CRABP1 delivers RA to CYP26 enzymes for catabolism, CRABP2 delivers 

RA to RAR in the nucleus for receptor-mediated signaling, and FABP5 delivers RA to 

peroxisome proliferator-activated receptor beta or delta (PPAR δ/β) for nuclear receptor-

mediated signaling.(1) Interestingly, the ratio of CRABP2/FABP5 plays an important role 

in regulating the role of RA signaling, where high CRABP/FABP5 promotes RAR 

signaling to promote apoptosis and low CRABP2/FABP5 promotes PPAR δ/β signaling to 

promote cell proliferation.(186) Therefore, these results emphasize differences in cellular 

RA signaling between Caco-2 and HIEC-6 cells in disease states. 

 Three RA catabolism enzymes were included in the panel: Cyp26a1, Cyp26b1, and 

Cyp26c1. Previous reports in the Rbp1-/- mouse lung, Cyp26a1 and Cyp26b1 expression 

was increased compared to WT mice (Chapter 5). Cyp26a1 was unchanged, Cyp26b1 was 

only decreased in HIEC-6 exposed to hypoxic conditions, and Cyp26c1 was the only gene 

in the panel not expressed in either cell line. The relatively unchanged expression of these 

catabolic enzymes would not account for the decreased RA levels seen in both cell lines in 

response to cellular stress.  

 RA binds with RAR receptors in the nucleus to promote signaling and Rara, Rarb, 

and Rarg were included in our panel. Rara was increased in all HIEC-6 experiments, but 

unchanged in Caco-2 cells. Contrastingly, Rarg was increased in Caco-2 cells exposed to 

LPS, but unchanged in all HIEC-6 cells. Rarb was unchanged in all experimental 

conditions. All three nuclear receptors are able to bind RA with similarly high 

affinity.(187) Previous reports have shown variable responses of Rara, Rarb, and Rarg 
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expression levels in rats exposed to variable levels of retinoids.(188) Rarb expression was 

directly related to vitamin A status, whereas Rara and Rarg expression was unaffected by 

changed in retinoid levels. In vitamin-A deficient rats, Rarb expression was decreased, and 

in rats injected with RA, Rarb expression was increased. Previous reports in the Rbp1-/- 

mouse lung showed no change in expression of any RAR between Rbp1-/- and WT mice 

(Chapter 5).  

 Four genes were included in the panel as markers of cellular stress: Hif1a, Hmox1, 

Il6, and Mmp9 (Figure 3.13). Mmp9 was the most consistently dysregulated across cell 

type and condition. Mmp9 expression is downregulated by RA,(189) and was also shown 

to significantly increase in Rbp1-/- mouse mammary(48) and lung (Chapter 5). Our study 

had several limitations that present opportunities for further experiments. We relied on the 

literature for the cellular stressor conditions,(170-180) and only measured gene expression 

markers of hypoxia (Hif1a), inflammation (Il6), or oxidative stress (Hmox1). Additional 

studies should be performed to directly measure the levels of cellular stress induced by 

these treatments. 

On the retinoid metabolite level, response to cellular stress in the retinoid pathway 

was similar between cell line and condition, with a dose-dependent decrease in RA levels 

seen in all experiments (Figure 3.2). However, on the gene level, in both cell lines, the cells 

treated with an inflammatory stress, experienced the greatest number of genes with 

significant changes in expression levels compared to control (Figures 3.8 and 3.11). 

Additionally, while there were many similarities between cell types, many genes exhibited 

different expression patterns between Caco-2 and HIEC-6 cells. Altogether, this identifies 
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an important difference in mechanism of dysregulated RA biosynthesis depending on type 

of cellular stressor and type of cell.  

Of the genes tested, Rbp1 was one of the most dysregulated throughout both 

intestinal epithelial cell lines and with all three cellular stressors. Rbp1 gene levels have 

been shown to correlate with CRBP1 protein levels(115) and RA levels.(16, 128, 129) 

However, in this instance, Rbp1 expression is increasing (Figures 3.6-3.11) and RA levels 

are decreasing (Figures 3.2) in response to cellular stress. Additionally, protein level results 

show that CRBP1 protein levels are not decreasing in Caco-2 cells exposed to oxidative, 

hypoxic, and inflammatory cellular stressors (Figure 3.13). These results indicate that 

changes in mRNA and CRBP1 levels are not contributing to the decrease in RA levels seen 

in these acute cellular stressors. There are many reports of decreased Rbp1 expression in 

diseases that display dysfunctional proliferation and differentiation, such as cancers and 

fibrosis,(49, 58, 91, 114, 115) but these are chronic conditions, unlike the acute stress 

conditions explored here. Therefore, this study provides unique insight into the initiating 

events in cellular stress with regards to retinoid metabolism.  

3.6 CONCLUSIONS 

This study provides a comprehensive pathway analysis regarding the effect of 

intestinal cellular stress on retinoid homeostasis. Caco-2 and HIEC-6 cells were exposed 

to oxidative, hypoxic, and inflammatory stressors, and the subsequent effects on gene 

expression, retinoid metabolites, and CRBP1 protein levels were monitored. RA levels 

were significantly decreased in both cell lines and with all three cellular stressors, and this 

decrease was rescued by inhibiting protein degradation. The decrease in RA was not due 
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to changes in mRNA or CRBP1 protein levels. Overall, these results provide useful 

information regarding the mechanism of disrupted RA biosynthesis in intestinal diseases.  
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Chapter 4: Role of cellular retinol-binding protein, type 1, and retinoid 

homeostasis in the adult mouse heart: a multi-omic approach1 

4.1 ABSTRACT 

The main active metabolite of Vitamin A, all-trans retinoic acid (RA), is required 

for proper cellular function and tissue organization. Heart development has a well-defined 

requirement for RA, but there is limited research on the role of RA in the adult heart. 

Homeostasis of RA includes regulation of membrane receptors, chaperones, enzymes, and 

nuclear receptors. Cellular retinol-binding protein, type 1 (CRBP1), encoded by retinol-

binding protein, type 1 (Rbp1), regulates RA homeostasis by delivering vitamin A to 

enzymes for RA synthesis and protecting it from non-specific oxidation. In this work, a 

multi-omics approach was used to characterize the effect of CRBP1 loss using the Rbp1-/- 

mouse. Retinoid homeostasis was disrupted in Rbp1-/- mouse heart tissue, as seen by a 33% 

and 24% decrease in RA levels in the left and right ventricles, respectively, compared to 

wild-type mice (WT).  To further inform on the effect of disrupted RA homeostasis, we 

conducted high-throughput targeted metabolomics. A total of 222 metabolite and 

metabolite combinations were analyzed, with 33 having differential abundance between 

Rbp1-/- and WT hearts. Additionally, we performed global proteome profiling to further 

characterize the impact of CRBP1 loss in adult mouse hearts. More than 2,606 unique 

proteins were identified, with 340 proteins having differential expression between Rbp1-/- 

and WT hearts. Pathway analysis performed on metabolomic and proteomic data revealed 

 
1 Zalesak-Kravec S, Huang W, Jones JW, Yu J, Alloush JA, Defnet AE, Moise AR, Kane MA. Role of 

cellular retinol-binding protein, type 1 and retinoid homeostasis in the adult mouse heart: a multi-

omic approach.  FASEB J. 2022; 36:e22242.  
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pathways related to cellular metabolism and cardiac remodeling were the most disrupted 

in Rbp1-/- mice. Together, these studies characterize the effect of CRBP1 loss and reduced 

RA in the adult heart.  

Keywords retinoid metabolism; retinoid acid; heart; cellular retinol-binding protein, type 

1; mice 

4.2 INTRODUCTION 

Vitamin A is an essential diet-derived nutrient that plays key roles in many 

biological processes, including proper cell function and tissue organization.(190) The main 

active metabolite of vitamin A is all-trans retinoic acid (RA), which is critical for nuclear-

receptor mediated signaling for cell proliferation, differentiation, and apoptosis.(126, 127) 

Proper RA levels regulate cell differentiation and remodeling and are essential for proper 

vertebrate embryo development.(116, 119, 191-196) In the developing heart, RA controls 

progenitor pool size, cardiomyocyte differentiation, inflow/outflow tract specification and 

determination, and epicardial control of myocardial compact zone growth and 

coronariogenesis.(116, 119, 191, 192) 

The role of RA has been extensively studied in the developing heart, and while it 

is known that the adult heart is responsive to RA,(197) research on this subject is limited. 

Dysregulated RA levels have been associated with many diseases, including heart 

disease.(127, 198, 199) In a study of patients with coronary artery disease, lower serum 

RA levels directly correlated with greater risk of mortality.(200) Vitamin A insufficiency 

in heart tissue increases ventricular remodeling after myocardial infarction (MI), which 

leads to worsening disease.(201) Several studies have also explored the use of RA as a 

therapeutic treatment after MI to prevent excessive ventricular remodeling that can result 
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in hypertrophy.(119, 191, 193, 202-206) When left unchecked, unnecessary cardiac 

remodeling, and subsequent hypertrophy, causes heart failure. 

It is apparent that RA levels must be tightly regulated to maintain proper cardiac 

cellular function. In cells, RA biosynthesis is highly conserved between species and 

controlled through interactions of synthesizing and catabolizing enzymes, as well as 

through interactions with retinol- and RA-binding proteins.(190, 207) Cellular retinol 

binding protein, type 1 (CRBP1), encoded by retinol-binding protein, type 1 (Rbp1), is a 

widely expressed intracellular chaperone protein for retinol and retinal.(1) CRBP1 

regulates RA homeostasis by protecting retinol and retinal from non-specific oxidation and 

facilitating their delivery to the appropriate enzymes for RA biosynthesis.(6, 126) CRBP1 

is ubiquitously expressed in the body, including the heart,(11, 12, 14, 208, 209) and has 

also been shown to be affected by heart disease.(11, 12, 14, 210) Decreased CRBP1 levels 

result in dysregulated RA biosynthesis because of the reduced retinol and retinal 

metabolism efficiency.(48, 49) Therefore, an animal model of CRBP1 deficiency, such as 

Rbp1–/–mice, can provide insight into disrupted RA biosynthesis and signaling. In this 

study, Rbp1–/– mice hearts are investigated via metabolomic and proteomic analyses to 

elucidate the role of CRBP1 and by extension RA metabolism in the adult heart using a 

systems biology approach.  

4.3 MATERIALS AND METHODS  

4.3.1 Mice and Husbandry 

Rbp1 knockout mice (Rbp1–/–) in a C57BL/6 background and wild-type (WT; 

C57BL/6) mice were used according to institutional guidelines of the University of 

Maryland, Baltimore.(44) WT mice were purchased from Jackson Laboratories (Bar 
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Harbor, ME, USA) and Rbp1–/– mice were bred in-house from breeders obtained from 

Pierre Chambon and Norbert Ghyselinck (Institut de Genetique et de Biologie Moleculaire 

et Cellulaire, Institut National de la Santé et de la Recherche Medicale, Illkirch, France). 

Mice were fed a chow diet ad libitum (Harlan Teklad Global; 18% protein extruded rodent 

diet no. 2018SX with the equivalent of 30 IU/g Vitamin A (retinyl acetate); Harlan 

Laboratories, Indianapolis, IN, USA). Mice were chosen at random and grouped according 

to age, sex, and genotype for retinoid, metabolite, and protein analyses.  

4.3.2 Retinoids.  

Retinoid Sample Preparation. Each age-matched cohort (WT and Rbp1-/-) had n=10 

female mice averaged 16.5  4.0 months of age. The left and right ventricle were separated 

and snap frozen with liquid nitrogen and stored at -80 °C until processed. Samples were 

thawed on ice and placed into Kontes DUALL #21 glass homogenizer (DWK Life 

Sciences, LLC; Millville, NJ) on ice with 1.5 mL ice-cold 0.9% NaCl (normal saline). 

Tissue has homogenized and aliquoted for proteomics, retinoid extraction, and protein 

concentration as needed. The average tissue mass was 48.5  29 mg and 47% of the 

homogenate was used for retinoid determination and 47% for proteomic analyses with the 

remainder used for protein determination. Only glass containers, pipettes, and syringes 

were used to handle retinoids. Extraction of retinoids was performed under yellow light 

using a two-step liquid-liquid extraction that has been described in detail previously using 

4,4-dimethyl-RA as an internal standard for RA and retinyl acetate as an internal standard 

for retinol and total retinyl ester.(167-169, 211)  

Retinoid Sample Analysis. RA was quantified by liquid chromatography-multistage 

tandem mass spectrometry (LC-MRM3) which is an LC-MS/MS method utilizing two 
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distinct fragmentation events for enhanced selectivity.(168) RA analysis was performed 

using a Shimadzu Prominence UFLC XR liquid chromatography system (Shimadzu, 

Columbia, MD) coupled to an AB Sciex 5500 QTRAP hybrid triple quadrupole mass 

spectrometer (AB Sciex, Framingham, MA) using atmospheric pressure chemical 

ionization (APCI) operated in positive ion mode as previously described in detail.(168) 

Retinol and RE were quantified via HPLC-UV using a Waters H-Class ACQUITY UPLC 

equipped with a PDA detector operated in single wavelength detection mode according to 

previously published methodology.(166, 167) Retinoid levels were measured using n=10 

per group where the data is expressed as means ± SEM. Statistical significance was 

determined using an unpaired Student’s t-test between groups with p<0.05 considered 

significant. Prior to conducting the Student’s t-test, analysis was performed to demonstrate 

that the data, which had been collected using a random sampling method, had normal 

distribution and equal variance.  

4.3.3 Metabolomics 

Metabolomics Sample Preparation. Each age-matched cohort (WT and Rbp1-/-) had n=5 

male mice aged 10 weeks. Hearts were harvested and atria and ventricles were separated. 

Samples were flash frozen in liquid nitrogen and stored at -80 °C until processed. 

High-Throughput, Targeted Metabolomics. Targeted, quantitative metabolomics was 

performed using the Biocrates AbsoluteIDQ p180 kit (Biocrates, Life Science AG, 

Innsbruck, Austria). The AbsoluteIDQ p180 kit was prepared as described by the 

manufacturer. The assay quantifies or semiquantifies up to 188 metabolites from five 

metabolite classes: acylcarnitines, amino acids, biogenic amines, glycerophospholipids, 

sphingolipids, and hexose. Specific standards for each of the lipids and a subset of 
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acylcarnitines are not commercially available, so their quantification is semi-quantitative. 

Internal standards, analyte derivatization and metabolite extraction are integrated into a 96-

well plate kit. Metabolite detection is done via pre-selected selected reaction monitoring 

(SRM) transitions. 

Heart tissue was homogenized in 85:15 (methanol:ethanol, v/v) with 5 mM PBS at 

a ratio of 5 mg mL-1. After centrifugation, 20 μL of tissue homogenate was loaded onto the 

96 well kit. 10 μL of internal standard cocktail was added followed by drying with nitrogen. 

A 5% solution of phenylisothiocyanate in ethanol:water:pyridine (1:1:1, v/v/v) was added 

for derivatization of biogenic amines and amino acids. Metabolite extraction was achieved 

with 5 mM ammonium acetate in methanol. Analyses were performed according to the 

manufacturer’s instructions on a tandem mass spectrometry platform that consisted of a 

Shimadzu Prominence UFLC XR high-performance liquid chromatograph (HPLC) 

(Shimadzu, Columbia, MD) coupled to an AB Sciex QTRAP® 5500 hybrid tandem 

quadrupole/linear ion trap mass spectrometer (AB Sciex, Framingham, MA). MetIQ 

software (Biocrates) controlled the assay workflow including sample registration, 

calculation of metabolite concentrations, and assay validation. A total of 182 analytes 

passed QC, with an additional 40 metabolite combinations derived from those analytes 

passed QC.  

Metabolomic Nomenclature. Lipid notations listed as “Class CXX:Y” notate particular 

lipids indicating the XX total carbon number in the fatty acid chains and the Y number of 

double bonds. For example, PCaa C36:3 is phosphatidylcholine (PC) 36:3; i.e., a 

phosphatidylcholine with 36 total carbons among the two alkyl chains with 3 double bonds 

present. PC lipids listed as “PCaa” have both moieties at the sn-1 and sn-2 position as fatty 
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acids bound to the glycerol backbone via ester bonds. PC lipids listed as “PCae”have one 

of the moieties, either the sn-1 or sn-2 position, as a fatty alcohol bound via an ether bond. 

For sphingomyelins (SM), the number of double bonds or the presence of a hydroxyl group 

(OH) are indicated for the fatty acid in the amide bond with the assumption that the 

backbone is sphingosine (d18:1). SFA refers to a sum of PC lipids containing fully 

saturated fatty acids (SFA), MUFA refers to a sum of PC lipids containing 

monounsaturated fatty acids (MUFA), and PUFA refers to a sum of PC lipids containing 

polyunsaturated fatty acids (PUFA). Lipid species measurements include potential isobaric 

and isomeric species.(212) 

Metabolomic Bioinformatics. Statistical analyses were performed using the 

MetaboAnalyst web-based statistical package and GraphPad Prism (v 7.03, La Jolla, 

CA).(213-216) The data generated from the AbsoluteIDQ p180 kit which included analyte 

name and calculated concentration were imported into MetaboAnalyst for multivariate 

analysis. The metabolite data were normalized via autoscaling (mean-centered and divided 

by the standard deviation of each variable). Multivariate analysis included principal 

component analysis (PCA) and partial least square discriminate analysis (PLS-DA). The 

univariate analysis was performed in GraphPad Prism 7.03. 

4.3.4 Proteomics 

Proteomic Sample Preparation. Each cohort had n=10 female mice aged 16.5  4.0 

months. Left and right ventricle tissues were homogenized in phosphate buffered saline 

using Precellys CK14 lysing kit (Bertin Corp., Rockville, MD). Proteins were extracted, 

purified from tissue lysates and trypsinolyzed and desalted as described previously.(217) 
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Protein concentrations were measured by bicinchoninic acid assay and purified from tissue 

lysates by trichloroacetic acid precipitation.  

Liquid Chromatography-Tandem Mass Spectrometry Data Acquisition. Tryptic 

peptides were separated on a nano-ACQUITY UPLC analytical column (BEH130 C18, 

1.7 μm, 75 μm × 200 mm, Waters) over a 165-min linear acetonitrile gradient (3–40%) with 

0.1% formic acid on a Waters nano-ACQUITY UPLC system and analyzed on a coupled 

Thermo Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer as described 

previously.(218) Full scans were acquired at a resolution of 120 000 with an automatic gain 

control (AGC) target value of 106 and a maximum injection time of 50 milliseconds. 

Precursors were selected for fragmentation by higher-energy collisional dissociation at a 

normalized collision energy of 32% for a maximum 3-s cycle. Products were analyzed in 

orbitrap at a resolution of 15 000 with an AGC target value of 103 or in ion trap with an 

AGC target value of 104 in parallel within a maximum injection time of 246 milliseconds 

by applying an abundance dependent decision tree logic. Interrogated ions were 

dynamically excluded from re-selection for 60 seconds. 

Liquid Chromatography-Tandem Mass Spectrometry Data Analysis. Tandem mass 

spectra were searched against a UniProt mouse reference proteome using a Sequest HT 

algorithm and a MS Amanda algorithm with a maximum precursor mass error tolerance of 

10 ppm and a maximum product mass error tolerance of 0.5 Da in ion trap or 20 ppm in 

orbitrap, respectively.(219, 220) Cysteine carbamidomethylation, asparagine/glutamine 

deamidation and methionine oxidation were treated as static and dynamic modifications, 

respectively. Resulting hits were validated at a maximum false discovery rate of 0.01 using 

a semi-supervised machine learning algorithm Percolator.(221) Label-free quantifications 
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were performed using Minora (Thermo Fisher Scientific), an aligned AMRT (Accurate 

Mass and Retention Time) cluster quantification algorithm. Abundance ratios were 

measured by comparing the MS1 peak volumes of peptide ions, whose identities were 

confirmed by MS2 sequencing as described above. Samples were normalized by total 

protein.  

Proteomic Bioinformatics. Pathway and upstream regulator analysis were performed with 

Qiagen Ingenuity databases as described.(222) Proteins showing at least a change (FC) of 

which |z| ≥ 1 (standard score) with a false discovery rate (FDR) adjusted ANOVA p-value 

<0.05 were considered significantly changed and used for further analysis. Ingenuity 

Pathway Analysis (IPA) was used to predict canonical pathways and upstream regulators 

according to the proteins that were significantly different using an absolute activation z-

score of > 2 for at least one condition with a Benjamini-Hochberg corrected Fisher’s exact 

test p-value < 0.05. 

Proteomic data availability. The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE partner repository (223) with the 

dataset identifier PXD029349 (Username: reviewer_pxd029349@ebi.ac.uk, Password: 

QpdClBLB). 

4.4 RESULTS 

4.4.1 RA Levels are Decreased in Rbp1–/–Mice Hearts.  

RA, retinol, and retinyl esters (RE) were quantified in right (RV) and left (LV) 

ventricles of WT and Rbp1–/– mice using LC-MS/MS and HPLC-UV (Fig. 4.1).(166-169, 

211, 224) RA levels in Rbp1–/– mice were decreased by 33% (P=0.0017) and 24% 

(P=0.032) in LV and RV, respectively (Fig. 4.1A). 9-cis-RA was not detectable above the 
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LC-MS/MS assay limit of detection in biological matrices, which is 0.014 pmol/g. Retinol 

levels were decreased by 65% (P=0.0002) and 69% (P=0.0001) in LV compared to RV of 

WT and Rbp1–/– mice, respectively (Fig. 4.1B). Total RE was similar between all tested 

genotypes and tissue regions (Fig. 4.1C). Since RA is significantly decreased in Rbp1–/– 

mice hearts and is a known potent regulator of proper cellular function and tissue 

organization,(190) a multi-omics approach was developed to identify the global impact of 

reduced RA and reduced RA signaling in the adult heart.  

 

Figure 4.1. Quantitation of retinoid metabolites in left ventricle (LV) and right ventricle (RV) of WT 

and Rbp1-/- mice.  

A. RA levels are reduced in LV and RV of Rbp1-/- compared to WT.  B. Retinol levels were decreased in 

both WT and Rbp1-/- mice LV compared to RV. C. RE levels were statistically unchanged between mice 

population and tissue type. Error bars represent standard deviation. *p-value <0.05, **p-value <0.01, and 

***p-value <0.001 as determined by an unpaired Student’s t-test. Data is meanSEM; n=10 each genotype.  

 

4.4.2 Unique Metabolomic Profiles of Rbp1–/–Mice Hearts.  

The Biocrates AbsoluteIDQ p180 kit was used for high-throughput, targeted, 

quantitative metabolomics of multiple metabolite classes: acylcarnitines, amino acids, 

biogenic amines, glycerophospholipids, sphingolipids, and hexose. A total of 222 

metabolite and metabolite combinations were analyzed for each cohort of Rbp1-/- and WT 

mice. Multivariate analysis was performed with MetaboAnalyst to identify metabolites that 

differ between WT and Rbp1–/– mice LV, RV, and atria (Figs. 4.2-4.6).(213, 214) PLS-DA 

was used because its supervised nature better identifies features that define differences 
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between two groups compared with PCA (Fig. 4.2 and 4.3). PLS-DA plots were able to 

distinguish between WT and Rbp1–/– mice atria, RV and LV tissues (Fig. 2A, R2=0.98, 

Q2=0.91, and Fig. 4.3). In both WT and Rbp1–/– mice, LV and RV metabolites clustered 

together (Fig. 4.2A). Metabolomic profiles of WT LV and RV were also compared to 

interrogate baseline ventricular differences (Fig. 4.7). 

 

Figure 4.2. Multivariate analysis and hierarchical clustering display statistical metabolite differences 

between WT and Rbp1-/- mice atria, LV and RV.  

A. PLS-DA plot comparing Rbp1-/- Atria (Red), Rbp1-/- LV (Green), Rbp1-/- RV (Blue), WT Atria (Cyan), 

WT LV (Magenta), WT RV (Yellow). R2=0.98. Q2=0.91. N=5 per group. Each point represents a data set 

from an individual animal tissue. The 95% confidence intervals are indicated by elliptical patterns per group. 

B. PLS-DA plot comparing all Rbp1-/- samples (black) and WT samples (gray). R2=0.99. Q2=0.96. n=15 per 

group. The 95% confidence intervals are indicated by elliptical patterns per group. C. Heatmap displaying 

the top 25 metabolites based on t-test/ANOVA, Euclidean distancing, and Ward clustering.  
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Figure 4.3. Multivariate analysis and hierarchical clustering of Rbp1-/- and WT mice tissues.  

A. PCA plot comparing Rbp1-/- Atria (Red), Rbp1-/- LV (Green), Rbp1-/- RV (Blue), WT Atria (Cyan), WT 

LV (Magenta), WT RV (Yellow), with n=5 per group. B. PCA plot comparing all Rbp1-/- samples (black) 

and WT samples (gray). n=15 per group. PCA displayed a total of 54.2% variance, attributed to PC1 (35.3%) 

and PC2 (18.9%) components. The 95% confidence intervals are indicated by elliptical patterns per group. 

C. Heatmap displaying the top 25 metabolites of Rbp1-/- (black) and WT (gray) based on t-test/ANOVA, 

Euclidean distancing, and Ward clustering.  
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Figure 4.4 Multivariate analysis and hierarchical clustering displays statistical metabolite differences 

between atria for WT (cyan) and Rbp1-/- (red) mice.  

A. PLS-DA plot R2=0.99. Q2=0.91. N=5 per group. Each point represents a data set from an individual 

animal tissue. The 95% confidence intervals are indicated by elliptical patterns per group. B. PCA plot. PCA 

displayed a total of 56.9% variance, attributed to PC1 (34%) and PC2 (22.9%) components. The 95% 

confidence intervals are indicated by elliptical patterns per group. C. Heatmap displaying the top 25 

metabolites based on t-test/ANOVA, Euclidean distancing, and Ward clustering.  
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Figure 4.5. Multivariate analysis and hierarchical clustering displays statistical metabolite differences 

between Left Ventricle of WT (magenta) and Rbp1-/- (green) mice.  

A. PLS-DA plot R2=0.99. Q2=0.82. N=5 per group. Each point represents a data set from an individual 

animal tissue. The 95% confidence intervals are indicated by elliptical patterns per group. B. PCA plot.  PCA 

displayed a total of 60.6% variance, attributed to PC1 (39.3%) and PC2 (21.3%) components. The 95% 

confidence intervals are indicated by elliptical patterns per group. C. Heatmap displaying the top 25 

metabolites based on t-test/ANOVA, Euclidean distancing, and Ward clustering.  
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Figure 4.6. Multivariate analysis and hierarchical clustering displays statistical metabolite differences 

between Right Ventricle (RV) for WT (blue) and Rbp1-/- (yellow) mice.  

A. PLS-DA plot R2=0.99. Q2=0.83. N=5 per group. Each point represents a data set from an individual 

animal tissue. The 95% confidence intervals are indicated by elliptical patterns per group. B. PCA plot. PCA 

displayed a total of 66.8% variance, attributed to PC1 (48.2%) and PC2 (18.6%) components. The 95% 

confidence intervals are indicated by elliptical patterns per group. C. Heatmap displaying the top 25 

metabolites based on t-test/ANOVA, Euclidean distancing, and Ward clustering.  
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Figure 4.7. Multivariate analysis and hierarchical clustering displays metabolite differences between 

WT LV (dark purple) and RV (light purple).  

A. PLS-DA plot R2=0.53. Q2=0.07. N=5 per group. Each point represents a data set from an individual 

animal tissue. The 95% confidence intervals are indicated by elliptical patterns per group. B. PCA plot. PCA 

displayed a total of 71.2% variance, attributed to PC1 (55.3%) and PC2 (15.9%) components. The 95% 

confidence intervals are indicated by elliptical pattens per group. C. Heatmap displaying the top 25 

metaoblites based on t-test/ANOVA, Euclidean distancing, and Ward clustering.   
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Univariate analysis (Table 4.1, Fig. 4.3) was able to identify 33 metabolites and 

metabolite combinations that had differential abundance between WT and Rbp1–/– (Table 

4.1) (p<0.05, false discovery rate <5%). Of those 33 metabolites, 21 were significantly 

different in RV, 24 in LV, and 15 in Atria (Table 4.1). Of these metabolites, 5 were 

acylcarntines, 5 amino acids, 5 biogenic amines, 9 glycerophospholipids, and 2 

sphingolipids. The acylcarnitines were decreased in Rbp1–/– atria, LV and RV, compared 

to WT tissues. All amino acids, except aspartate were decreased in Rbp1–/– compared to 

WT in all three tissue regions. Two of the five biogenic amines, histamine and methionine 

sulfoxide, were decreased in Rbp1–/– atria compared to WT atria. While all significant 

biogenic amines except N-acetylornithine, were decreased in both LV and RV of Rbp1–/– 

compared to WT. Only 2 glycerophospholipids, lyso-phosphatidylcholine acyl C16:1 and 

lyso-phosphatidylcholine acyl C18:1, were decreased in all Rbp1–/– tissue types compared 

to WT. Both sphingolipids were increased in Rbp1–/– tissues compared to WT.  
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Table 4.1. Metabolites significantly changed between WT and Rbp1-/- Atria, Left Ventricle (LV), and 

Right Ventricle (RV).  

Metabolites assayed Rbp1-/- and WT mice, n=5 each genotype. AC: Acylcarnitine. AA: Amino acids. BA: 

Biogenic amines. PC: Glycerophospholipids. SM: Sphingolipids.  
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Pathway analysis was also performed with MetaboAnalyst to identify the most 

impacted pathways between WT and Rbp1–/– mice atria, left ventricle, and right ventricles 

(Fig. 4.8, Table 4.2). Multiple amino acid biosynthesis and amino acid metabolism 

pathways were most significantly impacted in Rbp1–/– hearts compared to WT. Histidine 

metabolism and arginine biosynthesis pathways were significantly impacted in all three 

tissue regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Pathway analysis of metabolites differentially expressed in WT compared to Rbp1-/- mice 

hearts.  

Atria, LV, and RV tissues were grouped together for WT and Rbp1-/- mice.   
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Table 4.2. Pathway analysis of metabolites differentially expressed in WT compared to Rbp1-/- mice 

hearts.   

Samples are arranged according to p value, and the top 5 most impacted pathways by tissue type, based on p 

value, were included. Hits refers to the number of matched metabolites from the uploaded data, over the total 

number of compounds in the pathways. Raw p is the original p value calculated from the enrichment analysis. 

Holm p is the p value adjusted by Holm-Bonferroni method. The FDR p is the p value adjusted using False 

Discovery Rate. Impact is the pathway impact value calculated from pathway topology analysis. Results were 

normalized via Autoscaling (mean-centered and divided by the standard deviation of each variable). Pathway 

Enrichment Analysis was Global Test. Pathway Topology Analysis was Relative-betweenness Centrality. 

Pathway library was Mus musculus (KEGG).   
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4.4.3 Unique Proteomic Profiles of Rbp1–/– Hearts.  

The heart proteome in left and right ventricles of Rbp1–/– and WT mice was assessed 

via LC-MS/MS to identify proteins that were altered by reduced RA levels and reduced 

RA signaling. A total of 2,606 unique proteins were quantified and protein abundance was 

compared between the right and left ventricles of WT and Rbp1–/– mouse hearts. Proteins 

with significantly altered abundances are shown in Fig. 4.9-4.11. A protein expression fold 

change FC > 2-fold and FDR corrected ANOVA p-value cut off <0.05 was used to identify 

significant changes in protein expression. A total of 340 proteins were differentially 

expressed between the tissue types. 48 proteins were downregulated, and 103 proteins were 

upregulated in Rbp1–/– RV compared to Rbp1–/– LV.  44 proteins were downregulated, and 

103 proteins were upregulated in WT RV compared to WT LV. 75 proteins were 

downregulated, and 95 proteins were upregulated in Rbp1–/– RV compared to WT RV. 77 

proteins were downregulated, and 90 proteins were upregulated in Rbp1–/– LV compared 

to WT LV.   
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Figure 4.9. Expression of proteins most changed in both left and right ventricles of Rbp1-/- mice 

compared to WT.  

Minimum 2-fold change and FDR adjusted p-value <0.05 were criteria for inclusion.  
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Figure 4.10. Expression of proteins most changed in either left or right ventricles of Rbp1-/- mice 

compared to WT mice.  

Minimum 2-fold change of expression and FDR adjusted p-value <0.05 were criteria for inclusion.  

Genes Left Right Genes Left Right Genes Left Right Genes Left Right Genes Left Right Genes Left Right

A1bg Cnn1 Fkbp4 Krt1 Nenf Rpl34

Abcb10 Cnn3 Flot1 Krt16 Nfe2l2  Rps16

Abhd14b Cobll1 Flot2 Krt2  Nhp2 Rps23

Actr10 Col4a1 Galm Krt6a Nmnat3 S100a10

Acy1 Col6a5 Ganab Krt76 Nnt Scamp1

Acy3 Col6a6 Gbp2 L3hypdh Nppa Sept9

Ago2 Comtd1 Gbp6 Lactb Obsl1 Serpina1e

Ahnak2 Cops6 Gfm2 Lamp2 Orm1 Serpinb1a

Akap12 Cops8 Gm17190 Lancl1 Osbp Serpinf1

Alox12  Cotl1 Gm20547 Lbr Osbpl1a Serpinf2

Ambp Cpn2 Gng2  Lifr Pafah1b2 Serping1

Anp32b Cpne1 Gng5 Lman2 Pakap Sh2d4a

Ap1g1 Cpq Gstm1 Lmcd1 Pam16 Slc35f6

Ap2a2 Creld2 Gypc Lrrc10 Parl Slirp

Ap2b1 Crkl H2-Q10 Lsm2 Parvb Smim26  

Apoc1 Ctbp1 H3f3c Lsm8 Pcdhb2  Smtn

Apoc3 Cul5 Hadhb Lyrm4 Pdha2 Snrnp70  

Apoe Cutc Hbb-b2 March1 Pdk4 Snrpd2

Arhgef28 Ddi2  Hbb-y Mcrip2  Pgm2 Stat1

Arpp19  Ddo Hdac5 Metap2 Phldb1 Stx7

Atad5 Ddx19a Hdgf Mgst1 Pkia Surf1

Atp1b3 Ddx51 Hip1 Mic13 Plbd1 Syngap1

B2m Dek Hmgb3 Mmab Pon1 Tapbp

Bckdk  Dmtn Hmgn2 Mpp1 Ppbp Tfrc

Bves Dmxl2 Hnrnph2 Mrpl28 Ppip5k2 Tmem256

Bzw1 Dnah10 Hspa12b Mrpl45 Ppme1 Tmlhe

C4b Dnah17 Huwe1 Mrps18b Ppp2r2a Tmx1

C9 Dnajc11 Ide Mrps23 Ppp3r1  Top1

Cald1 Dpep1 Ighg2b Mrps7 Prps1l3 Tor1aip1

Capn8 Dpt Ighg2c Mup9 Ptbp1 Tpd52

Cav2  Dynlt1 Ighv1-15 Mybbp1a Ptgds Tpd52l2

Cbr2  Eef1a1 Ighv1-31 Mybphl Ptpn12 Tppp

Ccdc47 Eif2b2 Ighv1-39 Myh11 Purb Trnt1

Cd59a Eif3h Igkv1-35 Myh7 Pyurf Tubb1

Cd5l Eif3i Igkv13-85 Myl4 Rab35 Tubb3 KO/WT ratio

Cdc42bpb Eif4e Igkv4-57 Myl7 Rab5b Txn2 >10

Cebpzos Eif5b Igkv4-58 Mylk Rap1b Ube3a 5

Ces1b Eml2 Igkv9-124 Mylk3 Rap1gds1 Ubqln2 2

Ces1d Epb42 Iglc3 Myot Rasip1 Uggt1 1

Chmp5  F12 Irgm1 Naalad2 Rbm3 Vamp8 0.5

Chpt1 Fars2 Isg15 Nadk2 Rcn3 Vma21 0.2

Clasp1  Fasn Itgb1 Nbeal1 Rpia Vps26b <0.1

Clta Fbxo40 Klkb1 Ncoa5 Rpl24

Cmc1 Fitm1  Knstrn Ndufaf8 Rpl32



 

92 

 

 

Figure 4.11. Expression of proteins most changed in left vs. right ventricle in either Rbp1-/- or WT mice.  

Minimum 2-fold change of expression and FDR adjusted p-value <0.05 were criteria for inclusion.  

 

 

 

 

 



 

93 

 

Bioinformatic pathway analysis was also performed to provide further information 

about the impact of dysregulated RA signaling. Ingenuity Pathway Analysis (IPA) was 

used to predict canonical pathways and upstream regulators according to the proteins that 

were significantly different using an absolute activation z-score of > 2 for at least one 

condition with a Benjamini-Hochberg corrected Fisher’s exact test p-value < 0.05. The 

calculated z-score is a statistical measure of the match between expected relationship 

direction from published literature and observed gene expression from the experimental 

dataset and it is used to infer likely activation states of pathways or upstream regulators 

based on comparison with a model that assigns random regulation directions. Nine 

canonical pathways were significantly altered in the Rbp1–/– RV compared to WT RV, with 

all upregulated in Rbp1-/- RV except Integrin Signaling (Table 4.3). One canonical 

pathway, LXR/RXR Activation, was significantly upregulated in the Rbp1–/– LV compared 

to WT LV. Nine inferred upstream regulators were significantly activated (5) or inhibited 

(4) between the RV and LV of Rbp1–/– and WT mice (Table 4.4). IPA upstream regulator 

analysis, with a Benjamini-Hochberg corrected p-value <0.01, was also to identify proteins 

that were significantly associated with retinoic acid activity. In the left ventricle, sixteen 

proteins associated with retinoic acid activity were found to be significantly perturbed by 

loss of CRBP1, with 11 upregulated and 6 downregulated (Fig. 4.12). In the right ventricle, 

ten proteins associated with retinoic acid activity were found to be significantly perturbed 

by loss of CRBP1, with 4 upregulated and 6 downregulated (Fig. 4.13).  
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Table 4.3. Canonical pathways altered in Rbp1-/- Right and Left Ventricle.  

Criteria for pathways changes were a nonzero absolute activation z-score and a Benjamini-Hochberg 

corrected Fisher’s exact test p-value <0.01. 

 

 

 

 

 

 

 

 

Canonical Pathways  Ventricle  B-H    

p-value 
 Activation 

z-score 
 Proteins 

LXR/RXR Activation   Left  0.009  1.6   

 

C4A/C4B, APOE, 

SERPINF1, SERPINA1, 

SERPINF2, A1BG 

LXR/RXR Activation   Right  0.0003  1.9   

 

APOE, PON1, FASN, C9, 

AMBP, SERPINF1, 

SERPINA1, A1BG 

Actin Cytoskeleton Signaling   Right  0.01  0.8   

RAP1B, ITGB1, CRKL, 

MYLK3, MYL4, MYLK, 

MYH11, MYL7 

PAK Signaling   Right  0.03  1.3   

 

RAP1B, ITGB1, MYL4, 

MYLK, MYL7 

RhoA Signaling   Right  0.03  2.2   

 

SEPT9, MYLK3, MYL4, 

MYLK, MYL7 

Phospholipase C Signaling   Right  0.03  0.4   

 

RAP1B, ITGB1, GNG2, 

MYL4, GNG5, Ighg2b, 

MYL7 

Signaling by Rho Family 

GTPases   Right  0.03  1.3   

 

ITGB1, SEPT9, GNG2, 

MYL4, MYLK, GNG5, 

MYL7 

 

Production of Nitric Oxide 

and Reactive Oxygen Species 

in Macrophages   Right  0.04  1.3   

RAP1B, PON1, APOE, 

PPP2R2A, SERPINA1, 

STAT1 

 

Regulation of Actin-based 

Motility by Rho   Right  0.05  1.0   

ITGB1, MYL4, MYLK, 

MYL7 

Integrin Signaling   Right  0.05  -0.8   

 

RAP1B, ITGB1, CRKL, 

MYLK3, MYLK, MYL7 
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Table 4.4. Upstream regulators altered in Rbp1-/- right and left ventricle.  

Criteria for upstream regulator interference were a nonzero absolute activation z-score and a Benjamini-

Hochberg corrected Fisher’s exact test p-value <0.01. 
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Figure 4.12. Proteins in LV regulated by retinoic acid and significantly perturbed in Rbp1-/-.  

Proteins with minimum 2-fold change and FDR adjusted p-value <0.05 were selected for upstream regulator 

interference at a cutoff of Benjamini-Hochberg adjusted Fisher’s exact test p-value <0.01. Red color indicates 

significant upregulation and green indicates downregulation, with intensity of color corresponding to 

magnitude of upregulation.  

 

 

Figure 4.13. Proteins in RV regulated by retinoic acid and significantly perturbed in Rbp1-/-.  

Proteins with minimum 2-fold change and FDR adjusted p-value <0.05 were selected for upstream regulator 

interference at a cutoff of Benjamini-Hochberg adjusted Fisher’s exact test p-value <0.01. Red color indicates 

significant upregulation and green indicates downregulation, with intensity of color corresponding to 

magnitude of upregulation.  
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4.5 DISCUSSION 

Our present study investigated the metabolomic and proteomic differences between 

WT and Rbp1–/– mice hearts as well as their retinoid status. CRBP1 is important for 

maintaining retinoid homeostasis and retinoid quantification in heart was consistent with 

this function. RA levels were decreased in both the left and right ventricle of Rbp1–/– 

compared to WT mice, whereas ROL and Total RE values did not differ between the mice 

genotypes (Fig. 4.1). This result consistent with previous reports of decreased RA levels in 

Rbp1–/– tissues and is consistent with reduced RA biosynthesis .(48, 49) Since the adult 

heart is responsive to RA and RA is essential for proper cellular function,(190, 197) the 

decreased levels of RA in Rbp1–/– mice hearts would likely disrupt multiple pathways. 

Through metabolome and proteome analysis, the pathways that were most affected by 

ablation of Rbp1 and disrupted cardiac RA signaling involved cellular metabolism and 

cardiac remodeling. The main metabolism pathways that were disrupted in Rbp1–/– mice 

included carnitine homeostasis, amino acid biosynthesis and metabolism, and LXR/RXR 

activation. The main cardiac remodeling pathways that were disrupted in Rbp1–/– mice 

included the RhoA signaling, Hippo, and Renin-Angiotensin pathways.  

4.5.1 Retinoid Metabolism Pathway 

Whereas there were no differences in ROL and total RE levels between Rbp1–/– and 

WT, the amount of ROL is significantly decreased in the left ventricle of both Rbp1–/– and 

WT mice. Though steady state levels of RA were not different between LV and RV, the 

higher levels of retinol endow the RV with higher retinol precursor levels which may play 

a role in shaping local RA signaling. Of note, in addition to differences in physiology and 

repose to injury, the RV and LV are developmentally derived from different populations 
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of myocardial progenitors.(116, 225) Differences in metabolomic profiles of WT LV and 

RV are seen in Fig 4.12. Given that RA plays an important role in the anterior-posterior 

patterning of the heart,(226) we present here evidence of asymmetrical retinoid metabolism 

in the two cardiac regions that persists in the adult heart.   

Of the proteins involved in retinoic acid biosynthesis, retinaldehyde dehydrogenase 

1 (RALDH1) and retinol dehydrogenase 5 (RDH5) were detected in the proteomic 

analyses. RALDH1 catalyzes the oxidation of retinal to RA and was found at 1. and 1.4 

times greater levels in the Rbp1–/– and WT mice right ventricle compared to the left 

ventricle, respectively.(190) Interestingly, RALDH1 has been shown to be downregulated 

in human heart failure(227). However, previous publications have also shown RALDH1 

levels can be inversely proportional to changes in RA.(228, 229) Previous reports show 

intense expression of RDH5 in the heart,(230) but this protein was only found in left 

ventricles of both Rbp1–/– and WT mice, which suggests that regionalization of retinoid 

enzyme expression might contribute to asymmetric retinoid metabolism in the heart.  

Many proteins identified in the proteomic analysis contain a known or putative 

retinoic acid response element (RARE), like PTGDS and PDK4,(120, 231) or are known 

RAR/RXR targets, like APOE,(232) and have altered expression between Rbp1–/– and WT 

mice. IPA upstream regulator analysis identified sixteen proteins in the left ventricle and 

ten proteins in the right ventricle that are associated with retinoic acid activity and were 

significantly perturbed by loss of CRBP1 (Figs. 4.12 and 4.13, respectively). APOE and 

STAT1 were upregulated in both right and left ventricles and both proteins are further 

discussed below. KRT1 and KRT16 were downregulated in both right and left ventricles. 

RA has been shown to directly impact KRT1 mRNA stability.(233) KRT16 is induced with 
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AP-1 activation, which is regulated by RA.(234) ITGB1 was downregulated in the right 

ventricle but upregulated in the left ventricle. ITGB1 is also present in 6 of the 9 canonical 

pathways altered in Rbp1-/- RV and the expression of ITGB1 is altered by RA.(235)   

4.5.2 Carnitine and Lipid Biosynthetic Pathway  

Carnitines are essential for transporting long-chain fatty acids into the 

mitochondrial matrix for metabolism.(236) In the heart, this reduces oxidative stress and 

inflammation, producing a cardioprotective effect.(237) Several studies have shown that 

supplementation with L-carnitine (levocarnitine, C0) can treat many cardiac problems, 

including ischemia-reperfusion injury, ventricular dysfunction, cardiac arrhythmia, and 

toxic myocardial injury.(237, 238) In this study, C0 was significantly decreased in both the 

right and left ventricles of Rbp1–/– mice compared to WT mice (Table 4.1, Fig. 4.2, 4.5-

4.6). This decrease is likely attributed to a decrease in TMLHE, the enzyme responsible 

for the first step of carnitine biosynthesis, converting trimethyllysine into 

hydroxymethyllysine,(236) and had significantly decreased levels in the left ventricle of 

Rbp1–/– mice compared to left ventricle of WT mice. CPT1A, another protein in the 

carnitine biosynthetic pathway, was found in higher levels in the right ventricle of both 

Rbp1–/– and WT mice (data not shown).(236) CPT1A is an important biomarker of diet-

related metabolic alterations,(239, 240) and has also been identified as a potential 

biomarker of heart disease detection.(241) Previous studies have shown that RA treatment 

activates fatty acid oxidation, leading to increased expression of Cpt1a expression.(242-

244)  

Our analysis also revealed differences in the levels of various phospholipid species. 

These differences were seen in comparing LV versus RV and also in comparing the two 
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genotypes, Rbp1–/– and WT mice. Levels of unsaturated PC such as PC 34:2, 36:2, and 38:4 

and PUFA in general were consistently higher in the RV versus LV of both WT and both 

Rbp1–/– mice and also in LV and RV of Rbp1–/– versus corresponding ventricle of WT mice. 

The right-left differential composition was also observed in both healthy and injured 

human hearts.(245)  

4.5.3 Amino acid biosynthesis and metabolism  

The heart is highly active, pumping over 6000 liters of blood a day, and consumes 

large amounts of oxygen and metabolites for energy daily.(246) In instances of prolonged 

stress or ischemia, when oxygen and fatty acids levels decrease, the heart relies on other 

molecules, such as amino acids, for energy.(246) Statistical analysis of our data identified 

a variety of amino acids and amino acid derivatives that were significantly different 

between Rbp1–/– and WT mice (Table 4.1, Fig. 4.2-4.6). Pathway analysis performed by 

MetaboAnalyst software also identified multiple amino acid biosynthesis and metabolism 

pathways that were changed between the Rbp1–/– and WT mice hearts (Fig. 4.8, Table 4.2). 

Most of the top 5 most impacted pathways per tissue region (Table 4.2) are related to amino 

acid metabolism or biosynthesis. The pathway with the largest impact value calculated 

from pathway topology analysis was phenylalanine, tyrosine, and tryptophan biosynthesis 

(Impact:1, Fig. 4.8). Studies have shown that these aromatic amino acids are not 

metabolized by a healthy heart and provide a strong marker of protein flux.(246) Histidine 

metabolism and arginine biosynthesis pathways were impacted in all three tissue types. 

Those two amino acids (as well as alanine, aspartate, glutamate, and glutamine) can be 

used by the oxygen-limited heart for energy.(246) The decrease levels of these amino acids 

could also be attributed to decreased proteolysis, a common occurrence in heart 
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disease.(246) Branched-chain amino acid (BCAA) metabolism has been shown to be 

impaired in heart disease,(247, 248) however, our results did not show any significant 

decreased levels of leucine, isoleucine, or valine.   

4.5.4 LXR/RXR Activation  

Liver X receptor/retinoid X receptor (LXR/RXR) signaling is essential for 

regulating lipid and glucose metabolism, inflammation, and cholesterol homeostasis.(249) 

Systemic LXR/RXR activation is also important for providing myocardial protection 

against many diseases, including atherosclerosis, hypertension, and diabetes.(249) 

Recently, several studies have established that dysregulated LXR/RXR activation was 

associated with heart disease.(250-252) LXR is activated by oxysterols and there were no 

oxysterols on our metabolomic panel.. In this study, proteins related to the LXR/RXR 

activation pathway had altered levels in Rbp1–/– mice compared to WT mice, in both the 

left and right ventricles (Table 4.3). These proteins include APOE, SERPINA1, 

SERPINF1, and A1BG. APOE is a ligand for low density lipoprotein (LDL) receptors and 

plays important roles in cholesterol metabolism.(253) APOE can increase risk of heart 

disease,(253) and APOE levels were increased in the right and left ventricle of Rbp1–/– 

mice compared to WT. SERPIN1A is a serine protease inhibitor, which is essential for anti-

inflammatory effects and SERPINA1 levels have been shown to be increased in chronic 

heart failure patients compared to healthy controls.(254) SERPINA1 has also been shown 

to promote tumorigenesis.(254) Therefore, SERPINA1 levels must be highly regulated for 

proper heart health. The proteomics data shows SERPIN1A levels were increased in the 

right and left ventricle of Rbp1–/– mice compared to WT. SERPINF1 is a secreted 

glycoprotein with antiangiogenic and antitumorigenic properties and SERPINF1 levels are 
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increased in patients with metabolic syndrome and type 2 diabetes(255). SERPINF1 has 

been shown to protect cardiac function after acute myocardial infarction through 

degradation of triglyceride.(255) The proteomics data shows SERPIN1F levels were 

increased in the right and left ventricle of Rbp1–/– mice compared to WT. A1BG is a 

member of the immunoglobulin family and while little is known of this protein’s function, 

polymorphisms in the gene A1BG play a role in cardiovascular outcomes of patients 

response to antihypertensive medicine.(256) The proteomics data shows A1BG levels were 

increased in the right and left ventricle of Rbp1–/– mice compared to WT. 

4.5.5 Cardiac Remodeling 

RA levels are essential for proper cardiac remodeling. Insufficient RA leads to 

increased ventricular remodeling after injury, which negatively impacts heart 

function.(201) While these repair processes are necessary for cardiac remodeling after 

injury, they can easily become unchecked and lead to hypertrophy and, eventually, heart 

failure.(191, 204) RA supplementation has even been studied as a promising therapeutic 

for attenuating ventricular remodeling after MI.(119, 191, 193, 202, 204-206) This 

therapeutic scheme is successful because of the many cardiac remodeling pathways 

regulated by RA, including RhoA, Hippo, and Renin-Angiotensin pathways. 

Ras homolog gene family, member A (RhoA). RhoA is a small GTPase that plays 

important roles in embryonic development and regulates the actin cytoskeleton.(257) 

RhoA/Rho-associated protein kinase (ROCK) signaling regulates retinoid 

metabolism.(257) Additionally, RA promotes cytoskeletal remodeling of epicardial cells 

via the RhoA-signaling pathway, because RAR directly binds to RAREs within the 

promoters of Rho effectors.(191, 193) Therefore, RhoA/ROCK signaling and RA is 
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important for cardiac tissue remodeling after injury. In this study, the RhoA signaling 

pathway and the Signaling by Rho Family GTPases were both significantly altered in the 

right ventricle of Rbp1–/– mice compared to WT mice (Table 4.3). Additionally, three 

proteins involved in RhoA signaling were dysregulated between the two mice populations 

in both ventricles. MYLK3 was downregulated in both right and left ventricle of Rbp1–/– 

mice compared to WT. MYL7 existed in higher levels in both right and left ventricle of 

Rbp1–/– mice compared to WT. ITGB1 was downregulated in the right ventricle but 

upregulated in the left ventricle of Rbp1-/- mice compared to WT. 

Hippo Signaling Pathway. The Hippo signaling pathway controls organ size by regulating 

cell proliferation and apoptosis, and is important for cardiac fibroblast development.(258) 

The Hippo effectors YAP and TAZ directly affect expression levels of DHRS3, a retinal 

reductase with expression inversely related to RA levels. The Hippo pathway was not 

identified as significantly impacted in the proteomic pathway analysis, but two proteins 

involved in the pathway, MYH7 and NPPA, were dysregulated between the mice 

populations (Fig. 4.12). MYH7 is expected to be upregulated during RA deficiency,(259) 

and was increased in the left ventricle of Rbp1–/– mice compared to WT. NPPA is regulated 

by RAR/RXR,(260) and was found at decreased levels in the left ventricle of Rbp1–/– mice, 

but increased levels of right ventricle compared to WT.  

Renin-Angiotensin System (RAS). RAS regulates blood pressure and volume, and RAS 

plays important roles in many cardiovascular disorders.(261) In instances of hemodynamic 

overload, RAS becomes active and this leads to myocyte hypertrophy and fibrosis.(204) 

Unresolved hypertrophy and cardiac remodeling cause heart failure. Studies have shown 

that RA signaling prevents cardiac remodeling by inhibiting RAS, which halted the 
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hypertrophy to heart failure conversion.(204, 262) While this pathway was not identified 

as significantly impacted during the proteomic pathway analysis, many individual proteins 

(collagen, CAMK2A, and LAMA3) involved in RAS and hypertrophy were significantly 

altered between Rbp1–/– and WT mice. Collagen, including COL1A2 and COL4A1 (Fig. 

4.12), lead to changes in the extra cellular matrix and RA has been shown to increase their 

gene expression.(263-265) Collagen was found in larger amounts in Rbp1–/– left ventricle 

compared to WT left ventricle. CAMK2A leads to cardiomyopathy and RA has been 

shown to regulate CAMK2A activation.(198, 199, 207, 263, 266) Camk2a levels are 

increased in failing hearts.(263) CAMK2A was found at higher concentrations in the left 

ventricle compared to right ventricle in both Rbp1–/– and WT mice. LAMA3 is an 

extracellular matrix protein important for RAS signaling and RA increases its gene 

expression.(267) LAMA3 was found at higher concentrations in right ventricle of Rbp1–/–  

mice compared to right ventricle of WT. In a study of acute pressure overload in rats, 

angiotensin II activates the JAK/STAT pathway.(268) STAT1 is upregulated in both the 

right and left ventricles of Rbp1-/- mice and was identified as a top upstream regulator 

disrupted by CRBP1 loss (Figs. 4.12-4.13).  STAT1 protein levels are modulated by 

RA.(269) 

4.6 CONCLUSION 

This study provides a systems biology analysis regarding RA homeostasis in the 

adult mouse heart. Rbp1–/– mice were used as a model of reduced RA in adult mice. Overall, 

this study elucidates that RA remains essential in the adult heart, especially in pathways 

related to metabolism and cardiac remodeling. Dysregulation of the retinoid pathway of 

Rbp1-/- mice hearts was examined through quantitation of retinoids, including RA, the 
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active form of Vitamin A. Through a targeted metabolomics approach, 33 metabolites 

significantly affected by loss of CRBP1 and disrupted retinoic acid signaling were 

identified. The most significantly affected pathways included amino acid biosynthesis and 

metabolism. Through an untargeted mass-spectrometry approach, 340 proteins 

significantly perturbed by loss of CRBP1 and disrupted retinoic acid signaling were 

identified. The most significantly affected canonical pathways included LXR/RXR 

activation, actin cytoskeleton signaling, PAK signaling, and RhoA signaling.  

This study provides valuable metabolomic and proteomic data but includes some 

limitations. Our proteomic methodology is a direct sampling technique with limitations in 

the detectable range. Proteins of lower abundance may be present a possibly changed but 

may not be detected due to abundance. Metabolites are limited to those contained in the 

Biocrates AbsoluteIDQ p180 kit, which is a subset of the whole metabolomic profile. The 

Biocrates kit has only been validated for plasma, but it has been previously used by us and 

by other groups for analyzing heart tissue.(270-273) Hearts were not perfused upon 

collection consistent with other studies in the literature using the Biocrates kit for analysis 

of heart tissue (270-272), however it is possible blood contained within the tissue 

contributes signal towards the total protein and metabolite content. Samples were limited 

to availability of animals at the time, and future studies would be necessary to inform on 

any metabolomic and/or proteomic gender or age differences in Rbp1-/- mice. WT and 

Rbp1-/- mice were not littermates and derived from independently bred lines. All mice were 

fed a normal diet, and previous studies have shown no differences between WT and Rbp1-

/- mice food consumption and body weight on this diet, but differences in adiposity and 

retinoid metabolites have been seen in Rbp1-/- mice fed a high-fat or vitamin a deficient 
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diet.(47, 224) This study may be useful in developing a molecular classification of heart 

disease through targeted analysis coupled with quantitation of proteins and metabolites 

which could potentially represent markers for different forms and stages of heart disease . 

Finally, by using an adult genetic model of decreased RA, this study provides information 

about the effects of reduced RA on adult hearts while avoiding the confounding effects of 

dietary vitamin A deficiency. 
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Chapter 5: Impact of Cellular Retinol-Binding Protein, Type 1, on 

Retinoic Acid Homeostasis in the Murine Lung 

 

5.1 ABSTRACT 

The main active metabolite of Vitamin A, all-trans retinoic acid (atRA), is required 

for proper cellular function and tissue organization. In the lung, atRA is necessary for lung 

development, function, regeneration, and repair. atRA levels are tightly regulated through 

a series of biosynthetic and catabolic enzymes, and chaperone proteins, including cellular 

retinol-binding protein, type 1 (CRBP1). CRBP1, encoded by retinol-binding protein, type 

1 (Rbp1), is the main intracellular chaperone protein of Vitamin A, which regulates atRA 

homeostasis by protecting Vitamin A from non-specific oxidation and delivering it to atRA 

biosynthetic enzymes. CRBP1 expression has been shown to be decreased in many 

diseases, including lung cancer. Here we use the Rbp1-/- mouse lung to investigate the 

impact of CRBP1 loss on atRA homeostasis. Retinoid homeostasis was disrupted in Rbp1-

/- mouse lung tissue, as seen by reduced atRA levels as well as increased retinol and retinyl 

ester level as compared to wild-type. To further investigate the effect of CRBP1 on retinoid 

homeostasis, we performed enzyme activity assays using subcellular fractions isolated 

from lung for retinol dehydrogenase (RDH), retinal reductase (RRD), and retinal 

dehydrogenase (RALDH) activity. In the Rbp1-/- mouse lung, loss of CRBP1 and the 

accompanying decrease in atRA levels results in microenvironment tissue changes, 

including epithelial cell hyperplasia, fibroblast accumulation, and increased extracellular 

matrix components. Additionally, we have shown that exposure to ionizing radiation 

reduces lung RA. Here, we show that whole thorax lung irradiation of Rbp1-/- mice with 



 

108 

 

already reduced lung RA resulted in increased radiation damage as indicated by increased 

histological evidence of fibrosis in the lung and exacerbated loss of lung function post-

irradiation.  

KEY WORDS: CRBP1, CRBP3, atRA, WTLI 

5.2 INTRODUCTION 

All-trans retinoic acid (atRA) is the main active metabolite of vitamin A, which 

functions through activating nuclear receptors to regulate cellular programs for 

proliferation, differentiation, and apoptosis to maintain cellular and tissue 

homeostasis.(125) atRA is necessary in lung function, development, regeneration, and 

repair.(274-276) Lung development progresses to form terminal branching and budding, 

angiogenesis and vascularization to establish gas exchange for mature lung function.(274, 

275) atRA is specifically involved in initiating lung morphogenesis, cell differentiation, 

and regulation of surfactant proteins.(120-123) atRA is linked directly and indirectly to a 

number of lung morphogenesis and regeneration pathways including growth factors (FGF, 

TGFβ, IGF, EGF and VEGF), Wnt, sonic-hedgehog, Notch, smooth muscle differentiation, 

Fox, Bmp2, MMP/TIMP, collagen, vimentin, laminin, and Hox, which in turn impact 

cytokine activation and inflammatory response.(121, 123, 277-285) In vivo studies using 

mouse models have shown that vitamin A deficiency (VAD) results in lung morphology 

defects including budding, branching, and alveolar defects; and microenvironmental 

hyperplasia and metaplasia.(121, 286-290) Mouse models of lung disease show 

improvements in alveoli surface area upon atRA administration, indicating a potentially 

important role in lung regeneration.(121, 277, 288, 289, 291) 
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It is clear that atRA levels are tightly regulated to maintain proper lung function 

and organization, which occurs through a series of highly conserved biosynthetic and 

catabolic enzymes, and chaperone proteins (Figure 5.1).(125) Cellular retinol-binding 

protein, type 1 (CRBP1), encoded by Rbp1, is the main intracellular chaperone protein of 

Vitamin A metabolism.(125) CRBP1 regulates atRA homeostasis by protecting Vitamin A 

from non-specific oxidation and delivering it to atRA biosynthetic enzymes.(125) 

Additional CRBP homologues have been identified, but little is known about their 

expression patterns and functional roles in the lung.(22, 23, 44, 125, 292-294) Previous 

studies show that CRBP1 loss through DNA hypermethylation has been identified in 

several diseases, including up to 60% of lymphomas, 25% of breast cancer and 15% of 

lung cancer.(58, 60, 63, 293) The effect of reduced CRBP1 levels on atRA biosynthesis 

has been studied in human breast tumors, human endometriosis lesions, and related murine 

models, but no studies have explored the loss of CRBP1 in the lung.(48, 49) Using a global 

Rbp1 knock-out (Rbp1-/-) mouse model, we have quantified endogenous atRA levels in the 

lung and probed the regulatory role of CRBP1 through a series of enzymatic assays with 

isolated subcellular fractions. In addition, we have investigated the functional impact of 

cellular retinol binding protein, type 3 (CRBP3), a CRBP homolog that is present in the 

absence of CRBP1 expression. Histological evaluation was performed to relate 

microenvironment changes in the Rbp1-/- lung.  
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Figure 5.1. Retinoid metabolism and RA signaling in the lung.  

RBP4 binds extracellular Vitamin A (retinol) and delivers to membrane transport protein STRA6 for import 

into the cell. Once inside the cell, retinol is chaperoned by CRBP1 and has multiple fates. Retinol can be 

esterified to retinyl esters for storage via LRAT or oxidized to retinal via RDH. Retinal can be reduced to 

retinol by RRD. Retinal is irreversibly oxidized to retinoic acid via RALDH. Once formed, RA bound to 

CRABP1 is channeled to CYP26 for degradation or bound to CRABP1 and transported to the nucleus where 

it binds to nuclear receptors (RAR or RXR) and initiates gene transcription. The arrows indicate the increased 

or decreased enzyme activity and/or gene expression determined via our experiments.  
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To further probe the effect of loss of CRBP1 in a disease model, Rbp1-/- and 

wildtype (WT) mice were exposed to whole thorax lung irradiation (WTLI). We have 

previously shown that radiation reduces atRA levels in the lung.(295-297) To gain insight 

into atRA-dependent mechanisms of radiation-induced lung injury (RILI), we conducted 

high-throughput targeted metabolomics in lung assessing immediate effects of radiation. 

Severity of lung damage was assessed by histological analysis and respiratory function was 

assessed using non-invasive whole-body plethysmograph. The Rbp1-/- mice, which already 

exhibit reduced lung atRA, experienced increased radiation damage as indicated by 

increased histological evidence of fibrosis in the lung and exacerbated loss of lung function 

post-irradiation.  

5.3 EXPERIMENTAL PROCEDURES 

5.3.1 Mice and Husbandry 

 Rbp1 knock-out mice (Rbp1-/-) in a C57BL/6 background and wild-type (WT; 

C57BL/6) mice were used according to institutional guidelines of the University of 

Maryland, Baltimore. WT mice were purchased from Jackson Laboratories (Bar Harbor, 

ME, USA), and Rbp1-/- mice were bred in-house from breeders obtained from Pierre 

Chambon and Norbert Ghyselinck (Institut de Genetique et de Biologie Moleculaire et 

Cellulaire, Institut National de la Santé et de la Recherche Medicale, Illkirch, France). Mice 

were fed a chow diet ad libitum (Harlan Teklad Global; 18% protein extruded rodent diet 

no. 2018SX with the equivalent of 30 IU/g vitamin A; Harlan Laboratories, Indianapolis, 

IN, USA). 
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5.3.2 Retinoids sample preparation  

Each age-matched cohort (WT and Rbp1-/-) had n=24 female, virgin mice aged 1.5 

to 4 months. Mice were euthanized with isofluorane followed by cardiac puncture and 

cervical dislocation. Lung samples were harvested from mice under yellow light, frozen 

immediately and kept at -80oC until extraction.(167) Retinoids were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) and handled under yellow light. Retinoids were 

extracted from lung tissue homogenate in 0.9% saline or enzyme activity reactions with 

subcellular fractions by a 2-step liquid- liquid extraction that allows for RA, ROL and RE 

analysis.(167) Homogenates where RAL was quantified were first reacted with 0.1 M o-

ethylhydroxylamine in 0.1M HEPES, pH 8.0 (oxime) and then extracted with methanol. 

Extraction procedures are described in detail in the reference provided.(167) RA isomers 

were quantified by fast high performance liquid chromatography (LC) with multiplexing 

multiple reaction monitoring cubed (MRM3) and retention times are as follows: atRA, 4.0 

minutes, 9-cis RA, 3.8 minutes, and 13-cis RA, 3.3 minutes.(168) ROL, RE and RAL were 

quantified by HPLC-UV.(167) ROL and RE had retention times of 4.1 minutes and 15.9 

minutes respectively, and 7.2 minutes for the internal standard, retinyl acetate. Lung 

homogenate retinoids were normalized per gram of tissue. Oxime-reacted RAL, producing 

anti-RAL and syn-RAL isomers had retention times of 5.9 and 9.9 minutes respectively at 

368 nm. Peak areas are added together for total RAL-oxime quantification. ROL can also 

be detected by this method at 325 nm with the retention time of 6.2 minutes.(167) Retinoid 

levels were measured using n = 24 per group where the data is expressed as mean ± SEM. 

Statistical significance was determined using an unpaired Student’s t-test between groups 

with p < 0.5 considered significant.   
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5.3.3 CRBP1 and CRBP3 recombinant protein preparation 

Mouse CRBP1 and CRBP3 were expressed in BL21 E. coli purchased from Sigma-

Aldrich (St. Louis, MO, USA) with plasmids purchased from Genecopia (Rockville, MD, 

USA), according to manufacturer’s instructions. Purification was performed using a GE 

Healthcare GST bulk kit (GE Healthcare, Pittsburgh, PA, USA). The GST tag was cleaved 

with Promega ProTEV protease (Promega, Madison, WI, USA), after which the protease 

was removed with GE Healthcare Ni resin. The GST tag was separated from the purified 

protein by running the protein solution through the GST column a second time. Purified 

protein was dialyzed and stored in 20 mM KH2PO4 and 100 mM KCl, pH 7.4, at -80°C. 

CRBP1 and CRBP3 concentrations were determined from absorbance at 280 nm using 

published ε values: apo-CRBP1, ε28,080 M-1 cm-1; apo-CRBP3, ε25,800 M-1 cm-1 (42, 50). 

Holo-CRBP1/holo-CRBP3 have a molar absorptivity of ε50, 200 M-1 cm-1 at 350 nm. The 

A340/A280 ratios, used to assess purity, were between 1.4 and 1.6. Stock and assay 

solutions of CRBP1 and CRBP3 were prepared in 20 mM KH2PO4 and 100 mM KCl (pH 

7.4).  

5.3.4 Subcellular fractionation 

Whole lung was placed in 10% sucrose, 10 mM Tris HCl, 1 mM EDTA, and 1.5 

mM DTT (pH 7.4) on ice upon collection. DTT was added on day of use. Lungs were 

pooled from approximately 20 mice per collection. Lung was homogenized in the same 

buffer on ice with a motorized homogenizer at 1260 rpm (Eberbach ConTorque no. 7265; 

Eberbach Corp., Ann Arbor, MI, USA). Microsomal and cytosolic fractions were isolated 

by centrifugation at 4°C: 1000*g for 10 min, 10,000*g for 15 min, 17,000*g for 15 min, 

and 100,000*g for 1 hour. The aliquots of the 100,000 g supernatant (cytosol) were 
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prepared and flash frozen. The 100,000 g pellet (microsomes) was resuspended in 

homogenization buffer and flash frozen. Aliquots were stored at -80oC until use and were 

not re-frozen. Protein content was determined using the Bradford assay (Bio-Rad, 

Hercules, CA, USA). Approximately 7.5 mg of microsomes in 1.5 mL resuspension (~5 

mg/mL) and ~10-15 mL of cytosol (2-5 mg/mL) were recovered. The cytosolic fraction 

contains RALDH enzymes that are soluble in the cytoplasm. The microsomal fraction 

contains RDH, RRD, and LRAT enzymes that are anchored in the ER membrane.  

5.3.5 Enzyme activity  

Enzyme activity for RDH oxidation of CRBP-bound retinol was assayed with a 

combination of lung microsomes (200 μg protein) and cytosol (10 μg protein). RDH 

enzymes are present in the microsomal fraction and are the rate-limiting step in RA 

biosynthesis; using a combination of microsomes and cytosol enabled detection of RA as 

the endpoint and more sensitive detection that required less material for conduct of the 

enzymatic assay. LRAT activity to convert CRBP-bound ROL to RE was measured 

concurrently during the RDH oxidation assay. RALDH activity to oxidize CRBP-bound 

retinal was assayed with mammary cytosol (10 μg protein). RRD activity to reduce CRBP-

bound retinal to retinol was assayed with lung microsomes (200 μg protein). All enzyme 

activity was assayed at 37°C under initial velocity conditions in the linear range in 50 mM 

HEPES, 150 mM KCl, 1 mM EDTA, and 2 mM DTT (pH 8.0) in the presence of 4 mM 

NAD+ and 2 mM NADP+ with a total reaction volume of 250 μl and 65 rpm shaking. DTT 

was added the day of use. RDH/LRAT and RRD activity assays also included a NADPH 

regenerating system added in 30 ul as a 1:1:1 solution of glucose-6-phosphate 

dehydrogenase (2.5 U in 5 mM sodium citrate, pH 7.5), 50 mM glucose-6-phosphate, and 
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50 mM NADP+ in assay buffer. The activity of the glucose-6-phosphate dehydrogenase 

was confirmed spectrophotometrically before assay by monitoring production of NADPH. 

In all assays, microsomal and/or cytosolic proteins were reacted with 1.0 μM CRBP1-

bound retinoid (retinol or retinal) or 1.0 μM CRBP3-bound retinoid (retinol or retinal) for 

60 min. Reactions were initiated by adding 10 μl CRBP-bound retinoid in buffer via glass 

syringe. Control reactions were performed with CRBP-bound retinol in the absence of 

subcellular fractions (microsomes/cytosol that contain enzymes). Each reaction condition 

was performed in triplicate, and each experiment was performed twice. 

5.3.6 Apo-CRBP inhibition assays 

Apo-CRBP inhibition assays of RALDH enzyme activity utilized the cytosolic 

fraction only (10 ug) with 1 μM holo (RAL)-CRBP substrate and quantified atRA 

production.  Apo-CRBP was added at varying concentrations including 0, 0.02, 0.04, 0.1, 

0.2, 0.5, 1.0, 2.0 and 4.0 μM that correspond to apo:holo ratio of 0, 1:50, 1:25, 1:10, 1:5, 

1:2, 1:1, 2:1 and 4:1. Apo-CRBP inhibition assays of RDH enzyme activity utilized the 

microsomal fraction only (200 μg) with 1 μM holo (ROL)-CRBP1 and quantified RAL 

production. Apo-CRBP was added at varying concentrations including 0, 0.04, 0.1, 0.2, 

0.5, 1.0, 2.0, 4.0, 10.0 and 20.0 μM that correspond to apo:holo ratio of 0, 1:25, 1:10, 1:5, 

1:2, 1:1, 2:1, 4:1, 10:1 and 20:1. Reactions were set up as specified in enzyme activity 

assays, except for RDH cofactor conditions, which had 2 mM NADP+ only. Effect of apo-

CRBP on REH activity was measured concurrently during the RDH enzyme activity assay.  

5.3.7 Gene expression 

Total RNA was isolated with a Purelink miniRNA plus kit (Invitrogen; Life 

Technologies, Grand Island, NY, USA). RNA was quantified by a NanoDrop 2000 
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spectrophotometer (Thermo, Wilmington, DE, USA). RNA was reverse-transcribed with a 

high-capacity cDNA reverse transcription kit (Applied Biosysytems; Life Technologies). 

Quantitative polymerase chain reaction (qPCR) was done with predesigned and optimized 

primers (Applied Biosystems). mRNA gene expression was measured with a Step One Plus 

real-time PCR (Applied Biosystems). mRNA gene expression was calculated by the 

comparative Ct method with 18s as the reference gene. 

5.3.8 NAD+/NADH Determination 

Lung from female, 2-month-old C57BL/6 or Rbp1-/- mice were used for analysis. 

Tissue was processed and the NAD+/NADH ratio was determined using an EnyzChrom 

NAD+/NADH assay kit (BioAssay Systems, Haywood, CA, USA) according to 

manufacturer’s instructions. Changes in absorbance were measured at 565 nm using a Bio-

Tek Eon plate reader (Bio-Tek, Winooski, VT, USA). NAD+ and NADH concentrations 

were quantified using an NAD+ standard curve, per kit recommendations, normalized per 

milligram of tissue, and the NAD+/NADH ratio was calculated from those values. 

5.3.9 Histology 

Lung from 4-month-old C57BL/6 or Rbp1-/- mice was preserved in formalin on 

collection until tissue was embedded in paraffin, sliced, and stained by the University of 

Maryland CVID Core Facility for Histology. Hematoxylin and eosin and Sirius red images 

were captured using an EVOS XL digital microscope (AMG, Bothell, WA, USA). 

5.3.10 Radiation Studies  

Each age-matched cohort (Rbp1-/- and WT) had n = 20 animals aged 16-18 weeks 

at the time of irradiation.  Before irradiation/sham irradiation, mice were anesthetized with 

ketamine/xylazine/saline combination (0.3: 0.04: 0.66 ratio). The anesthesia was delivered 
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via IP injection and the amount injected per mouse was based on its body weight. Whole 

thorax lung irradiation (WTLI) was performed on both Rbp1-/- and WT mice using 

XRAD320 orthovoltage X-ray irradiator (Precision X-ray). Animals received a total of 

16.5 Gy (LD90/180 on wild-type) in a single fraction delivered to the whole thorax using 

a dose rate of 125.42 cGy min-1 (HVL ~1 mm Cu). Radiation was delivered to the whole 

thorax through adjustable apertures with 8 mm lead shielding of the head and abdomen. As 

a control, sham-irradiated animals were treated in the same way, except that the radiation 

source was not turn on. 15 female mice from Rbp1-/- and WT strains received 16.5 Gy 

WTLI and 5 mice from Rbp1-/- (male) and WT (female) both strains were sham irradiated. 

After irradiation, animal was placed back into the cage and observed until fully awake. All 

animals were returned to the animal housing facility after irradiation. Mice health was 

monitored daily and their condition was recorded in the daily observation form. Sick mice 

were euthanized after meeting the euthanasia criteria (> 20% of body weight loss, 

hunchback; ruffled fur, lethargy) with pentobarbital injection (>100 mg/kg). Animal 

surviving to 180 days post WTLI were euthanized. Lungs were collected and wet lung 

weights were recorded after euthanasia. One lung from each group (Rbp1-/- or WT, sham 

or irradiated) was used for histological where Trichrome was used to stain for collagen.  

5.3.11 Respiratory parameters 

 Respiratory function was assessed prior to radiation exposure and every 2 weeks 

thereafter during the course of the in-life phase using an unrestrained, non-invasion whole 

body plethysmograph (WBP, Buxco Research System, Wilmington, NC). Mice were 

allowed to acclimate in the barometric chamber for 5 minutes, and the recording of the 

breathing pattern was followed for another 10 minutes. Every 2 seconds during the 
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recording session, respiratory frequency (freq) and enhanced pause (Penh) were 

determined by the Buxco software. To improve the signal-to-noise ratio, the box flow data 

from the Buxco WBP were integrated over time to obtain a waveform representing the 

volume change from WBP due to respiration. The raw data of box flow were then extracted 

from the Structured Query Language (SQL) database using a customized data extraction 

application. The extracted box flow data were stored as text format at the sampling 

frequency of 1,000 Hz to ensure a thorough representation of the sampling domain, 

assuming mouse breathing frequency is less than 10 Hz. To obtain the transformed 

respiratory frequency (TRF), the text format data of box flow were imported to Spike2 

software (Cambridge, England) to calculate the volume change from WBP due to 

respiration. The frequency of the volume change from WBP was considered as the TRF in 

this study. The frequency data were collected for 10 min after the acclimation time (5 min). 

The mean value of the TRF during the 10 min was reported for each mouse at the time of 

sampling. 

5.3.12 Statistical analysis for WTLI studies  

Kaplan Meier 180-day survival curve was calculated in each study group. 

Descriptive statistics (means, medians, standard deviations, etc.) were used to compare 

discrete response variables (body weight, wet lung weight, and respiratory parameters). 

One-way analysis of variance (one-way ANOVA) was used to compare over all mean of 

each measure, and Post-Hoc analysis (Tukey-Kramer) was applied for paired-wise multiple 

comparisons between different groups. Transformed respiratory frequency, normalized 

respiratory frequency, enhanced pause were assessed between Rbp1-/- and WT mice in 16.5 

Gy WTLI and Sham irradiated mice. These assessments were to determine whether a Rbp1-
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/- mouse is more/less sensitive to 16.5 Gy WTLI than a WT mouse. All statistical analysis 

were performed at alpha = 0.05 (significance) levels.  

5.3.13 Retinoid metabolite quantitation for WTLI studies 

Twenty-four hours after receiving 16.5 Gy WTLI or sham irradiation, lungs were 

harvested from n=8-12 mice per group (Sham or WTLI, WT or Rbp1-/-) and samples were 

prepared as described above for quantitation of atRA, ROL, and RE.   

5.3.14 High-throughput, targeted metabolomics for WTLI studies 

Twenty-four hours after receiving 16.5 Gy WTLI or sham irradiation, lungs were 

harvested from n= 5 mice per group (Sham or WTLI, WT or Rbp1-/-) and samples were 

flash frozen in liquid nitrogen and stored at -80°C until processed. Targeted, quantitative 

metabolomics was performed using the Biocrates AbsoluteIDQ p180 kit (Biocrates, Life 

Science AG, Innsbruch, Austria). The AbsoluteIDQ p180 kit was prepared as described by 

the manufacturer. The assay quantifies or semiquantifies up to 188 metabolites from five 

metabolite classes: acylcarnitines, amino acids, biogenic amines, glycerophospholipids, 

spingolipids, and hexose. Specific standards for each of the lipids and a subset of 

acylcarnitines are not commercially available, so their quantification is semi-quantitative. 

Internal standards, analyte derivatization, and metabolite extraction are integrated into a 

96-well plate kit. Metabolite detection is done via pre-selected selected reaction monitoring 

(SRM) transitions. 

 Lung tissue was homogenized in 85:15 (methanol:ethanol, v/v) with 5 mM PBS at 

a ratio of 5 mg/mL. After centrifugation, 20 μL of tissue homogenate was loaded onto the 

96 well kit. 10 μL of internal standard cocktail was added followed by drying with nitrogen. 

A 5% solution of phenylisothiocyanate in ethanol:water:pyridine (1:1:1, v/v/v) was added 
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for derivatization of biogenic amines and amino acids. Metabolite extraction was achieved 

with 5 mM ammonium acetate in methanol. Analyses were performed according to the 

manufacturer’s instructions on a tandem mass spectrometry platform that consisted of a 

Shimadzu Prominence UFLC XR high-performance liquid chromatograph (HPLC) 

(Shimadzu, Columbia, MD) coupled to a AB Sciex QTRAP 5500 hybrid tandem 

quadrupole/linear ion trap mass spectrometer (AB Sciex, Framingham, MA). MetIQ 

software (Biocrates) controlled the assay workflow including the sample registration, 

calculation of metabolite concentrations, and assay validation. A total of 174 analytes 

passed QC, with an additional 36 metabolite combinations derived from those analytes that 

passed QC.  

5.3.15 Metabolomics Nomenclature  

Lipid notations listed as “Class CXX:Y” notate particular lipids indicating the XX 

total carbon number in the fatty acid chains and the Y number of double bonds. For 

example, PCaa C36:3 is phosphatidylcholine (PC) 36:3; i.e., a phosphatidylcholine with 

36 total carbons among the two alkyl chains with 3 double bonds present. PC lipids listed 

as “PCaa” have both moieties at the sn-1 and sn-2 position as fatty acids bound to the 

glycerol backbone via ester bonds. PC lipids listed as “PCae” have one of the moieties, 

either the sn-1 or sn-2 position, as a fatty alcohol bound via an ether bond. For 

sphingomyelins (SM), the number of double bonds or the presence of a hydroxyl group 

(OH) are indicated for the fatty acid in the amide bond with the assumption that the 

backbone is sphingosine (d18:1). SFA refers to a sum of PC lipids containing fully 

saturated fatty acids (SFA), MUFA refers to a sum of PC lipids containing 

monounsaturated fatty acids (MUFA), and PUFA refers to a sum of PC lipids containing 
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polyunsaturated fatty acids (PUFA). Lipid species measurements include potential isobaric 

and isomeric species.(212) 

5.3.16 Metabolomics bioinformatics  

Statistical analyses were performed using the MetaboAnalyst web-based statistical 

package and GraphPad Prism (v 7.03, La Jolla, CA).(215, 216, 298) The data generated 

from the AbsoluteIDQ p180 kit which included analyte name and calculated concentration 

were imported into MetaboAnalyst for multivariate analysis. The metabolite data were 

normalized via autoscaling (mean-centered and divided by the standard deviation of each 

variable). Multivariate analysis included principal component analysis (PCA) and partial 

least square discriminate analysis (PLS-DA). The univariate analysis was performed in 

GraphPad Prism 7.03. 

5.4 RESULTS 

5.4.1 Vitamin A metabolism pathway  

The Vitamin A metabolism pathway is shown in Figure 5.1. The Vitamin A 

(retinol) is an essential vitamin that is stored in the liver. As extra-hepatic tissues require 

retinol (ROL), ROL is transported through the blood by the chaperone protein, circulating 

retinol binding protein (RBP4).(125) Upon uptake into cells through stimulated by retinoic 

acid (STRA6) transporter, cellular retinol binding protein, type 1 (CRBP1) interacts with 

STRA6 to accept the ROL. CRBP1-bound ROL can be delivered to lethicin:retinol-

acyltransferase (LRAT) for esterification for storage as retinyl esters (RE); or enzymes for 

atRA biosynthesis.(125) atRA biosynthesis is a two-step oxidation reaction, with the first 

oxidation reaction being the rate limiting step. CRBP1 delivers ROL to retinol 

dehydrogenase (RDH) enzymes to be oxidized to retinal (RAL), where RAL may be 
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reduced by retinal reductase (RRD) enzymes. CRBP1 then delivers RAL to retinal 

dehydrogenase (RALDH) enzymes to be irreversibly oxidized to atRA.(125) atRA is 

delivered by unique chaperone proteins, cellular retinoic acid binding protein, type 2 

(CRABP2) or fatty acid binding protein 5 (FABP5) to the target nuclear receptors, retinoic 

acid receptors (RARs) and peroxisome proliferative activated receptor β/δ (PPARβ/δ), 

respectively, to initiate gene transcription. CRABP1 delivers atRA to CYP26 enzymes to 

be metabolized for excretion and prevent excess atRA accumulation.(44, 125, 286, 299-

302) RAR α, β, and γ and PPARβ/δ mediate transcription of genes in pathways that 

maintain cellular programs, in which hundreds of direct and indirect targets have been 

identified.(120, 303) 

5.4.2 atRA is reduced in the absence of CRBP1 expression.  

 CRBP status was first determined through relative gene expression. Rbp1, Rbp2, 

and Rbp7 genes code for murine CRBP1, CRBP2, and CRBP3, respectively. Relative 

expression showed that compared to C57BL/6J WT lung, Rbp1 was not detectable, Rbp2 

was significantly reduced, and Rbp7 was significantly elevated (Figure 5.2A). Rbp2 and 

Rbp7 are both 50-fold less abundant than Rbp1 in WT lung, and in Rbp1-/- lung, Rbp7 is 2-

fold more abundant than Rbp2 (data not shown), indicating that in the absence of CRBP1, 

CRBP3 is the predominant homolog of CRBP. Fast LC-MRM3 and UPLC-UV were used 

to quantify atRA, ROL, and RE.(166, 168) atRA was determined to be reduced 45% 

(p<0.0001) and ROL and RE were increased 52% (p<0.0001) and 49% (p<0..0001), 

respectively, in Rbp1-/- mice lung compared to WT lung (Figure 5.2B-D).  
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Figure 5.2. atRA is deficient in the absence of CRBP1 in the mouse lung.   

(A) CRBP1 relative expression is not detectable (n.d.), while CRBP2 is significantly reduced (p<0.0072) and 

CRBP3 is increased in the Rbp1-/- mouse lung. Data is mean ± SEM; n=8 for each genotype. atRA (B) is 

reduced 45% in Rbp1-/- lung (p<0.0001), while ROL (C) and RE (D) are increased by 52% (p<0.0001) and 

49% (p<0.0001), respectively. Data is mean ± SEM; n=24 for each genotype.  

 

5.4.3 Retinol dehydrogenase (RDH) activity is altered in Rbp1-/- lung 

Enzyme activity of the atRA biosynthesis enzymes were measured to determine if 

the absence of CRBP1 would have an impact on their activity, because the levels of CRBP1 

have been show to impact regulation of liver and mammary enzyme activities.(5, 125, 304-

306) Retinol dehydrogenase (RDH) enzymes oxidize retinol to retinal. RDH enzymes are 

isolated in the microsomal fraction and retinal dehydrogenase (RALDH) enzymes are 

isolated in the cytosolic fraction.(305, 306) The oxidation of retinol (ROL) to retinal (RAL) 

by RDH enzymes is the rate-limiting step in atRA production.(125)  Conversion of RAL 

to atRA by the RALDH enzymes in 200-fold more efficient than RAL production by RDH 

enzymes.(125, 305, 306)  

To assess RDH enzyme activity, either retinol-bound (holo-) CRBP1 or holo-

CRBP3 were provided as substrate to microsomes containing RDH enzymes from WT and 

Rbp1-/- lungs. The enzymatic assay also included cytosol to enable quantitation of atRA as 

the endpoint for greater sensitivity than RAL detection (Figure 5.3A).(167) Significantly 
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more atRA was produced by Rbp1-/- than WT subcellular fractions that contain either 

CRBP1-ROL or CRBP3-ROL substrate. For WT and Rbp1-/- RDH enzymes, CRBP3-ROL 

substrate yields significantly more atRA production than CRBP1-ROL. The in vitro mimic 

of the in vivo Rbp1-/- lung condition (Rbp1-/- subcellular fractions with CRBP3 substrate) 

also showed significantly increased atRA production compared to the in vitro mimic of the 

in vivo WT lung condition (WT subcellular fractions with CRBP1 substrate). Retinyl esters 

(RE) were measured to quantify lecithin retinol acyltransferase (LRAT) esterification 

activity in the same experiment as RDH activity (Figure 5.3B) to measure lecithin retinol 

acyltransferase (LRAT) esterification activity (Figure 5.4A). Rbp1-/- subcellular fractions 

containing LRAT enzymes produced significantly more RE than WT. To understand if 

enzyme expression contributes to the observed activity changes, we measured relative gene 

expression for the RDH enzymes Dhrs9, Rdh10, and Rdh12 (Figure 5.3B). Relative 

expression showed significantly decreased Dhrs9, while Rdh10 was reduced. Rdh10 is 

more abundant than Dhrs9, but not Rdh12 (data not shown).  

 

Figure 5.3. Enzyme activity and gene expression is altered in the Rbp1-/- lung. RDH catalyzes the 

oxidation of ROL to RAL.  

(A,B) RDH catalyzes the oxidation of ROL to RAL. (A) atRA production is increased with Rbp1-/- lung 

enzyme fractions due to increased RDH activity (p=0.0118), as well as with CRBP3 as a substrate protein 

for WT (p<0.0001) and Rbp1-/- (p=0.0257) enzyme fractions. The RDH activity in the Rbp1-/- lung condition 

is also significantly increased compared to the WT control conditions. Data is mean ± SEM; n=6 for each 

genotype. (B) Relative gene expression of RDH enzymes show elevated Dhrs9 (p=0.0423) and reduced 

Rdh10 (p=0.0018). Data is mean ± SEM; n=8 for each genotype and relative expression was determined by 

quantitative PCR. (C,D) RRD catalyzes the reduction of RAL to ROL. (C) ROL production by RRD 

activity is increased in Rbp1-/- lung enzymes fractions compared to WT (p<0.0001 for CRBP1 and p=0.002 

for CRBP3). RRD activity is decreased when CRBP3 is used as the substrate protein in both WT (p<0.001) 

and Rbp1-/- (p<0.001) enzyme fractions. (D) Relative gene expression of RRD enzymes show elevated Dhrs3 

(p=0.0027) in Rbp1-/- lungs. Data is mean ± SEM; n=8 for each genotype and relative expression was 

determined by quantitative PCR. (E,F) RALDH catalyzes the irreversible oxidation of RAL to atRA. (E). 

RALDH metabolism of RAL is measured by adding CRBP-RAL substrate to the cytosolic fraction to 

quantify atRA production. atRA production by RALDH is decreased in Rbp1-/- lung with CRBP1 as substrate 

(p<0.001). Data is mean ± SEM; n=6 for each genotype. (F) Relative gene expression of RALDH enzymes 

show significantly elevated Raldh2 (p=0.004) and reduced Raldh3 (p=0.032). Data is mean ± SEM; n=8 for 
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each genotype and relative expression was determined by quantitative PCR. (G) Cofactor unaffected by 

Rbp1-/-. Lung tissue measurements of NAD+/NADH ratio showed no significant change between WT and 

Rbp1-/- mice. Data is mean ± SEM; n=6 for each genotype. * indicates p-value <0.05 comparing values 

between WT and Rbp1-/-. ° indicates p-value <0.05 comparing values between Rbp1-/- subcellular fractions 

using CRBP1 and CRBP3 as substrate. + indicates p-value <0.05 comparing values between WT mimic (WT 

subcellular fractions with CRBP1 as substrate) and Rbp1-/- mimic (Rbp1-/- subcellular fractions with CRBP3 

as substrate).  
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Figure 5.4. LRAT enzyme activity increases in Rbp1-/- lung fractions.  

LRAT activity determined by measuring RE produced from CRBP-ROL substrate. LRAT is present in the 

microsome fractions, however, RE was measured simultaneously from the RDH activity assay, which 

combined microsome and cytosol fractions to determine LRAT activity. RE production by LRAT is increased 

in Rbp1-/- lung (p<0.0001), however, is decreased with CRBP3 as substrate protein to the Rbp1-/- LRAT 

(p=0.0003). The LRAT activity in the Rbp1-/- lung condition is significantly increased compared to the WT 

control condition. Data is mean ± SEM; n=6 for each genotype. * indicates p-value <0.05 comparing values 

between WT and Rbp1-/-. ° indicates p-value <0.05 comparing values between Rbp1-/- subcellular fractions 

using CRBP1 and CRBP3 as substrate. + indicates p-value <0.05 comparing values between WT mimic (WT 

subcellular fractions with CRBP1 as substrate) and Rbp1-/- mimic (Rbp1-/- subcellular fractions with CRBP3 

as substrate). 

5.4.4 Retinal reductase (RRD) activity is not altered in Rbp1-/- lung 

RRD catalyzes the reduction of retinal to retinol. We measured retinal reductase 

(RRD) enzyme activity, to determine the effect of Rbp1-/-. 1 μM CRBP1-RAL or 1 μM 

CRBP3-RAL substrate was incubated with WT and Rbp1-/- lung enzymes fractions and 

ROL production was quantified (Figure 5.3C). RRD activity in Rbp1-/- subcellular fractions 

showed a significant increase compared to WT RRD activity. RRD activity in both WT 

and Rbp1-/- subcellular fractions is significantly reduced with CRBP3-RAL substrate 

compared to CRBP1-RAL substrate. Comparing the in vitro mimics of the in vivo WT and 

Rbp1-/- condition, there is no net change in activity. Retinol dehydrogenase 3 (DHRS3) is 

a retinal reductase enzyme and Dhrs3 relative gene expression is significantly elevated in 

Rbp1-/- lung (Figure 5.3D). Dhrs3 is more abundant than Rdh10 (13- and 19-fold) and 
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Dhrs9 (180- and 170-fold) for WT and Rbp1-/- lung, respectively. Rbp1-/- RRD activity is 

significantly increased with CRBP1-bound substrate or CRBP3-bound substate, likely due 

to the increase in Dhrs3 expression. Net RRD activity is not altered.  

5.4.5 Retinal dehydrogenase (RALDH) activity is altered in Rbp1-/- lung 

Because the RDH activity is increased and the RRD activity is unchanged in the in 

vitro mimics of the in vivo Rbp1-/- lung as compared to WT (Figure 5.3A, C), RALDH 

enzyme activity was assessed to identify a potential mechanism for reduced endogenous 

atRA. To measure RALDH activity, 1 μM CRBP1-RAL or 1 μM CRBP3-RAL substrate 

was incubated with WT and Rbp1-/- lung cytosol fractions and atRA production was 

quantified (Figure 5.3E). With CRBP1-RAL as substrate, activity was reduced in the Rbp1-

/- cytosol, which contains RALDH enzymes, compared with WT, but not decreased with 

CRBP3-RAL substrate. There was no significant difference in atRA production, however, 

for WT and Rbp1-/- RALDH enzyme fractions between CRBP1-RAL and CRBP3-RAL 

substrate for either genotype. Comparison of the in vitro mimic of the in vivo WT and 

Rbp1-/- lung conditions show significantly reduced atRA production in the Rbp1-/- 

condition. Relative gene expression shows that Raldh1 is unchanged, Raldh2 is 

significantly increased, and Raldh3 is significantly decreased (Figure 5.3F). Raldh1 is the 

most abundant in the lung, with Raldh2 being 52- and 31- fold less than Raldh1 for WT 

and Rbp1-/-, respectively. Raldh3 is 22- and 47- fold less than Raldh2 for WT and Rbp1-/-, 

respectively (Data not shown).  

5.4.6 Cofactor Availability is unchanged in Rbp1-/- 

We also measured the NAD+/NADH ratio, an indication of the altered cofactor 

availability in conditions of oxidative stress, in WT and Rbp1-/- lungs to determine if the 
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oxidative environment is impacting the oxidation/reduction flux of ROL/RAL (Figure 

5.3G).(307-310) There is no change in the NAD+/NADH ratio, indicating no overall 

significant change in cofactor availability.  

5.4.7 Ratio of apo:holo CRBP 

The ratio of apo:holo CRBP1 has been previously investigated in liver enzyme 

activity,(5, 305, 306) but this effect is not characterized in other tissues, including lung. 

We measured the impact of increasing apo-CRBP concentrations on enzyme activity with 

1 μM holo-CRBP substrate, specifically characterizing the effect of apo-CRBP on REH, 

RDH, and RALDH activity (Figure 5.5). Additionally, multiple combinations of apo- and 

holo-CRBP were tested to compare the relative activity with the enzymes contained within 

the WT and Rbp1-/- subcellular fractions (Figure 5.6). The corresponding rate curves 

(pmol/min/g) with error bars are provided in Figure 5.7A-C.  

The in vitro condition to mimic WT lung measured the impact of apo-CRBP1 on 

activity with holo-CRBP1 as substrate using WT subcellular fractions (black circle). The 

in vitro condition to mimic Rbp1-/- lung measured the impact of apo-CRBP3 on activity 

with holo-CRBP3 as substrate using Rbp1-/- subcellular fractions (gray square). Induction 

of retinol ester hydrolase (REH) activity was observed with increasing concentrations of 

apo-CRBP1, but not apo-CRBP3 (Figure 5.5A). Apo-CRBP1 stimulated REH hydrolysis 

in either WT or Rbp1-/- subcellular fractions with either CRBP1- or CRBP3- bound 

substrates. Apo-CRBP3 had no effect regardless of the genotype of the subcellular fractions 

or the identity of the substrate. Relative activity of RDH was inhibited by apo-CRBP1, but 

not apo-CRBP3, independent of lung microsome genotype of holo-CRBP identity (Figure 
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5.5B). RALDH enzyme activity showed that atRA production is inhibited with increasing 

apo-CRBP1, but not apo-CRBP3, regardless of genotype or holo-CRBP identity.  

 

 

 

 

 

 

 

 

 

 

Figure 5.5. apo-CRBP3 cannot regulate atRA biosynthesis.  

Holo-CRBP was formed with CRBP1 or CRBP3 incubated with ROL for REH and RDH activity assays or 

RAL for RALDH activity assays. REH and RDH reactions occur in the microsomes and RALDH reactions 

occurs in the cytosol. The effect of the apo/holo CRBP ratio was assessed by titrating in apo-CRBP1 or apo-

CRBP3. WT-mimic included WT subcellular fractions and apo- and holo-CRBP1. Rbp1-/- mimic included 

Rbp1-/- subcellular fractions and apo- and holo-CRBP3. (A) Apo-CRBP1 stimulates REH, but not apo-

CRBP3. Relative activity of induced REH shows REH enzymes producing ROL from RE storage with 

induction by apo-CRBP1, but not CRBP3, regardless of mouse genotype or holo-CRBP identity. n=3 for 

each condition. (B) Apo-CRBP1 inhibits RDH activity, but not apo-CRBP3. Relative activity of RDH 

enzyme inhibition was assessed by utilizing different identities of apo- and holo-CRBP proteins. RAL 

production is inhibited with increasing apo-CRBP1, but not apo-CRBP3, regardless of mouse genotype or 

holo-CRBP identity. n=3 for each condition. (C) Apo-CRBP1 inhibits RALDH activity, but no apo-

CRBP3. Relative activity of RALDH enzyme inhibition was assessed by utilizing different identities of apo- 

and holo-CRBP proteins. atRA production is inhibited with increasing apo-CRBP1, but not apo-CRBP3, 

regardless of mouse genotype of holo-CRBP identity. N=6 for each condition.  
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Figure 5.6. Additional titrations combinations of apo- and holo- CRBP1 and CRBP3.  

apo-CRBP3 cannot regulate atRA biosynthesis Holo-CRBP was formed with CRBP1 or CRBP3 incubated 

with ROL for REH and RDH activity assays or RAL for RALDH activity assays. REH and RDH reactions 

occur in the microsomes and RALDH reactions occurs in the cytosol. The effect of the apo/holo CRBP ratio 

was assessed by titrating in apo-CRBP1 or apo-CRBP3. (A) Apo-CRBP1 stimulates REH, but not apo-

CRBP3. Relative activity of induced REH shows REH enzymes producing ROL from RE storage with 

induction by apo-CRBP1, but not CRBP3, regardless of mouse genotype or holo-CRBP identity. n=3 for 

each condition.  Km = 1.3 µM (WT mimic), 1.7 µM (Rbp1-/- microsomes, apo-CRBP1/holo-CRBP3) and 1.3 

µM (Rbp1-/- microsomes, apo-CRBP1/holo-CRBP1). (B) Apo-CRBP1 inhibits RDH activity, but not apo-

CRBP3. Relative activity of RDH enzyme inhibition was assessed by utilizing different identities of apo- 

and holo-CRBP proteins. RAL production is inhibited with increasing apo-CRBP1, but not apo-CRBP3, 

regardless of mouse genotype or holo-CRBP identity. n=3 for each condition. Ki = 3.2 µM (WT mimic), 3.0 

µM (Rbp1-/- microsomes, apo-CRBP1/holo-CRBP3) and 2.7 µM (Rbp1-/- microsomes, apo-CRBP1/holoI-

CRBP1. (C) Apo-CRBP1 inhibits RALDH activity, but no apo-CRBP3. Relative activity of RALDH 

enzyme inhibition was assessed by utilizing different identities of apo- and holo-CRBP proteins. atRA 

production is inhibited with increasing apo-CRBP1, but not apo-CRBP3, regardless of mouse genotype of 

holo-CRBP identity. N=6 for each condition. Ki = 0.45 µM (WT mimic) and 0.99 µM (Rbp1-/- microsomes 

apo-CRBP1/holo-CRBP3).  
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Figure 5.7. Rate curves of multiple enzyme reactions during the apo- titration experiments.  

(A) Rate curves (pmol/min/g) of ROL production from RE by REH induction with increasing apo-CRBP. 

Data is mean ± SEM; n=3 for each condition. (B) Rate curves (pmol/min/g) of RDH inhibition of RAL 

production. Only apo-CRBP1 as ROL substrate inhibits RAL production. Data is mean ± SEM; n=3 for each 

condition. (C) Rate curves (pmol/min/g) of RALDH inhibition of atRA production. Only apo-CRBP1 inhibits 

atRA production, not apo-CRBP3. Data is mean ± SEM; n=6 for each condition.  

 

5.4.8 Rbp1-/- lung microenvironment is similar to VAD metaplasia and hyperplasia 

Vitamin A deficiency (VAD) in human and mouse has been shown to cause 

morphological changes in lung including cellular metaplasia and hyperplasia.(289, 290) 
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As altered atRA biosynthesis was demonstrated in Rbp1-/- lung as compared to WT lung, 

the impact on the lung microenvironment was evaluated using histology. Histological 

evaluation of WT and Rbp1-/- lung was performed on tissue slices stained with hematoxylin 

and eosin (HE) for morphology and Sirius red (SR) for collagen. Representative 

bronchioles for WT at 40X (Figure 5.8A, E) and 100X (Figure 5.8C, G) magnification 

show normal bronchiole morphology. The Rbp1-/- tissues (Figure 5.8B, D, F, H) show a 

loss of basal and goblet cell structure and organization similar to VAD metaplasia, as 

indicated by the small arrow.(121, 287, 290) Additionally, the Rbp1-/- bronchioles show 

hyperplasia of epithelial cells, accumulation of collagen, and elongation of fibroblasts 

characteristic of early hyperplasia, indicated by the diamond arrow (Figure 5.8B, D, F, 

H).(290) Finally, Rbp1-/- bronchioles show a loss of bronchiole structure and organization, 

including thickening of areas of the basement membrane and bronchiole wall, which is 

similar to VAD morphology, as indicated by the large arrowhead (Figure 5.8B, D, F, 

H).(311) To determine the nature of ECM changes related to atRA loss, we measured gene 

expression of two matrix metalloproteins (MMP) enzymes, which are directly regulated by 

atRA.(189, 312) Mmp2 and Mmp9 relative expression were both significantly increased 

(Figure 5.8I). 
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Figure 5.8. Rbp1-/- lung is characteristic of Vitamin A Deficiency (VAD) lung metaplasia and 

hyperplasia.  

Tissues were formalin fixed at collection and were stained by hematoxylin and eosin (H&E) for morphology 

(A-D) and Sirius Red (SR) for collagen (E-H) visualization. Images were taken at 40X (A-B, E-F) and 100X 

(C-D, G-H). WT tissues (A, C, E, G) show normal bronchiole morphology. Rbp1-/- tissues (B, D, F, H) 

showed (1) a loss of basal and goblet cell structure and organization similar to VAD metaplasia (small arrow); 

(2) accumulation of epithelial cells, accumulation of collagen and elongation of fibroblasts characteristic of 

early hyperplasia (diamond arrow); and (3) a loss of bronchiole structure and organization including 

thickening of areas of the basement membrane/bronchiole wall similar to VAD morphology (large 

arrowhead). (I) Relative gene expression shows elevated extracellular matrix (ECM) matrix metalloproteins, 

Mmp2 (p<0.0001) and Mmp9 (p=0.0010). Data is mean ± SEM; n=8 for each genotype and relative 

expression was determined by quantitative PCR.  
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5.4.9 WTLI resulted in increased radiation damage in Rbp1-/- mice compared to WT 

mice 

To probe the effect of disrupted atRA biosynthesis in a disease model, Rbp1-/- and 

WT mice received whole thorax lung irradiation (WTLI) and their respiratory function was 

analyzed. Figure 5.9A shows the Kaplan Meier 180-day survival curve. One (1/15) mouse 

survived to 180 days in the WT-WTLI, while the last Rbp1-/- mice exposed to WTLI 

survived until day 153 (Week 22). Median survival day for both Rbp1-/- (red) and WT 

(purple) that received 16.5 Gy WTLI are both 140 days. Mean survival for Rbp1-/- and WT 

are 132.5±6.2 and 144.7±3.9, respectively. A stable increase on the body weight was 

observed from the mice that were exposed to sham irradiated (Figure 5.9C, blue and green), 

while decrease in body weight was observed on WTLI mice from W10 and beyond (Figure 

5.9C, red and purple). Total wet lung weight was analyzed at the time of euthanasia, as a 

biomarker of edema and congestion (Figure 5.9B). No significant difference in the wet 

lung weight among Rbp1-/- mice (332.8mg±34.15) and WT mice (318.1mg±18.60) that 

were exposed to 16.5 Gy WTLI. There is significant difference in wet lung weight among 

sham mice and WTLI mice (p<0.05).  
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Figure 5.9. Effect of WTLI on WT and Rbp1-/- mice.  

(A) Kaplan 180-day Kaplan Meier survival day from CRBP null mice and wild type mice received either 

Sham irradiation or 16.5 Gy WTLI.  Animals were followed for major morbidity/survival for up to 180 d 

post–radiation. Animals were considered moribund when they met the criteria for euthanasia (>20% body 

weight loss; hunchback, ruffled fur, lethargy). (B) Lungs were collected, and wet lung weight was recorded 

after euthanasia. Body weight (C) and Penh (D) were also measured for each animals every 2 weeks.  
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Respiratory frequency was monitored prior to radiation exposure and every 2 weeks 

thereafter during the course of the in-life phase. To better present the change in respiratory 

frequency in the longitudinal study, all the frequencies of individual mice were normalized 

to their frequencies at week 0 as shown in Figure 5.9A. Rbp1-/- mice exposed to 16.5 Gy 

WTLI have a strong increase in frequency from W8 to W14 (red, Figure 5.10A), while the 

frequency among WT-WTLI mice have a moderate increase after W16. Compared to WT 

mice, higher and earlier in the increase of the respiratory frequency among Rbp1-/- WTLI 

mice may suggest more radiation sensitivity of Rbp1-/- mice to 16.5 Gy WTLI. Change in 

the enhanced pause (Penh) indicated an increase in Penh among Rbp1-/- WTLI mice (Figure 

5.9D) that was greater than the increase in Penh among WT-WTLI mice was observed after 

W16 (Figure 5.9D). The Rbp1-/- mice showed increased radiation sensitivity compared to 

WT mice, evident by earlier and greater increases in respiratory frequency and Penh. 

Additionally, lung tissue samples from each group were stained with Trichrome to show 

collagen. Representative lung sections at 5X magnification reveal greater extent of injury 

in the irradiated animals as evidenced by increased collagen accumulation (Figure 5.10E-

H). The Rbp1-/- (Figures 5.10G, H) sections show increased staining compared to WT 

sections (Figures 5.10E, F). Mice exposed to WTLI showed increased collagen deposition 

in both WT and Rbp1-/- mice. The significantly increased collagen in Rbp1-/- WTLI mice 

depicts increased injury correlating to the breathing frequency.   
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Figure 5.10. Rbp1-/- mice experienced worse outcomes from WTLI.  

(A) Respiratory frequency normalized to the frequency measured at week 0 (frequency at week 0=1). Rbp1-

/- mice exposed to WTLI experienced larger and greater increases in respiratory frequency than WT mice. 

(B-D) Changes in retinoid metabolites 24 hours post radiation. atRA (B) is reduced 48% in Sham Rbp1-/- lung 

(p=0.0157) compared to WT Sham mouse. After WTLI, atRA decreased 71% (p=0.0001) and 67% 

(p<0.0001) in the WT and Rbp1-/- mice, respectively. ROL (C) increased by 52% (p=0.006) and 97% 

(p=0.002) in the WT and Rbp1-/- mice, respectively. RE (D) decreased by 40% (p=0.008) and 36% (p=0.006) 

in the WT and Rbp1-/- mice, respectively. Levels were assayed by liquid chromatography-multistage tandem 

mass spectrometry. Data is represented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 

0.0001. Tissues were formalin fixed at collection and were stained by trichrome for collagen. Images were 

taken at 5X of WT (E,F) and Rbp1-/- (G,H) animals receiving sham or WTLI. Rbp1-/- mice showed 

accumulation of collagen, which is consistent with increased breathing frequency and worse disease 

outcomes compared to WT mice.  
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5.4.10 Metabolite changes after WTLI in WT and Rbp1-/- mice  

Multi-stage mass spectrometry and UPLC-UV were used to quantify retinoid 

metabolites atRA, ROL and RE in WT and Rbp1-/- in sham and WTLI animals 24-hours 

post irradiation (Figure 5.10B-D). Prior to irradiation, Rbp1-/- mice showed significantly 

less atRA (Figure 5.10B), but similar levels of ROL (Figure 5.10C) and RE (Figure 5.10D) 

compared to WT mice. After WTLI, atRA and RE levels decreased, and ROL levels 

increased in both WT and Rbp1-/- mice.  

 

Figure 5.11. Multivariate analysis and hierarchical clustering displays statistical metabolite differences 

between WT and Rbp1-/- mice lung before and after WTLI.  

Heatmap displays the top 25 most significantly changed pathways based on t-test/ANOVA, Euclidean 

distancing, and Ward clustering. KO in the key refers Rbp1-/- mice. Rbp1-/- sham (red), Rbp1--/ WTLI (green), 

WT sham (blue), and WT WTLI (orange).  
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The lung metabolomic profile was assessed via targeted, quantitative LC-MS/MS 

with the Biocrates AbsoluteIDQ p180 kit to identify metabolites that were altered in Rbp1-

/- mice compared to WT mice, before and after WTLI. Metabolites in the following classes 

were quantified: acylcarnitines (AC), amino acids (AA), biogenic amines (BA), 

glycerphospholipids (PC), sphingolipids (SM), and hexose. A total of 210 metabolite and 

metabolite combinations were analyzed, with 65 showing significantly altered abundances 

between groups (Table 4A.1). Additionally, Figure 5.11 depicts a heatmap of the 25 most 

changed metabolites between Rbp1-/- and WT and treatment. Of the most changed 

metabolites, 13 were acylcarnitines, 7 amino acids, 3 biogenic amines, 20 

glycerophospholipids, and 7 sphingolipids. Figure 5.12 illustrates abundance levels of 

representative metabolites. Of the short-chain AC, including C5:1-DC, C3:1, C6:1, and C9, 

levels decreased in Rbp1-/- mice post irradiation, but not in WT mice (Figure 5.12A). 

Conversely, of the long-chain AC, including C14, C16, C16:1, and C18, levels decreased 

in WT mice post irradiation, but not in Rbp1-/- mice (Figure 5.12B). For amino acids and 

amino acid combinations, Alpha-AAA and Met-So/Met were significantly decreased in 

Rbp1-/- mice compared to WT (Figure 5.12C). Additionally, the amino acids Ac-Orn, 

Serine, Methionine, Tyrosine, and Asparagine show significant increases post-WTLI in 

Rbp1-/-, but not WT mice (Figure 5.12C). For lysophosphatidylcholines LysoPC 20:3, 

LysoPC 20:4, Lyso PC C16:1, and LysoPC C18:1, abundances were significantly greater 

in the Rbp1-/- mice compared to WT before and after WTLI (Figure 5.12D). Finally, for the 

phosphatidylcholines PC aa C30:0, PC aa 34:3, PC ae 30:0, and PC ae C38:1, levels 

decreased for WT animals post-WTLI, but no changes were seen in the Rbp1-/- mice (Figure 

5.12E).    
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Figure 5.12. Representative metabolites that were significantly changed due to loss of Rbp1-/- and or 

WTLI.  

(A) Short chain acylcarnitines C5:1-DC, C3:1, C6:1, and C9 were unchanged in WT mice, but decreased in 

Rbp1-/- mice after WTLI. (B) Long chain acylcarnitines C14, C16, C16:1, and C18 were unchanged in Rbp1-

/- mice but decreased in WT mice after WTLI. (C) Alpha-AAA and the Met-SO/Met ratio were decreased in 

Rbp1-/- mice compared to WT before and after WTLI. Ac-Orn, Serine, Methionine, Tyrosine, and Asparagine 

were increased in Rbp1-/- mice after WTLI, but were unchanged in WT mice. (D) Lysophosphatidylcholines 

LysoPC 20:3, LysoPC 20:4, LysoPC C16:1, and LysoPC C18:1 were increased in Rbp1-/- mice before and 

after WTLI. (E) Phosphatidylcholines PCaa C30:0, PC aa 34:3, PC ae 30:0, and PC ae 38:1 were decreased 

in WT mice after WTLI, but remained unchanged in Rbp1-/- mice. Data is represented as mean ± SEM, *p < 

0.05.  
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5.5 DISCUSSION 

Vitamin A metabolism is essential for maintaining proper lung development and 

function,(120-123) and mouse models of vitamin A deficiency (VAD) show lung 

morphology defects.(286-290) CRBP1 is essential for maintaining atRA levels(125) and 

our present study investigated the effect of CRBP1 loss on retinoid homeostasis in the 

murine lung. Additionally, the loss of CRBP1 and subsequent dysregulation of atRA in the 

lung was further probed via a whole thorax lung irradiation model.  

5.5.1 Retinoid Metabolism in the Absence of CRBP1 

In the absence of CRBP1, CRBP3, encoded by Rbp7, becomes the primary 

homolog of CRBP in mouse lung (Figure 5.2A). Previous reports from our lab have shown 

that Rbp7 levels are not significantly increased in Rbp1-/- mouse mammary.(48) CRBP1 

has 7-fold stronger affinity for ROL compared to CRBP3 (113 nM vs. 15 nM, respectively), 

and no difference in RAL affinity.(48) The lack of CRBP1 in the Rbp1-/- lungs is expected 

to alter atRA biosynthesis, which is demonstrated by significantly decreased levels of atRA 

(Figure 5.2B). This result is consistent with other tissues from Rbp1-/- mice including 

mammary, endometrium, and heart.(48-50) The levels of ROL and RE were increased in 

Rbp1-/- mice lungs, endometrium, and mammary compared to WT mice, but no differences 

were seen in the heart (Figure 5.2B).(48-50) The increased ROL levels in Rbp1-/- lung 

(Figure 5.2C), may be explained by a two-fold increase in Stra6 gene expression, which 

encodes the signaling receptor and transporter of retinol (STRA6) (Figure 5.13).(125) The 

increased RE levels in Rbp1-/- lungs (Figure 5.2C), can be explained by an increase in 

LRAT activity, the enzyme responsible for esterification of ROL to RE (Figure 5.3A).(125) 

Apo-CRBP3 is unable to induce REH activity (Figure 5.5A), so mobilization of ROL from 
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RE stores is impaired in Rbp1-/- lungs. This is consistent with previous studies showing 

apo-CRBP1 induces REH activity.(125) Therefore, with ROL metabolism being directed 

towards RE storage formation, reduced ROL delivery to RDH enzymes for atRA 

biosynthesis may be contributing to atRA tissue deficiency.  

 

Figure 5.13. Relative gene expression for Stra6, Cyp26, and RAR.  

(A) Stra6, the cell membrane vitamin A uptake receptor, is elevated in Rbp1-/- (p<0.0004). Data is mean ± 

SEM; n=6 for each genotype. (B) Cyp26A and Cyp26B are elevated in Rbp1-/- lung (p<0.0035). (C) RARα, 

β, and γ are not changed. Data is mean ± SEM; n=8 for each genotype and relative expression was determine 

by quantitative qPCR.  

 

Since atRA precursor metabolite (ROL and RE) levels were increased in lung, but 

subsequent atRA levels were decreased, each step of Vitamin A metabolism was 

subsequently probed to determine the cause of decreased atRA biosynthesis. atRA 

biosynthesis is a two-step oxidation reaction, with the first step being CRBP1 delivers ROL 

to RDH enzymes to be oxidized to RAL.(125) Enzyme activity of RDH was increased in 

Rbp1-/- lungs, which may be due to significant increase in expression of Dhrs9 (Figure 

5.3B). CRBP1 controls access of enzymes to retinol substrate. In Rbp1-/-, where CRBP1 is 
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missing, there is less stringent control of access by CRBP3, resulting in elevated in vitro 

enzyme activity. Similar studies in mammary showed decreased RDH activity and no 

changes in the expression of any RDH enzymes (Rdh1 and Rdh8) which indicates there is 

a tissue specific activity profile.(48)  

The reverse of the first step of atRA biosynthesis involves reduction of RAL to 

ROL via RRD enzymes.(125) Rbp1-/- lungs exhibits increased RRD activity compared to 

WT, when either CRBP1-RAL or CRBP3-RAL was used as a substrate (Figure 5.3A). 

Additionally, the use of CRBP3-RAL as a substrate resulted in decreased RRD activity in 

both WT and Rbp1-/- lungs, compared to CRBP1-RAL (Figure 5.3C). There was an 

increase in Dhrs3 expression (Figure 5.3D), the most abundant RRD in the Rbp1-/- lung, 

which may account for the increase in enzyme activity seen in the Rbp1-/- fractions 

compared to the WT fractions. However, it is important to note that holo-CRBP3 does not 

produce ROL as efficiently as holo-CRBP1, so the in vivo Rbp1-/- condition sees no net 

change in RRD activity due to increased Dhrs3 expression. In Rbp1-/- mammary, there was 

no change in expression in Dhrs3, Dhrs9, or Rdh10 compared to WT mammary.(48) The 

activity of RDH and RRD enzymes is also regulated by the ratio of oxidized/reduced 

cofactors (NAD+/NADH), where decreased atRA leads to increased NADH and NADPH 

because of oxidative stress, but there was no change in NAD+/NADH ratio (Figure 

5.3G).(307, 309, 310) This is in contrast to other instances of decreased atRA,  including 

the Rbp1-/- mammary, which showed decreased NAD+/NADH ratio.(48, 307, 310) Overall, 

the increased RRD activity directly relates to decreased atRA biosynthesis in the Rbp1-/- 

lung and it is not caused by changes in gene expression or cofactor availability. 
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The second, irreversible step of atRA biosynthesis involves CRBP1 delivering 

RAL to RALDH enzymes to be oxidized to atRA.(125) RALDH activity is reduced in 

Rbp1-/- enzymes compared to WT enzymes, consistent with decreased atRA production 

(Figure 5.3E).  This finding differs from previous studies in the mammary, where there 

were no differences in the rate of RALDH activity between CRBP1-RAL and CRBP3-

RAL as the substrate.(48) While there was an increase in Raldh2 expression, Raldh2 is 31-

fold less than Raldh1, the main RALDH enzyme in the lung, and does not correlate with 

any increase in RALDH activity in Rbp1-/- lungs (Figure 5.3E). Previous reports in the 

mammary show decreased Raldh1 and Raldh2 expression, and no change in Raldh3 

expression in Rbp1-/- tissue compared to WT mice.  

After biosynthesis, cellular retinoic-acid binding protein 1 (CRABP1) delivers 

atRA to CYP26 enzymes to be metabolized for excretion and prevent excess atRA 

accumulation and maintain retinoid homeostasis.(125, 313, 314) To further assess the 

cause of decreased atRA, we measured relative gene expression of Cyp26A1, Cyp26B1 and 

Cyp26C1 in WT and Rbp1-/- lung (Figure 5.13). Cyp26C1 was not detectable in WT or 

Rbp1-/- lung. Cyp26A1 and Cyp26B1 expression was significantly elevated in Rbp1-/- lung 

compared to WT lung with Cyp26B1 in greater abundance. Increased gene expression of 

Cyp26A1 and Cyp26B1 may be contributing to reduced endogenous atRA levels in Rbp1-/- 

due to an increase of atRA catabolism. To confirm the extent of atRA catabolism, CYP26 

activity would need to be evaluated via turnover assays. Alternatively to catabolism, atRA 

is delivered by unique chaperone protein, cellular retinoic acid binding protein, type 2 

(CRABP2) to the target nuclear receptors, retinoic acid receptors (RARs), to initiate gene 

transcription.(125, 286, 299, 301) RAR α, β, and γ and PPARβ/δ mediate transcription of 
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genes in pathways that maintain cellular programs, in which hundreds of direct and indirect 

targets have been identified.(120, 303) Additional evaluation of RAR gene expression 

shows that RARα, β, and γ are not changed in the Rbp1-/- lung and, as such, altered gene 

transcription effects in Rbp1-/- lung are likely due to the lack of available atRA ligand as a 

result of CRBP1 loss (Figure 5.13C). Overall, reduced atRA ligand availability is due to a 

combination of alterations in atRA homeostasis including flux of ROL towards storage 

ester formation, reduced RALDH activity and possibly increased catabolism by CYP26A 

and CYP26B activity. 

5.5.2 Apo-CRBP3 does not regulate atRA biosynthesis  

Besides enzyme activity and gene expression levels, it was necessary to probe the 

effect of apo:holo CRBP ratio. Previous reports have shown that the ratio of apo:holo 

CRBP1 plays an essential regulatory role on atRA biosynthesis, by directing ROL towards 

atRA biosynthetic enzymes or towards RE formation for storage.(5, 125, 306) Apo-CRBP1 

inhibited RDH activity regardless of the enzyme fraction genotype or holo-CRBP identity, 

while apo-CRBP3 did not inhibit RDH activity in any condition (Figure 5.5B). These 

results indicate that CRBP3, the main homolog of CRBP present in Rbp1-/- mice lungs, is 

ineffective in regulating the first step of atRA biosynthesis. This is likely be due to the 7-

fold weaker binding affinity of CRBP3 for ROL compared to CRBP1.(48) Previous studies 

comparing CRBP proteins have shown that the rates of retinol metabolism by RDH 

enzymes is related to their affinity for ROL, where lower affinity for retinol allows greater 

rates of atRA biosynthesis, which we see in our RDH activity assays with CRBP3 

compared to CRBP1.(46) Additionally, lower affinity CRBP proteins for retinol is also 

related with less specificity for ligand release, which would allow a larger portion of 
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retinoid to be free and available for non-specific oxidation and/or interaction with other 

enzymes.(132)      

Apo-CRBP1 has also been shown to have inhibitory effects on RALDH enzymes 

from liver, so apo:holo CRBP ratio was again probed as it relates to RALDH activity.(306) 

Similar to RDH (Figure 5.5B), apo-CRBP1 inhibited RALDH activity regardless of the 

enzyme fraction genotype or holo-CRBP identity, while apo-CRBP3 did not inhibit 

RALDH activity in any condition (Figure 5.5C). Therefore, CBRP3 is also ineffective in 

regulating the second step of atRA biosynthesis, which contributes to decreased atRA 

levels in Rbp1-/- mice lungs (Figure 5.2B).    

5.5.3 Rbp1-/- mice lung microenvironment is similar to VAD models  

Previous studies have shown that VAD results in lung morphology defects 

including budding, branching, and alveolar defects; and microenvironmental hyperplasia 

and metaplasia.(121, 286-290) To address whether reduced Rbp1 and subsequent atRA 

plays a role in inducing phenotypic and functional changes in lung tissue consistent with 

VAD, histochemical comparisons of the lung of Rbp1-/- and WT mice were performed. HE 

and SR staining showed that Rbp1-/- lung tissue displays increased collagen and 

hypercellularity (Figure 5.8A-H), which is consistent with Rbp1-/- mammary and 

endometrial tissues.(48, 49) In lung tissue, metaplasia and hyperplasia precede fibrosis, 

where fibrosis includes accumulation of the extracellular matrix and remodeling of lung 

architecture.(315) Untreated fibrosis can limit lung function and may even cause death in 

severe cases.(315) Additionally, Mmp2 and Mmp9 expression is increased in Rbp1-/- mice 

(Figure 5.8I), where matrix metalloproteins have been shown to be increased in instances 

of decreased atRA,(189) which is consistent with other studies in disease states including 
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asthma and lung cancer.(316-318) CRBP1 has previously been identified as an early 

change in pre-malignant and nonmalignant disease that may progress to malignancies, and 

here, CRBP1 loss and subsequent dysregulation atRA biosynthesis in the Rbp1-/- results in 

altered lung morphology consistent with a premalignant state (Figure 5.8E-H).(49, 58, 60, 

63) Some studies have shown that treatment with atRA improves lung morphology,(289, 

311) and future works to modulate endogenous CRBP1 and atRA levels may be a novel 

approach in therapy for lung disease.  

5.5.4 Radiation Response in the Absence of CRBP1 

 atRA regulates numerous biological processes regarding lung function, 

development, regeneration, and repair.(274-276) CRBP1 regulates proper atRA 

metabolism, and loss of CRBP1, such as in Rbp1-/- mice, creates a hyperplastic and 

collagen-rich state in the mouse lung (Figure 5.8E-H). To further probe the effect of loss 

of CRBP1 in a disease model, Rbp1-/- and WT mice were exposed to WTLI. Radiation-

induced lung injury (RILI) is a delayed effect of acute radiation exposure (DEARE), and 

delayed risks from radiation exposure include pulmonary pneumonitis and fibrosis.(319, 

320) Ionizing radiation damages DNA and causes cellular damage, which results in chronic 

oxidative stress, tissue hypoxia, inflammation, and fibro-proliferation in various tissues, 

and the lung is particularly radiosensitive to fibrosis development.(321, 322) Mechanistic 

understanding of RILI is important to drug development for therapies to treat RILI resulting 

from accidental or intentional radiation exposure as well as normal tissue damage resulting 

from radiotherapy for lung cancer.  We have previously shown that radiation reduces atRA 

levels in the lung.(295-297) The Rbp1-/- mice, which already exhibit reduced lung atRA, 

experienced even greater decreases in atRA levels after WTLI (Figure 5.11B). In addition 
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to atRA, ROL and RE levels were also analyzed (Figure 5.11C-D). Surprisingly, the levels 

of sham WT and Rbp1-/- mice ROL and RE levels were similar, which is contradictory to 

our analysis from WT and Rbp1-/- lungs in Figure 5.2C-D, which showed that Rbp1-/- mice 

had increased ROL and RE compared to WT. Similar levels of ROL between Rbp1-/- and 

WT mice in the heart and similar RE levels were seen in the heart, serum, and 

endometrium.(48-50) After WTLI, both WT and Rbp1-/- mice had significantly increased 

ROL and decreased RE levels. In a non-human primate (NHP) radiation model, we saw 

that ROL and RE levels remained relatively consistent up to 22 days post-radiation 

exposure in both the lung, plasma, jejunum, and heart.(158, 273, 295, 323) It is important 

to note that in addition to consisting of different radiation models (WTLI vs. partial body 

irradiation), our current study reports changes in retinoid levels 24-hours post radiation, 

while the NHP model started to report retinoid levels 4-days after radiation.(158, 273, 295, 

323)      

 Similarities in response to WTLI between WT and Rbp1-/- included similar median 

survival, body weight decrease, and wet lung weight increase (Figures 5.10 and 5.11A). 

Body weight was shown to decrease in response to WTLI, which is consistent with rodent 

and human radiation studies.(324, 325) Conversely, wet lung weight increased post-WTLI, 

which is also seen in other rodent models of WTLI, and is an indicator of edema and 

congestion.(326, 327) The extent of radiation damage is exaggerated in the Rbp1-/- animals, 

with regards to breathing frequency and Penh (Figures 5.10D and 5.11A). The Rbp1-/- 

experienced increased radiation damage as indicated by increased fibrotic lesions in the 

lung and exacerbated loss of lung function post-irradiation (Figures 5.10 and 5.11A, E-H). 

Rbp1-/- mice showed a quicker and stronger increase in breathing frequency compared with 
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WT mice (Figure 5.11A). Breathing rate has been shown to increase with pneumonitis and 

lung fibrosis and in response to radiation exposure.(328-330) This finding is also in direct 

correlation with the histology showing increased injury in the Rbp1-/- lungs exposed to 

WTLI. Penh was also shown to have earlier and greater increases in Rbp1-/- mice compared 

to WT mice, however, this parameter has recently been questioned for its validity as a 

marker of lung function.(331-333)  

 To gain insight into atRA-dependent mechanisms of radiation-induced lung injury 

(RILI), we conducted high-throughput targeted metabolomics in lung assessing both 

immediate triggers and long-term effects. Metabolomics data revealed several metabolites 

that were significantly altered among genotypes 24-hours following irradiation (Table 

4A.1, Figures 5.11-5.12). The most affected groups of metabolites included short- and 

long- chain acylcarnitines, glycerophospholipids, lysophosphatidylcholines, and amino 

acids.  

 Lipid metabolism was altered due to radiation exposure and/or dysregulated atRA 

biosynthesis. Short-chain AC decreased in Rbp1-/- mice, while long-chain AC decreased in 

WT animals post-WTLI (Figure 5.12A). atRA plays important roles in fatty acid oxidation 

and there is a direct link between atRA levels and acylcarnitine species.(334, 335) 

Specifically, mice treated with high dose atRA were seen to have increased carnitine levels 

and longer acylcarnitine species.(334) AC are also proposed biomarkers for many diseases, 

including sepsis, diabetes, and cancer,(336) where accumulation of long-chain AC is 

associated with decrease lung function because of their colocalization with pulmonary 

surfactant, and subsequent inhibition of alveolar collapse during breathing.(337) 

Additionally, lysoPC were increased in Rbp1-/- mice compared to WT mice, while many 
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PC were decreased in only WT animals after WTLI (Table 4A.1, Figure 5.12D). atRA 

modulates expression of genes controlling PC biosynthesis, where atRA causes significant 

downregulation of lysophosphtaidylcholine-acyltransferase-1 (LPCAT).(338) With 

regards to fatty acid and lipid homeostasis, previous proteomic studies on the effect of 

radiation on the lung have shown an altered LXR/RXR activation and FXR/RXR 

activation.(295, 339)  

In our study, multiple amino acids were altered due to radiation exposure and/or 

dysregulated atRA biosynthesis (Figure 5.12C), which is consistent with multiple reports 

from the literature that amino acid metabolism is altered in various lung diseases, including 

chronic obstructive pulmonary disease and pulmonary fibrosis.(340-342) In our study, 

alpha-AA and the ratio of Methionine-Sulfoxide/Methionine (Met-So/Met) was decreased 

in Rbp1-/- mice compared to WT. Also in the present study, methionine, acetyl-ornithine 

(Ac-Orn), serine, tyrosine, and asparagine were increased in Rbp1-/- mice after WTLI, but 

not in WT mice. In a study of gas explosion-induced acute blast lung injury, alpha-AA, 

methionine, alanine, lysine, threonine, cholic acid, and histidine were increased compared 

to control animals.(343) Methionine are decreased in response to cigarette smoke exposure, 

and decreased levels directly correlate with altered lung function.(344) Ac-orn was shown 

to be altered in mice after five days of controlled mechanical ventilation, in a study 

identifying biomarkers of ventilator-induced lung injury.(345) Increased serine levels are 

seen in non-small cell lung cancer through the NRF2 pathway, which is atRA-

inducible.(346, 347) Asparagine metabolism requires the expression of asparagine 

synthetase, an enzyme that is both atRA- and stress-inducible.(348)  
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5.6 CONCLUSIONS 

Loss of CRBP1 leads to dysregulated atRA homeostasis. The results of this study 

support the role of CRBP1 as a critical regulator of atRA biosynthesis and provide 

mechanistic insight into the source of the atRA deficiency in the lung seen in the absence 

of CRBP1. The data also emphasizes the essential role of atRA to maintain proper lung 

morphology. WTLI was used as a representative disease model to probe the effect of loss 

of CRBP1 and subsequently dysregulated atRA biosynthesis. Radiation exposure is linked 

with delayed lung disease, and these data are useful in identifying potential initiating events 

in RILI, as well as determining the role of atRA metabolism in disease progression. 

Dysregulated retinoid metabolism in Rbp1-/- mice correlated with exaggerated lung injury. 

Targeted metabolomics profiling identified lipid and amino acid homeostasis as the most 

dysregulated in response to radiation and/or loss of CRBP1.  

This study provides valuable information regarding the role of CRBP1 in retinoid 

homeostasis of the lung but includes some limitations. Metabolites are limited to those 

contained in the Biocrates AbsoluteIDQ p180 kit, which is a subset of the whole 

metabolomic profile.  The Biocrates kit has only been validated for plasma, but it has been 

previously used by us for analyzing lung tissue.(349) Samples were limited to availability 

of animals at the time, and future studies would be necessary to inform on any retinoid 

and/or metabolomic gender or age differences in Rbp1-/- mice. WT and Rbp1-/- were not 

littermates and derived from independently bred lines. This study may be useful in 

developing a molecular classification of lung disease through targeted analysis coupled 

with accurate quantitation of metabolites, which could potentially represent markers for 

different forms and stages of RILI. Finally, by using an adult genetic model of decreased 
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atRA, this study provides information about the effects of reduced atRA on adult lungs 

while avoiding the confounding effects of dietary VAD.  
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Chapter 6: Conclusions and Future Directions  

In this project, the overarching goal was to better understand the mechanisms and 

impact of CRBP1 loss in diseases of the intestine, heart, and lung. Chapter 1 discussed the 

structure and function of CRBP1 as a key regulator of RA biosynthesis. Additionally, it 

summarized the current literature on how CRBP1 and Rbp1 levels are dysregulated in 

various diseases, while highlighting that the mechanism of this dysregulation is highly 

uncharacterized. Chapter 2 discusses the development of a targeted proteomics method for 

absolute quantitation of CRBP1 in complex biological matrices that will allow us to better 

understand how protein levels of CRBP1 change in response to various cellular stressors. 

In Chapter 3, the targeted proteomic assay was utilized, along with other biochemical 

techniques, to probe the mechanism of disrupted RA signaling in intestinal epithelial cells. 

RA homeostasis was disrupted in both cell lines tested (Caco-2 and HIEC-6) and with all 

three cellular stressors used (oxidative stress, hypoxia, and inflammation). However, the 

mechanism of disruption differed between cell type and stressor. Finally, the Rbp1-/- mouse 

model was used to gain understanding of the role of CRBP1 in the adult mouse heart and 

lung. In Chapter 4, a multi-omics analysis identified that he pathways most disrupted by 

ablation of CRBP1 involved cardiac remodeling and cellular metabolism. In Chapter 5, 

loss of CRBP1 resulted in decreased RA levels and microenvironment tissue changes 

consistent with VAD and Rbp1-/- mice showed worse clinical outcomes when exposed to 

whole thorax lung irradiation.  

While this research provides a strong foundation for understanding the mechanism 

and impact of CRBP1 loss in diseases, there are many avenues for future research on this 

topic. Technical improvements to the CRBP1 absolute quantitation assay (Chapter 2) are 
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an area of opportunity. Our current CRBP1 targeted proteomic assay based upon PRM that 

utilizes a gel-based enrichment and in-gel digestion can successfully quantitate CRBP1 

levels in cell lysates; however, it is labor intensive and time consuming. Development of 

an LC-MS/MS approach based on multiple reaction monitoring (MRM) using a tandem 

quadruple instrument will allow higher throughput sample analysis for CRBP1 absolute 

quantitation. Tandem quadrupole instruments are more robust and provide enhanced 

quantitative analytical performance compared to orbitrap instruments. The tandem 

quadrupole instrument will be coupled to an HPLC or UPLC, allowing shorter run times, 

ideally less than 10 minutes, compared to the 60-minute run time needed for the nano-LC 

coupled to the orbitrap instrument. MRM provides a greater dynamic range than PRM and 

SIM, which will be useful for studying low-abundant CRBP1. MRM monitors a specific 

precursor ion to product ion transition, which imparts specificity and sensitivity due to its 

elimination of background.(144) This is a similar principle to PRM and will provide 

superior selectivity compared to SIM. The high specificity and reproducibility of an LC-

MS/MS approach based on MRM may allow in-solution digestion of cell lysate, instead of 

the tedious in-gel digestion protocol. 

In Chapter 3, the mechanism of RA decrease was found to be related to protein 

degradation and not lysosomal degradation. Initial results from the CRBP1 quantitative 

assay indicate that CRBP1 levels decrease with oxidative stress, but this needs to be 

confirmed with multiple replicates for all conditions with cell lines. An important follow-

up study should identify protein half-life to better understand the effect of cellular stress 

on protein stability. Protein half-life can be measured via pulse-chase using dynamic stable 

isotope labeling by amino acids in cell culture (SILAC) and quantitative LC-MS/MS using 
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heavy (stable isotope) labeled lysine and arginine across multiple time points,(350) and 

protein half-life can be calculated with the protein decay rate.(351)  

The lessons learned from the intestinal epithelial cell culture experiments should be 

extended to an in vivo model of disrupted RA metabolism, specifically, the Rbp1-/- mouse. 

This model has been extensively studied by our lab to probe the role of CRBP1 and the 

effect of dysregulated RA biosynthesis in multiple adult mouse tissues including heart 

(Chapter 4)(50), lung (Chapter 5), mammary(48), and endometrium(49). This experiment 

needs to be repeated to include RA, ROL, and RE levels in all regions of the intestine: 

duodenum, jejunum, ileum, proximal colon, and distal colon. Additionally, these 

measurements should be conducted in both male and female mice, to ensure that sex does 

not affect retinoid metabolite levels. Enzyme activity assays were performed with Rbp1-/- 

lung microsome and cytosol subcellular fractions (Chapter 5) and it would be beneficial to 

repeat those experiments in the intestines as well, as there were some enzymes that 

exhibited increased expression after exposure to cellular stressors in Caco-2 and HIEC-6 

cells (Chapter 3). Finally, the mouse model should be subjected to an established model of 

inflammatory bowel disease, such as with an oral infection of Heligmosomoides 

polygyrus.(352) The loss of CRBP1 and subsequent dysregulated RA homeostasis will 

likely lead to exacerbated disease state, which could be monitored by gene expression, 

histology scoring, retinoid metabolite quantitation, metabolomics, and/or proteomics.  

The multi-omic analysis of Rbp1-/- mouse hearts (Chapter 4) identified multiple 

pathways affected by dysregulated retinoid metabolism and led to many questions 

regarding changes in the heart phenotype of the knockout mice. Our lab is currently 

working with committee member, Dr. D. Brian Foster at Johns Hopkins University to 
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perform echocardiographs, flow/tissue doppler imaging, and pressure volume loop analysis 

to identify any phenotypic changes in the Rbp1-/- mouse hearts. The future goal of these 

studies is to establish baseline differences between WT and Rbp1-/- mouse hearts and 

subject the mice to various heart disease models, such as hypertrophy, where we believe 

the Rbp1-/- mice will have worse disease outcomes because of the disrupted retinoid 

metabolism.  

Chapter 5 establishes the key point of this dissertation: that loss of CRBP1 leads to 

dysregulated RA homeostasis and subsequently worse outcomes in disease models, such 

as radiation-induced injury. The next step would be to use this knowledge to develop a 

therapeutic to improve outcomes. My committee member, Dr. Ryan Pearson, has recently 

developed a drug delivery approach to specifically target the lung.  They found that mRNA 

stabilized in ionizable polyester nanoparticles has high transfection rates in lung dendritic 

and macrophage cells (Chakraborty, manuscript under review). Future experiments might 

include packaging of Rbp1 mRNA within these nanoparticles and delivering to Rbp1-/- 

mice, with the goal of increasing the decreased levels of RA in the KO lung. Subsequent 

experimentation could explore the application of this nanoparticle as a therapeutic in a lung 

disease model. 

Overall, these chapters help further our understanding of the role of CRBP1 in 

regulating RA homeostasis and how this protein is disrupted in multiple disease states.  

In addition to studying retinoid metabolism, my graduate school career has been 

focused on mass spectrometry to answer biological questions, and additional projects I 

completed are highlighted in the appendices. Appendix 1 details a multi-omic study 

characterizing the natural history and molecular mechanisms of radiation-induced heart 
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injury in non-human primates exposed to partial body irradiation with minimal bone 

marrow sparing. Similar to Chapter 4, this study utilized targeted metabolomics and global 

proteomics to identify pathways most affected by radiation exposure in both the left and 

right ventricle. The pathways most affected included inflammation, energy metabolism, 

myocardial remodeling and retinoid homeostasis. Appendix 2 details the characterization 

of biomarkers for oxidative stress and toxicity in a bioequivalence clinical study for 

Ferrlecit and generic sodium ferric gluconate. Markers of oxidative stress, inflammation, 

lipid peroxidation, and nitric oxide synthase activity were analyzed via MS, Luminex, or 

ELISA to identify potential biomarkers for negative side effects following intravenous iron 

supplementation. This exploratory study provides useful information about which 

biomarkers (MCP-1 and TNF-α) and study time-points (2-hours) are most informative for 

this specific drug class. Finally, Appendix 3 is a review of recent advances in using native 

mass spectrometry for analyzing protein binding. Finally, Appendix 4 contains additional 

tables that were too large to include within the main body of the dissertation.  
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Appendix 1. Multi-omic analysis of nonhuman primate heart after 

partial body radiation with minimal bone marrow sparing2 
 

1A.1 ABSTRACT 

High-dose radiation exposure results in hematopoietic and gastrointestinal acute 

radiation syndromes followed by delayed effects of acute radiation exposure, which 

encompasses multiple organs, including heart, kidney, and lung. Here we sought to further 

characterize the natural history of radiation-induced heart injury via determination of 

differential protein and metabolite expression in the heart. We quantitatively profiled the 

proteome and metabolome of left and right ventricle from non-human primates following 

12 Gy partial body irradiation with 2.5% bone marrow sparing over a time period of 3 

weeks. Global proteome profiling identified more than 2200 unique proteins, with 220 and 

286 in the left and right ventricles, respectively, showing significant responses across at 

least three time points compared to baseline levels. High-throughput targeted 

metabolomics analyzed a total of 229 metabolites and metabolite combinations, with 18 

and 22 in the left and right ventricles, respectively, showing significant responses 

compared to baseline levels. Bioinformatic analysis performed on metabolomic and 

proteomic data revealed pathways related to inflammation, energy metabolism, and 

myocardial remodeling were dysregulated. Additionally, we observed dysregulation of the 

retinoid homeostasis pathway, including significant post-radiation decreases in retinoic 

 
2 This is a non-final version of an article published in final form in: Zalesak-Kravec S, Huang W, Wang P, 

Yu J, Liu T, Defnet AE, Farese AM, Moise AR, MacVittie TJ, Kane MA. Multi-omic analysis of 

nonhuman primate hearts after partial-body radiation with minimal bone marrow sparing. Health 

Phys. 2021;121(4):352-71. Epub 2021/09/22.  
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acid, an active metabolite of vitamin A. Significant differences between left and right 

ventricles in the pathology of radiation-induced injury were identified. This multi-omic 

study characterizes the natural history and molecular mechanisms of radiation-induced 

heart injury in NHP exposed to PBI with minimal bone marrow sparing. 

Keywords: 

radiation damage; partial body irradiation; biological indicators; heart 

1A.2 INTRODUCTION  

High-dose radiation exposure results in hematopoietic acute radiation syndromes 

(H-ARS) and gastrointestinal acute radiation syndrome (G-ARS), followed by delayed 

effects of acute radiation exposure (DEARE) (353, 354). DEARE encompasses multiple 

organs, including heart, kidney, and lung (355). The partial body irradiation (PBI) with 

minimal, 2.5% or 5%, bone marrow (BM) sparing non-human primate (NHP) model was 

developed to mimic intentional or accidental radiation exposures in humans. Such 

exposures are likely to include some bone marrow sparing and to permit the concurrent 

analysis of coincident short- and long- term damage to organ systems in a time- and dose-

dependent manner (355). Previous publications from our team have described this PBI 

model, the analysis of resulting tissue injury, as well as its use for medical countermeasure 

(MCM) development (354-367). Here we sought to further characterize the natural history 

of radiation-induced injury in NHP via determination of differential protein and metabolite 

expression in the heart. A more in-depth characterization of the natural history of radiation-

induced damage in NHPs exposed to PBI with minimal BM sparing increases the 
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usefulness of the model for MCM development, as understanding of the natural history of 

an injury is a general expectation of drug development under the FDA Animal Rule (368).  

Characterizing radiation exposure to the heart has many beneficial clinical effects. 

Forty years after full-body radiation exposure, Japanese atomic bomb survivors have 

increased mortality from cardiovascular disease (369-371). Radiation is an extremely 

common treatment in cancer, and radiation exposure to the heart is possible for many 

cancers, including breast and lung. More than half of all breast cancer survivors whom 

received radiotherapy have cardiac damage (372) and have a greatly increased risk of 

cardiac-related death (373-378). The increased risk of cardiovascular injury and disease is 

also seen in Hodgkin’s disease patients who received radiotherapy (379-381). Additionally, 

studies have shown childhood leukemia patients treated with radiation developed cardiac 

abnormalities later in life (382). There is a strong link between radiation exposure and 

delayed cardiac disease, however, the mechanism of injury is not fully established. This 

study encompasses the first 3 weeks following radiation and may elucidate potential 

initiating events in radiation-induced heart injury.   

  Previous reports detailing the effect of radiation in rats and NHP often employed 

echocardiography and histology staining to assess heart injury (326, 364, 383-387). While 

these techniques provide detailed information about the resulting heart injury post-

irradiation, they do not provide data on the mechanism of injury. This study employs a 

comprehensive, comparative proteomic and metabolomic approach to identify differences 

between irradiated and non-irradiated NHP hearts. Proteomics is capable of measuring 

hundreds of thousands of proteins at a time and can identify a subset of proteins that 

changes significantly between groups. Our targeted metabolomics assay provided absolute 
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quantitation of 188 metabolites across 8 classes. Together, these methods provide a 

powerful tool for the identification of the mechanism of injury of radiation-induced heart 

damage. 

Additionally, this study characterized the effect of radiation exposure on retinoic 

acid (RA) metabolism. RA is the active metabolite of Vitamin A and a master regulator of 

gene expression through ligand-activated control of transcription mediated by the nuclear 

receptors retinoic acid receptor (RAR) and retinoid X receptor (RXR) (388, 389). In the 

heart, RA levels are essential for proper development and function (116-119). Dysregulated 

RA levels in the heart have been associated with heart disease (198-201). In addition to the 

heart, radiation exposure has also been shown to cause a significant reduction in jejunum 

and lung RA levels (158, 159, 297).  

To help inform on the natural history of the NHP PBI/BM2.5 model, we 

quantitatively profiled the proteome and metabolome of NHP left (LV) and right ventricles 

(RV) over a time period of 3 wk. Bioinformatic analysis revealed significant pathways that 

were perturbed post irradiation with the intent of identifying mechanism of radiation-

induced heart injury. Our study also sought to compare the radiation response in LV and 

RV.  

1A.3 MATERIALS AND METHODS  

1A.3.1 Radiation animal model.  

All animal procedures were conducted in accordance with the NIH guidelines for 

the care and use of laboratory animals and experiments were performed with prior approval 
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from the University of Maryland Institutional Animal Care and Use Committee (IACUC). 

Tissue was collected from left and right ventricles of male rhesus macaques (Macaca 

mulatta); tissues were snap frozen in liquid nitrogen and stored at -80°C until assay. 

Samples were provided by the laboratory of Thomas J. MacVittie, University of Maryland 

School of Medicine, Department of Radiation Oncology (Baltimore, MD). Description of 

the animal models, including radiation exposure and dosimetry, medical management 

(supportive care and health monitoring), as well as collection of plasma and tissue have 

been previously described (355). NHP were exposed to 12 Gy partial body irradiation with 

2.5% bone marrow sparing (PBI/BM2.5) with 6 MV LINAC-derived photons at 0.80 Gy 

min-1. Bone marrow sparing was accomplished with tibiae outside the beam field. Left and 

right ventricle heart tissue was obtained from a natural history study where timed 

euthanasia was planned at day 4, 8, 15, and 21 after radiation. Additional heart samples 

were obtained from animals that were euthanized for cause according to criteria specified 

in the IACUC protocol. We grouped animals at day 8 and 9, day 11 and 12, and day 21 and 

22 to increase the numbers of n at the timepoints across our study. Heart tissue from two 

non-irradiated animals were used as baseline controls. Thirty-two left ventricle samples 

and thirty-two right ventricle samples were analyzed in total with the numbers of NHP at 

each time point (n) as follows: day 0 (baseline), n=2; day 4, n=4; day 8-day9, n=11; day 

11-day 12, n=7; day 15, n=5; day 21-22, n=3. The mean age of the irradiated animals was 

3.7 y (median 3.7 y, range 2.9-4.7). The body weight of the irradiated animals was 5.2 kg 

(median 5.0 kg, range 3.0-7.0 kg). The normal NHP were 2.5 and 2.6 y old and were 4.3 

and 5.0 kg. A full list of animal samples is provided in Table 4A.2.  
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1A.3.2 Proteomic sample preparation.  

Tissue samples were stored in -80C until processed. Left and right ventricle tissues 

were homogenized in phosphate buffered saline using Precellys CK14 lysing kit (Bertin 

Corp., Rockville, MD). Proteins were extracted, purified from tissue lysates, trypsinolyzed 

and desalted as described previously (217).  

1A.3.3 Liquid chromatography-tandem mass spectrometry data acquisition.  

Tryptic peptides were separated on a nanoACQUITY UPLC analytical column 

(BEH130 C18, 1.7 μm, 75 μm x 200 mm, Waters) over a 165-minute linear acetonitrile 

gradient (3 – 40%) with 0.1 % formic acid on a Waters nano-ACQUITY UPLC system and 

analyzed on a coupled Thermo Scientific Orbitrap Fusion Lumos Tribrid mass 

spectrometer as previously described (390) and previously used by us (391, 392). Full scans 

were acquired at a resolution of 240,000, and precursors were selected for fragmentation 

by collision induced dissociation (normalized collision energy at 35 %) for a maximum 3-

second cycle.  

1A.3.4 Liquid chromatography-tandem mass spectrometry data analysis.  

Tandem mass spectra were searched against a UniProt Macaca mulatta reference 

proteome using Sequest HT algorithm described previously (393) and MS Amanda 

algorithm developed by Dorfer et al. (394) with a maximum precursor mass error tolerance 

of 10 ppm. Carbamidomethylation of cysteine and deamidation of asparagine and 

glutamine were treated as static and dynamic modifications, respectively. Resulting hits 

were validated at a maximum false discovery rate of 0.01 using a semi-supervised machine 
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learning algorithm Percolator developed by Käll et al. (395). Label-free quantifications 

were performed using Minora, an aligned AMRT (Accurate Mass and Retention Time) 

cluster quantification algorithm (Thermo Scientific, 2017). Protein abundance ratios 

between groups were measured by comparing the MS1 peak volumes of peptide ions, 

whose identities were confirmed by MS2 sequencing as described above. A full list of 

protein name, gene names, and accession numbers is provided in Table 4A.3.  

1A.3.5 Proteomic bioinformatic and statistical analysis.  

Pathway and gene ontology analysis were performed with Qiagen Ingenuity and 

DAVID databases, as described by Kramer et al. and Huang et al., respectively (396-398). 

Proteins showing at least a 2-fold change (FC) with an FDR adjusted ANOVA p-value < 

0.05 were considered significantly changed and used for further analysis. Fisher's exact p-

values of < 0.05 were used in the gene ontology analyses to identify biological processes 

associated with observed protein changes. Ingenuity Pathway Analysis (IPA) analysis was 

used to predict canonical pathways according to the proteins that were significantly 

different using a Benjamini-Hochberg corrected Fisher's exact test p-value < 0.05 with a 

non-zero absolute activation z-score. 

1A.3.6 Retinoid analysis.  

Tissue samples were stored in -80C until processed. Only glass containers, 

pipettes, and syringes were used to handle retinoids. Extraction of retinoids was performed 

under yellow lights using a two-step liquid-liquid extraction that has been described in 

detail previously using 4,4-dimethyl-RA as an internal standard for RA and retinyl acetate 
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as an internal standard for retinol and total retinyl ester (399-402). Briefly, for the 

extraction of retinoids, 85.7 ± 17.7 mg of heart tissue was homogenized in 2 mL of 0.9% 

NaCl (normal saline) and two 1,000-μL aliquots were extracted as technical duplicates. To 

each homogenate aliquot, 2 mL of 0.025 M KOH in ethanol was added to the homogenate 

followed by addition of 10 mL hexane to the aqueous ethanol phase. The samples were 

vortexed and centrifuged for 1 to 3 min at 1,000 rpm in a Dynac centrifuge (Becton 

Dickinson) to facilitate phase separation and pellet precipitated protein. The hexane (top) 

phase containing nonpolar retinoids [retinol and total retinyl esters (RE)] was removed. 

Then 4 M HCl (65 μL) was added to the remaining aqueous ethanol phase, samples were 

vortexed, and then polar retinoids (RA) were removed by extraction with a second 10 mL 

aliquot of hexane as described above. Organic hexane phases were evaporated under 

nitrogen while heating at approximately 30°C in a water bath (model N-EVAP 112, 

Organomation Associates, Berlin, MA, USA). All samples were resuspended in 60 μL 

acetonitrile.  

Levels of RA were determined by liquid chromatography-multistage tandem mass 

spectrometry (LC-MRM3) which is an LC-MS/MS method utilizing two distinct 

fragmentation events for enhanced selectivity (399). RA was measured using a Shimadzu 

Prominence UFLC XR liquid chromatography system (Shimadzu, Columbia, MD) coupled 

to an AB Sciex 6500+ QTRAP hybrid triple quadrupole mass spectrometer (AB Sciex, 

Framingham, MA) using atmospheric pressure chemical ionization (APCI) operated in 

positive ion mode as previously described (399). For the LC separation, the column 

temperature was controlled at 25oC, the autosampler was maintained at 10oC and the 

injection volume was typically 20 µL. All separations were performed using an Ascentis 
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Express RP-Amide guard cartridge column (Supelco, 50 × 2.1 mm, 2.7 μm) coupled to an 

Ascentis Express RP-Amide analytical column (Supelco, 100 × 2.1 mm, 2.7 μm). Mobile 

phase A consisted of 0.1% formic acid in water, and mobile phase B consisted of 0.1% 

formic acid in acetonitrile. Endogenously occurring retinoid isomers including all-trans-

retinoic acid (RA), 9-cis retinoic acid, 13-cis retinoic acid, and 9,13-di-cis retinoic acid are 

resolved using a gradient separation at a flow rate of 0.4 mL min-1 with gradient conditions 

described previously (399). The APCI source conditions and MRM3 detection parameters 

were as previously described where the MRM3 transition  for  RA  was m/z 301.1 → m/z 

205.1 → m/z 159.1  and  for  4,4-dimethyl RA was m/z 329.2  → m/z 151.2  → m/z 100.0 

(399).  

Levels of retinol and total retinyl esters (RE) were quantified via HPLC-UV 

according to previously published methodology (402, 403). Retinol and RE were resolved 

by reverse-phase chromatography (Zorbax SB-C18, 4.6 × 100 mm, 3.5 μm) on a Waters 

Acquity UPLC H-class system and were quantified by UV absorbance at 325 nm. Analytes 

were separated at 1 mL min-1 with a gradient separation as described previously with a 

typical injection volume of 30 μL. The amount of retinoic acid (RA), retinol (ROL) and 

total retinyl ester (RE) was normalized per gram of tissue. Data are expressed as mean  

SEM with statistical significance assessed with a two-sided, unpaired student’s t-test as 

compared to the baseline value using Graphpad Prism V7.03.  

1A.3.7 High-throughput targeted metabolomics.  

Targeted, quantitative metabolomics was performed using Biocrates AbsoluteIDQ 

p180 kit (Biocrates, Life Science AG, Innsbruck, Austria). The AbsoluteIDQ p180 kit was 
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prepared as described by the manufacturer. The assay quantifies up to 188 metabolites from 

five metabolite classes: acylcarnitines, amino acids, biogenic amines, 

glycerophospholipids, sphingolipids, and hexose. Internal standards, analyte derivatization 

and metabolite extraction are integrated into a 96-well plate kit. Metabolite detection is 

done via pre-selected selected reaction monitoring (SRM) transitions. 

Tissue samples were stored in -80C until processed. Heart tissue was homogenized 

in 85:15 (methanol:ethanol, v/v) with 5 mM PBS at a ratio of 5 mg mL-1. After 

centrifugation, 20 μL of tissue homogenate was loaded onto the 96 well kit. 10 μL of 

internal standard cocktail was addedfollowed by drying with nitrogen. Next, a 5% solution 

of phenylisothiocyanate in ethanol:water:pyridine (1:1:1, v/v/v) was added for 

derivatization of biogenic amines and amino acids. Metabolite extraction was achieved 

with 5 mM ammonium acetate in methanol. Analyses were preformed according to the 

manufacturer’s instructions on a tandem mass spectrometry platform that consisted of a 

Shimadzu Prominence UFLC XR high-performance liquid chromatograph (HPLC) 

(Shimadzu, Columbia, MD) coupled to an AB Sciex QTRAP® 5500 hybrid tandem 

quadrupole/linear ion trap mass spectrometer (AB Sciex, Framingham, MA). MetIQ 

software (Biocrates) controlled the assay workflow including sample registration, 

calculation of metabolite concentrations, and assay validation. A total of 229 analytes 

passed QC. 

1A.3.8 Metabolomic nomenclature.  

Lipid notations listed as “Class CXX:Y” notate particular lipids indicating the XX 

total carbon number in the fatty acid chains and the Y number of double bonds. For 
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example, PCaa C36:3 is phosphatidylcholine (PC) 36:3; i.e., a phosphatidylcholine with 

36 total carbons among the two alkyl chains with 3 double bonds present. PC lipids listed 

as “PCaa” have both moieties at the sn-1 and sn-2 position as fatty acids bound to the 

glycerol backbone via ester bonds. PC lipids listed as “PCae” have one of the moieties, 

either the sn-1 or sn-2 position, as a fatty alcohol bound via an ether bond. For 

sphingomyelins (SM), the number of double bonds or the presence of a hydroxyl group 

(OH) are indicated for the fatty acid in the amide bond with the assumption that the 

backbone is sphingosine (d18:1). SFA refers to a sum of PC lipids containing fully 

saturated fatty acids (SFA), MUFA refers to a sum of PC lipids containing 

monounsaturated fatty acids (MUFA), and PUFA refers to a sum of PC lipids containing 

polyunsaturated fatty acids (PUFA). Lipid species measurements include potential isobaric 

and isomeric species (212).  

1A.3.9 Metabolomic bioinformatic and statistical analysis.  

Statistical analyses were performed using the MetaboAnalyst 5.0 web-based 

statistical package and GraphPad Prism (v 7.03, La Jolla, CA) (215, 216) The data 

generated from the AbsoluteIDQ p180 kit which included analyte name and calculated 

concentration were imported into MetaboAnalyst for multivariate analysis. The metabolite 

data were normalized via autoscaling (mean-centered and divided by the standard deviation 

of each variable). MetaboAnalyst requires a minimum of three replicates for statistical 

analysis, which required the duplication of our two Day 0 samples to establish baseline 

levels. For metabolomic pathway analysis, human KEGG library was chosen under the 

assumption that human pathway library is similar to rhesus macaque.   
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1A.4 RESULTS 

1A.4.1 Study design.  

The left and right ventricles proteome and metabolome were assayed after radiation 

exposure as part of a natural history study in NHP after 12 Gy PBI/BM2.5. Heart samples 

were interrogated at various times after radiation up to 21 d after exposure, including d 4, 

8-9, 11-12, 15, and 21-22. Sampling occurred from NHP at time euthanasia as planned at 

day 4, 8, 15, and 21 after radiation as well as from NHP that were euthanized for cause 

according to pre-defined euthanasia criteria (355).  

1A.4.2 Expression of proteins most changed after radiation.  

The heart proteome was assessed via LC-MS/MS to identify proteins that were 

altered in LV and RV NHP after radiation exposure. In the LV samples, a total of 2255 

unique proteins were quantified, and protein abundances were compared between LV NHP 

samples at baseline and d 4, 8-9, 11-12, 15, and 21-22. Of those proteins, 220 proteins 

showed significantly altered abundances at three or more time points compared to baseline 

(Figure 1A.1, Table 4A.4). In the RV, a total of 2454 unique proteins were quantified and 

286 showed significantly altered abundances at three or more time points compared to 

baseline (Fig 1A.2, Table 4A.5). Significant changes in protein expression was determined 

with FDR < 0.01, protein expression FC > 2-fold, and FDR corrected ANOVA p-value 

cut-off < 0.05. Most of the proteins showed strong and consistent changes over the times 

interrogated.  
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Figure A1.1. Expression of proteins most changed in left ventricle (LV) after radiation.  

LC-MS/MS proteomic analysis of NHP LV after 12 Gy PBI/BM2.5. Minimum 2-fold change of expression 

for at least 3 time points and FDR adjusted ANOVA p-value < 0.05 were criteria for inclusion.  
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Figure 1A.2. Expression of proteins most changed in right ventricle (RV) after radiation.  

LC-MS/MS proteomic analysis of NHP RV after 12 Gy PBI/BM2.5. Minimum 2-fold change of expression 

for at least 3 time points and FDR adjusted ANOVA p-value < 0.05 were criteria for inclusion.  

 

1A.4.3 Canonical pathways and upstream regulators altered by radiation.  

Ingenuity Pathway Analysis (IPA) was used to predict canonical pathways and 

upstream regulators that were significantly altered in response to radiation (Tables 1A.1 

and 1A.2, respectively) (396). Canonical pathway analysis provides information about key 

biological events post-irradiation. The calculated z-score is a statistical measure of the 

match between expected relationship direction from published literature and observed gene 

expression from the experimental dataset. It was used to infer likely activation states of 

canonical pathways based on comparison with a model that assigns random regulation 

direction. A non-zero absolute activation z-score and a Benjamini-Hochberg corrected p-

value < 0.05 was used for inclusion in Table 1A.1. Six canonical pathways were 

significantly altered in LV, including LXR/RXR activation and coagulation system. Three 
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pathways were significantly altered in RV, including LXR/RXR activation, tRNA 

charging, and acute phase response signaling. A Benjamini-Hochberg corrected Fisher 

exact test p < 0.01 and a non-zero z-score were inclusion criteria for inferred upstream 

regulators in Table 1A.2. Eight inferred upstream regulators were significantly activated 

(2) or inhibited (6) in LV. Nineteen inferred upstream regulators were significantly 

activated (14) or inhibited (5) in RV. PPARA is inhibited in LV and activated in RV.  

Table 1A.1. Canonical pathways altered by radiation.  

Criteria for pathway changes were non-zero absolute activation z-score and Benjamini-Hochberg corrected 

Fisher’s exact test p-value < 0.05. Derived from LC-MS/MS proteomic analysis of NHP plasma after 12 

Gy PBI/BM2.5.  
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Table 1A.2. Upstream regulators altered by radiation in right and left ventricles.  

Criteria for upstream regulator interference were a nonzero absolute activation z-score and a Benjamini-

Hochberg corrected Fisher’s exact test p-value < 0.01. Derived from LC-MS/MS proteomic analysis of NHP 

plasma after 12 Gy PBI/BM2.5.  

 

Upstream 

regulator 
 Activation 

z-score 
 B-H corr. 

p-value 
 Target proteins in dataset 

Left- activated  

INSIG1 
 

2.4 
 

<0.01 
 

ACACB, ACLY, FASN, G6PD, S100A8, VNN1 

CFTR 
 

1.0 
 

<0.005 
 

CFTR, CPA3, HSD17B11, MYL7, S100A8, SAA1 

Left- Inhibited 

OSM 
 

-1.3 
 

<0.01 
 

ANXA1, CDA, CLIP1, COL3A1, CRP, FASN, 

HLA-F, MARCKS, PDAP1, S100A8, SAA1, 

SYNE1, TPM1 

Nr1h 
 

-1.3 
 

<0.005 
 

ACACB, ACLY, ALDH1A2, APOD, CETP, FASN, 

PLIN1, THY1 

Ins1 
 

-1.4 
 

<0.01 
 

ADH1C, CETP, CYB5A, FASN, G6PD, NPPA, 

PLIN1, PTGFRN, SLC2A1, THY1 

CD38 
 

-1.9 
 

<0.01 
 

GLIPR2, NCAM1, PRDX4, S100A4, SLC2A1, 

SPCS2, THY1 

AGTR2 
 

-2.0 
 

<0.01 
 

COL3A1, FASN, KNG1, NPPA 

PPARA 
 

-2.1 
 

<0.01 
 

APOA4, BCKDK, C8A, FASN, G6PD, HSD17B11, 

NPPA, PC, PLIN1, S100A8, SAA1, VNN1 

Right- Activated 

MRTFA 
 

2.6 
 

<0.005 
 

CAMP, CMA1, CPA3, PRTN3, S100A8, S100A9, 

SLC1A2, TUBB1 

PRL 
 

2.6 
 

<0.001 
 

CNN3, COL1A2, COL3A1, EIF2AK2, GPNMB, 

IGFBP5, KRT5, MARS, OAS1, PCNA, PSME1, 

SERPINA3, TRIM25 

MRTFB 
 

2.4 
 

<0.005 
 

CAMP, CMA1, CPA3, PRTN3, S100A8, S100A9, 

TUBB1 

SRF 
 

2.3 
 

<0.005 
 

BPGM, CALB1, CAMP, CMA1, CPA3, ITGA2B, 

MYH2, PMFBP1, PRTN3, S100A8, S100A9, 

SLC2A1, TCAP, TMOD3 

MYOD1 
 

2.3 
 

<0.01 
 

ACACB, AGT, COL4A1, Hrc, IGFBP5, POSTN, 

PRKAR2B, SLC2A1, TJP1 

MYB 
 

2.1 
 

<0.001 
 

BAX, CNN3, COL1A2, COL4A1, COPA, IGFBP5, 

ITGA2B, PCNA, PRTN3 

CA4 
 

2.0 
 

<0.01 
 

ANK1, CA1, CA2, SPTB 

IL6 
 

1.6 
 

<0.001 
 

AGT, BAX, CD14, COL3A1, DPP3, FGB, GAP43, 

HP, HPX, IGFBP5, ITLN1, LPA, MPO, ORM1, 

PCNA, PRPH, PRTN3, PSME1, S100A9, SAA1, 

SERPINA3, SERPINA7, STOM 

CEBPB 
 

1.5 
 

<0.0005 
 

ADH7, AGT, ALDH1A2, APOC3, CD14, COL1A2, 

CYB5A, GLIPR2, HBB, HP, HPX, INMT, ORM1, 

PCNA, PRKAR2B, PRTN3, SAA1 

PPARA 
 

1.4 
 

<0.0001 
 

ACADL, APOC3, BAX, BCKDK, C9, CAT, 

CYB5B, DYNLL1, ECI1, FGB, HPX, IGFBP5, 

PCNA, PKLR, PLTP, S100A8, S100A9, SAA1, TJP1 

MTOR  

 
1.4 

 
<0.005 

 
ACACB, ACADL, CNP, FGB, GAP43, GPHN, 

NDUFA6, OAS1, PCNA, PRKAR2B, RAP1GDS1, 

RPL32, SLC2A1, SQSTM1 
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Table 1A.2 continued. 

 

  

NFE2L2 
 

1.3 
 

<0.005 
 

ADH7, CALB1, CAT, COL3A1, DAD1, DYNLL1, 

HMBS, INMT, NARS, PHGDH, S100P, SAA1, 

SERPINA3, SLC2A1, SQSTM1 

TGFB1 
 

1.2 
 

<0.01 
 

ALOX15, BAX, CAMK2G, CAMP, CAT, CD14, 

CNN3, COL16A1, COL1A2, COL3A1, COL4A1, 

DAD1, DMTN, DSC2, DYNLL1, FGB, IGFBP5, 

ITGA5, MFAP2, MRC1, NRBP1, PCNA, PHGDH, 

POSTN, PPP2R5A, PRPS1, SERPINA3, SERPINE2, 

SLC1A2, SLC2A1, SRI, TJP1, TMOD3, TPM1, 

WFS1 

SREBF1 
 

1.1 
 

<0.01 
 

ACACB, APOC3, BAX, CD14, CYB5A, GLB1, 

GPNMB, PKLR, PLTP, SERPINA3 

Right- Inhibited 

AHR 
 

-1.3 
 

<0.005 
 

BAX, CD14, COL16A1, COL1A2, COL3A1, 

COL4A1, HP, HSPH1, ITGA5, PKLR, SAA1, 

SERPINA7, SLC2A1 

HNF4A 
 

-1.5 
 

<0.005 
 

AGT, APEH, APOC3, BLVRB, BPGM, BTN2A1, 

C8G, CAT, CHCHD2, DAD1, DNAJC14, DSC2, 

EHD3, ERO1A, FGB, FN3KRP, GPR137, HLA-C, 

HPX, HSPH1, LPA, LYRM4, MAIP1, MPP1, NEK7, 

ORM1, PCNA, PKLR, PPFIBP1, PROZ, PRPS1, 

RAP2B, RPRD1B, S100A9, SAA1, SERPINA3, 

SLC43A1, STOM, SULT1A1, TMOD2, TTC38 

IRF2 
 

-1.7 
 

<0.01 
 

CD14, EIF2AK2, FGB, OAS1, PSME1, S100P, 

TPM1 

NFE2 
 

-2.2 
 

<0.0005 
 

CAT, HBB, HMBS, ITGA2B, SPTA1, TUBB1 

GATA1 
 

-2.4 
 

<0.00001 
 

AHSP, ANK1, BLVRB, CA1, CA2, CMA1, CNN3, 

CPA3, DMTN, EPB42, HBB, ITGA2B, PCNA, 

PLEK, SPTA1, SPTB, TUBB1 
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1A.4.4 Proteins showing consistently increased or decreased expression after 

radiation.  

Proteins showing consistent responses throughout the natural history study may 

provide diagnostic utility in identifying populations exposed to radiation. The majority of 

proteins (213/220 in LV and 284/286 in RV) had consistent elevation or depression in 

expression after radiation (Figs. 1A.1, 1A.2). The majority of the RV differentially 

expressed proteins showed upregulation, while the majority of the differentially expressed 

LV proteins showed downregulation compared to baseline. 

Biological processes that were enriched in all the proteins that were consistently 

activated or inhibited post-irradiated are shown in Table 1A.3. The inclusion criteria were 

protein FC > 2, FDR corrected ANOVA p-value < 0.05, and significant biological process 

by Fisher’s exact test p < 0.05. In the left ventricle, a total of 15 biological processes were 

consistently enriched, including actin cytoskeleton reorganization and cholesterol 

biosynthetic process. In the right ventricle, a total of eight biological processes were 

consistently enriched, including extracellular fibril organization, negative regulation of 

endoplasmic reticulum calcium ion concentration, and ER to Golgi vesicle-mediated 

transport. Different biological processes were enriched in each ventricle.  
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Table 1A.3. Biological processes altered by radiation.  

Criteria for biological process enrichment was Fisher’s exact test p-value < 0.05. Derived from LC-MS/MS 

proteomic analysis of NHP left and right ventricles after 12 Gy PBI/BM2.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biological process  P-Value  Fold 
Enrichment 

 Genes 

Left Ventricle  

actin cytoskeleton reorganization 
 

<0.005 
 

13 
 

FLNA, PARVA, PARB, 

ANXA1 

cholesterol biosynthetic process 
 

<0.005 
 

31 
 

G6PD, CFTR, APOA4 

vesicle docking involved in exocytosis 
 

<0.01 
 

23 
 

RAB8B, CFTR, SCFD1 

positive regulation of release of     
sequestered calcium ion into cytosol 

 
<0.01 

 
20 

 
A0N064, P61143, F7EW76 

actomyosin structure organization 
 

<0.01 
 

20 
 

F2, CNN1, CNN2 

regulation of gene expression 
 

<0.05 
 

9 
 

F2, DDX39B, PHGDH, HRG 

peripheral nervous system axon 
regeneration 

 
<0.05 

 
96 

 
APOD, NEFL 

negative regulation of exocytosis 
 

<0.05 
 

96 
 

SNCA, ANXA1 

activation of cysteine-type endopeptidase 
activity involved in apoptotic 

process 

 
<0.05 

 
11 

 
SNCA, BID, S110A8 

negative regulation of fibrinolysis 
 

<0.05 
 

57 
 

SERPINF2, HRG 

positive regulation of triglyceride 

catabolic process 

 
<0.05 

 
57 

 
ABHD5, APOA4 

very-low-density lipoprotein particle 

remodeling 

 
<0.05 

 
48 

 
APOA4, CETP 

positive regulation of lipoprotein lipase 
activity 

 
<0.05 

 
48 

 
ABHD5, APOA4 

negative regulation of platelet-derived 
growth factor receptor signaling 

pathway 

 
<0.05 

 
41 

 
SNCA, APOD 

regulation of blood vessel size 
 

<0.05 
 

41 
 

NPPA, GCLM 

Right Ventricle  

extracellular fibril organization 
 

<0.005 
 

53 
 

MFAP5, MFAP4, COL3A1 

negative regulation of endoplasmic 
reticulum calcium ion concentration 

 
<0.005 

 
44 

 
BCAP31, RAP1GDS1, BAX 

ER to Golgi vesicle-mediated transport 
 

<0.005 
 

8 
 

BCAP31, COPA, SEC24C, 
COPE, NRBP1 

cytosolic transport 
 

<0.05 
 

88 
 

SRSF10 

gamma-aminobutyric acid metabolic 
process 

 
<0.05 

 
88 

 
PHGDH, ABAT 

muscle contraction 
 

<0.05 
 

11 
 

MYH2, TMOD3, TMOD2 

long-chain fatty acid catabolic process 
 

<0.05 
 

59 
 

LIPE, ACADL 

retinoic acid metabolic process 
 

<0.05 
 

44 
 

ALDH1A2, ADH7 
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1A.4.5 Proteins related to retinoic acid activity.  

Multistage mass spectrometry analysis was used to quantify retinoids in left and 

right ventricles (Figures 1A.3-1A.5). In both ventricles, RA was reduced after radiation. In 

the LV, RA had an initial 44% decrease at d 4, and continued to decline until d 21-22 where 

it was reduced 60% (Figure 1A.3a). In the RV, RA had an initial 30% decrease at d 4, and 

continued to decline until d 21-22 where it was reduced 57% (Figure 1A.3b). Retinol and 

total retinyl esters (RE) levels were also quantified via HPLC-UV and neither exhibited 

consistent changes in response to radiation (Figure 1A. 4 and 1A.5).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1A.3. Retinoic acid (RA) is reduced after radiation in LV (a) and RV (b).  

RA quantification in LV (a) and RV (b) after 12 Gy PBI/BM2.5 was performed by LC with multiple 

reaction monitoring. Radiation days after radiation dose are noted. Data are mean ± SEM. *p-value < 0.05, 

**p-value < 0.01, and ***p-value < 0.001 using student’s t-test between groups as compared to Day 0 

(baseline). Pmol g-1: picomole/gram.  
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Figure 1A.4. Retinol levels in both LV (top) and RV (bottom) are unaffected by radiation.  

Retinol quantification in left and right ventricles after 12 Gy PBI/BM2.5 was performed by high performance 

liquid chromatography.  Radiation days after radiation dose are noted. Data are mean ± SEM. nmol g -1: 

nanomole/gram.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1A.5. Total retinyl ester (RE) levels in both LV (top) and RV (bottom) are unchanged by 

radiation.   

RE quantification in LV and RV after 12 Gy PBI/BM2.5 was performed by high performance liquid 

chromatography. Radiation days after radiation dose are noted. Data are mean ± SEM. *p-value < 0.05 and 

**p-value < 0.01 using student’s t-test between groups as compared to Day 0 (baseline). nmol g-1: 

nanomole/gram.  
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IPA upstream regulator analysis also identified proteins related to RA activity 

affected by radiation exposure (Figures 1A.6 and 1A.7), where a Benjamini-Hochberg 

corrected p-value < 0.05 was the criteria for inclusion. In the LV, sixteen proteins 

associated with RA activity were found to be significantly perturbed by radiation exposure, 

with seven upregulated and nine downregulated (Figure 1A.6). In the RV, 23 proteins 

associated with RA activity were found to be significantly perturbed by radiation exposure, 

with eighteen upregulated and five downregulated (Figure 1A.7). ADA was upregulated in 

both LV and RV. ACACB and COL3A1 were downregulated in LV and upregulated in 

RV.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1A.6. Proteins in LV regulated by RA and significantly perturbed by radiation exposure.  

Benjamini-Hochberg adjusted Fisher’s exact test p-value < 0.05 was criteria for inclusion. Red color indicates 

significant upregulation and green color indicates downregulation, with intensity of color corresponding to 

magnitude of regulation.  
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Figure 1A.7. Proteins in RV regulated by RA and significantly perturbed by radiation exposure.  

Benjamini-Hochberg adjusted Fisher’s exact test p-value < 0.05 was criteria for inclusion. Red color indicates 

significant upregulation and green color indicates downregulation, with intensity of color corresponding to 

magnitude of regulation.  

 

 

1A.4.6 Metabolites most changed after radiation.  

The heart metabolome was assessed via targeted, quantitative LC-MS/MS with the 

Biocrates AbsoluteIDQ p180 kit to identify metabolites that were altered in NHP LV and 

RV after radiation exposure. Metabolites in the following classes were quantified: 

acylcarnitines (AC), amino acids (AA), biogenic amines (BA), glycerophospholipids (PC), 

spingolipids (SM), and hexose. A total of 229 metabolite and metabolite combinations 

were analyzed in both LV and RV (Tables 4A.6 and 4A.7). MetaboAnalyst was used for 

multivariate analysis to identify metabolites that show significantly altered abundances. 

Heatmaps (Figures 1A.8 and 1A.9) and PLS-DA plots (Figure 1A.10) were able to 

distinguish between the baseline/non-irradiated and irradiated NHPs in both the LV and 

RV.   
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Figure 1A.8.  Hierarchical clustering displays statistical metabolite differences between irradiated and 

non-irradiated NHP LV.  

Heatmap displaying the top 25 metabolites based on t-test/ANOVA, Euclidean distancing, and Ward 

clustering, comparing metabolite profiles of LV at d0 (baseline) (red), d4 (green), d8-9 (blue), d11-12 (light 

blue), d15 (magenta), and d21-22 (yellow).  
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Figure 1A.9. Hierarchical clustering displays statistical metabolite differences between irradiated and 

non-irradiated NHP RV.  

Heatmap displaying the top 25 metabolites based on t-test/ANOVA, Euclidean distancing, and Ward 

clustering, comparing metabolite profiles of RV at d0 (baseline) (red), d4 (green), d8-9 (blue), d11-12 (light 

blue), d15 (magenta), and d21-22 (yellow).  
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Mulitivariate analysis with one-way ANOVA identified metabolites significantly 

altered expression as a result of radiation exposure, with a p-value < 0.05 and FDR < 5% 

as criteria for inclusion in Tables 1A.4 and 1A.5. In the LV, 18 metabolites and metabolite 

combinations were identified, including 1 acylcarnitine, 3 amino acids, 3 biogenic amines, 

and 6 glycerophospholipids (Table 1A.4). Most of these 18 metabolites decreased in 

response to radiation, except Val and lysoPC a C16:0 which reached peak levels at d 4 and 

d 8-9, respectively. Additionally, C9, t4-OH-Pro and SDMA/Arg levels initially decreased 

and began to return to baseline levels at d 15. In the RV, 22 metabolites and metabolite 

combinations were identified, including 3 acylcarnitines, 4 amino acids, 3 biogenic amines, 

and 7 glycerophospholipids (Table 1A.5). Most of these 22 metabolites decreased in 

response to radiation, except C5 which reached peak levels at d 8-9 and C5:1-DC and 

Orn/Arg which both reached peak levels at d 21-22, respectively. Also, PC aa C36:2 and 

Total PC aa both exhibited initial slight increases at d 4 but had an overall trend of 

decreased levels compared to baseline. Additionally, C9, His, and Ser levels initially 

decreased and began to return to baseline levels at d 15. 
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Figure 1A.10. PLS-DA plot comparing metabolite profiles of LV (top) and RV (bottom). 

Results for at d0 (red), d4 (green), d8-9 (blue), d11-12 (light blue, d15 (magenta), d21-22 (yellow). For LV, 

R2=0.99, Q2=0.65. For RV, R2=0.96, Q2=0.68. Each point represents a data set from an individual animal. 

The 95% confidence intervals are indicated by elliptical patterns per group. 
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Table 1A.4. Metabolites significantly changed by radiation in left ventricle.  

NHP were exposed to 12 Gy PBI/BM2.5. Metabolites assayed from NHP left ventricles at each time point 

(n) as follows: Day 0 (baseline), n=2; Day 4, n=4; Days 8-9, n=11; Days 11-12, n=7; Day 15, n=5; Days 21-

22, n=3. AC:Acylcarnitine. AA: Amino acids. BA: Biogenic amines. PC: Glycerophospholipids. 
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Table 1A.5. Metabolites significantly changed by radiation in right ventricle.  

NHP were exposed to 12 Gy PBI/BM2.5. Metabolites assayed from NHP right ventricles at each time point 

(n) as follows: Day 0 (baseline), n=2; Day 4, n=4; Days 8-9, n=11; Days 11-12, n=7; Day 15, n=5; Days 21-

22, n=3. AC: Acylcarnitine. AA: Amino acids. BA: Biogenic amines. PC: Glycerophospholipids. 
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1A.4.7 Metabolomic pathways altered by radiation.  

MetaboAnalyst Pathway Analysis was used to identify the pathways most impacted 

by radiation exposure in NHP LV and RV (Table 1A.6). Metabolite data from d 8-9 and d 

11-12 were grouped together to represent the irradiated NHP group and compared to 

baseline for pathway analysis in each ventricle. In the LV, 15 pathways were significantly 

affected by radiation, where 9 pathways were significantly affected by radiation in the RV. 

Of these pathways, five were altered in both LV and RV, including tryptophan metabolism, 

arginine biosynthesis, sphingolipid metabolism, histidine metabolism, and cysteine and 

methionine metabolism.  

 

Pathway   Hits  Raw p  Holm 

adjust 
 FDR  Impact 

 
Left ventricle           

Tryptophan metabolism  3 / 14  <0.005  0.0074  0.0074  0.3422 

Pantothenate and CoA 
biosynthesis  2 / 19  <0.005  0.0592  0.0263  0 

Arginine biosynthesis  7 / 14  <0.005  0.0773  0.0263  0.4822 

Valine, leucine and isoleucine 

degradation  3 / 40  <0.005  0.0970  0.0263  0 

Valine, leucine and isoleucine 

biosynthesis  4 / 8  <0.005  0.1459  0.0325  0 

Fatty acid degradation  1 / 39  <0.05  0.4380  0.0744  0 

Sphingolipid metabolism  2 / 14  <0.05  0.5363  0.0744  0 

Phenylalanine, tyrosine and 

tryptophan biosynthesis  2 / 4  <0.05  0.6877  0.0744  1 

Phenylalanine metabolism  2 / 14  <0.05  0.6877  0.0744  0.3571 

Tyrosine metabolism  3 / 14  <0.05  0.6877  0.0744  0.3803 

Aminoacyl-tRNA biosynthesis  19 / 14  <0.05  0.6877  0.0744  0.1667 

Ubiquinone and other terpenoid-

quinone biosynthesis  1 / 9  <0.05  0.6877  0.0744  0 

Histidine metabolism  5 / 14  <0.05  0.6877  0.0750  0.5000 

beta-Alanine metabolism  5 / 14  <0.05  0.7615  0.0816  0.1119 

Cysteine and methionine 

metabolism  2 / 33  <0.05  1.0000  0.1265  0.1263 

 

Right ventricle            

Tryptophan metabolism  3 / 14  <5x10-7  1.15x10-5  1.15x10-5  0.3422 

Arginine biosynthesis  7 /14  <0.005  0.1004  0.0515  0.4822 

Glycine, serine and threonine 

metabolism  4 /33  <0.05  0.5842  0.1070  0.5558 

Sphingolipid metabolism  2 /21  <0.05  0.6021  0.1070  0 

Histidine metabolism  5 /16  <0.05  0.6246  0.1070  0.5000 

Cysteine and methionine 
metabolism  2 /33  <0.05  0.6380  0.1070  0.1263 

beta-Alanine metabolism  5 /21  <0.05  0.6380  0.1070  0.1119 

Arginine and proline metabolism  7 /38  <0.05  0.9409  0.1433  0.4273 

Glyoxylate and dicarboxylate 
metabolism  4 /32  <0.05  1  0.20352  0.14815 

Table 1A.6. Pathway 

analysis of metabolites 

affected by radiation in left 

and right ventricles.  

Criteria for inclusion were p-

value <0.05.  Hits refers to the 

number of matched 

metabolites from the uploaded 

data, over the total number of 

compounds in the pathways. 

Raw p is the original p value 

calculated from the 

enrichment analysis. Holm p 

is the p value adjusted by 

Holm-Bonferroni method. 

The FDR p is the p value 

adjusted using False 

Discovery Rate. Impact is the 

pathway impact value 

calculated from pathway 

topology analysis. Results 

were normalized via 

Autoscaling (mean-centered 

and divided by the standard 

deviation of each variable). 

Pathway Enrichment Analysis 

was Global Test. Pathway 

Topology Analysis was 

Relative-betweenness 

Centrality. Pathway library 

was Homo sapiens (KEGG).   
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1A.5 DISCUSSION 

In this study, the left (LV) and right ventricle (RV) NHP proteome and metabolome 

were quantitatively profiled following PBI/BM2.5 at 12 Gy over three weeks. Sampling 

included NHP tissue at timed euthanasia as planned at d 4, 8, 15, and 21 after radiation, 

and from NHP that were euthanized for cause according to pre-defined euthanasia criteria. 

Previous publications have described this PBI model and the analysis of resulting tissue 

injury (158, 323, 354-357, 359, 361-366, 404). We sought to further characterize the 

natural history of radiation-induced injury in NHP via determination of differential protein 

and metabolite expression in heart. Additionally, we considered the proteins and 

metabolites yielded by our data toward supporting efforts to identify exposed populations 

and may be useful during drug development under the FDA Animal Rule or could inform 

on medical management of radiation-induced injuries post-exposure. Through our multi-

omic analysis, we identified the pathways most affected by radiation exposure in both the 

left and right ventricles. The proteomic and metabolomic data from irradiated NHP LV and 

RV reported here show some similarities in the canonical pathways dysregulated in 

irradiated NHP plasma and jejunum, as well as murine models of lung and ileum 

irradiation, as previously reported by us (158, 159, 218, 339).  

Liver X receptor/retinoid X receptor (LXR/RXR) signaling is important for 

regulating lipid and glucose metabolism, inflammation, and cholesterol homeostasis (249). 

Activation of LXR/RXR is important for myocardial protection in various diseases, such 

as atherosclerosis, hypertension and diabetes, and dysregulated LXR/RXR activation is 

associated with heart disease (249-252).  In this study, LXR/RXR was upregulated in RV, 
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but downregulated in LV. Of the proteins involved in LXR/RXR signaling, LPA, SAA1, 

and S100A8 significantly altered in both LV and RV. LPA, a low-density lipoprotein 

variant, contributes to atherogenesis and atherosclerosis (405, 406). Greater LPA levels are 

directly associated with greater risk of coronary heart disease (407). SAA1 is an 

apolipoprotein of the HDL complex, which increases in response to infection, trauma, 

inflammatory and immune diseases, and neoplasia (408). SAA1 levels are elevated in 

patients who suffered myocardial infarction and is a prognostic factor for unstable angina 

and myocardial damage (409). The increase in SAA1 levels are consistent with our 

previous studies of NHP irradiation in plasma and jejunum (158, 218) and has been 

identified as a potential biomarker of radiation (410, 411). S100A8 regulates inflammatory 

and immune responses through heterodimerizing with S100A9 (412). While the specific 

role of S100A8/A9 in the heart is unknown, this complex is a biomarker of cardiovascular 

disease (412, 413). APOD and FASN are both RA-related genes (Figure 1A.4) involved in 

LXR/RXR activation that were also shown to be downregulated in LV (Table 1A.1). 

APOD is a widely produced glycoprotein with cardioprotective activity, likely through the 

prevention of cardiomyocyte injury (414, 415). FASN catalyzes palmitate synthesis during 

fatty acid synthesis and is shown to be increased in heart failure (416-418). 

Acute phase response signaling rapidly responds to a variety of inflammatory 

stimuli including infection, tissue injury, trauma, and immunological disorders, and was 

upregulated in RV following irradiation (419). Of all the proteins identified as members of 

the acute phase response signaling pathway, only RAP2B was not seen in irradiated NHP 

ileum and plasma (158, 218). RAP2B stimulates vascular smooth muscle cell migration as 

part of arteriogenesis (420). Activation of both the LXR/RXR and acute phase response 
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pathways in the RV is consistent with previously reported data from both NHP and murine 

models of irradiation (158, 159, 218, 339). Coagulation system pathway was activated in 

LV, as seen in previous reports of NHP plasma irradiation (218).  

RA is the active metabolite of Vitamin A and a master regulator of gene expression 

through ligand-activated control of transcription mediated through the nuclear receptors 

retinoic acid receptor (RAR) and retinoid X receptor (RXR) (388, 389). In the heart, RA 

kevels are essential for proper development and function (116-119). Dysregulated RA 

levels in the heart have been associated with heart disease (198-201). In this study, RA 

levels were decreased by 60% and 57% in the left and right ventricles, respectively, three 

weeks after radiation exposure (Figure 1A.3). This decrease in heart RA levels is similar 

to the decrease in RA that was observed in Rbp1 global knockout mice, an animal model 

of dysregulated RA biosynthesis, compared to wild-type mice (48, 49, 421).  

RA levels are tightly regulated to maintain proper cell function, so the decreased 

levels of RA following radiation exposure represent significant dysregulation in RA 

homeostasis and, therefore, disrupted essential nutrient homeostasis (125, 422). Retinoic 

acid metabolic process showed 44-fold enrichment in RV (Table 1A.3). RA is 

biosynthesized by a two-step enzymatic conversion of vitamin A (retinol). Retinol 

dehydrogenases catalyze the first rate-limiting oxidation of diet-derived retinol to retinal 

(125). Of the retinol dehydrogenases, only ADH7 was significantly affected by irradiation 

and was only seen in irradiated RV samples. There were no significant changes in retinol 

levels after irradiation in either LV or RV (Figure 1A.4). Retinal reductases counterbalance 

retinol dehydrogenases by catalyzing the conversion of retinal to retinol and none were 
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found to be significantly altered after irradiation. RDH14, a retinal reductase previously 

known as PAN2, was significantly upregulated in the RV (423). The ALDH1A family of 

retinal dehydrogenases catalyzes the second step of RA biosynthesis, the irreversible 

oxidation of retinal to RA (125). ALDH1A1 was significantly downregulated in the LV, 

while ALDH1A2 was significantly upregulated in both the LV and RV. Retinol-binding 

proteins protect retinoids from non-specific oxidation and facilitate their transport and 

metabolism (1, 125). RBP1, the main intracellular chaperone for retinol and retinol, 

showed decreased expression in the LV and increased expression in the RV. RBP4, which 

facilitates vitamin A uptake, had significantly decreased expression only in LV. RA can 

also be derived by the cleavage of beta-carotene, which is cleaved symmetrically by BCO1 

to two molecules of retinal (424). However, BCO1 is not expressed in adult hearts, unlike 

BCO2, which mediates the asymmetric cleavage of beta-carotene, resulting in apo-

carotenals (425). BCO2 was significantly altered by radiation, downregulated in the LV 

and upregulated in the RV. Asymmetric cleavage by BCO2 protects mitochondria from the 

toxic effects of oxidative stress caused by excess carotenoids, which is seen in various 

diseases including metabolic disorders and cancer (426-430). 

IPA upstream regulator analysis identified 16 proteins in the LV and 23 proteins in 

the RV that were associated with retinoic acid activity and were significantly perturbed 

after irradiation (Figure 1A.6 and 1A.7). Adenosine deaminase (ADA) was upregulated in 

both LV and RV. Adenosine serves as a cardioprotective agent through coronary 

vasodilation and inhibition of platelet and neutrophil activity, and ADA activity may be 

useful as a biomarker of chronic heart failure severity (431, 432). ACACB and COL3A1 

were downregulated in LV and upregulated in RV.  ACACB, also known as ACC2, is 
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involved in fatty acid oxidation through production of malonyl CoA and a cardiac-specific 

deletion of ACAB was shown to prevent metabolic remodeling that occurs during the 

development of pressure-overload hypertrophy (433). In the injured heart, such as after a 

myocardial infarction, ventricular remodeling occurs. As remodeling continues in the LV, 

collagen type III is replaced with collagen type I, which leads to increased stiffness and LV 

systolic dysfunction (434, 435).  

Myocardial remodeling pathways were disrupted in both LV and RV. LV showed 

13-fold and 20-fold enrichment of actin cytoskeleton reorganization and actomyosin 

structure organization, respectively (Table 1A.3) and significantly downregulation of actin 

cytoskeleton signaling (Table 1A.1). RV showed 53-fold enrichment of extracellular fibril 

organization (Table 1A.3). Myocardial remodeling and fibrosis are common side effects of 

radiation exposure, as seen in multiple murine and NHP radiation models (326, 364, 383-

386, 436). Myocardial remodeling occurs after injury and proper cardiac remodeling 

depends on RA signaling affecting the RhoA and renin-angiotensin systems (RAS) (117, 

193, 204, 437). Altered RA levels can impact heart remodeling after injury in several ways 

(201, 438). For example, activation of epicardial gene expression and RA signaling in the 

heart are required for heart repair in zebrafish (439). However, if left unchecked, cardiac 

remodeling can lead to hypertrophy and subsequent heart failure (204). Multiple proteins 

from the RhoA and RAS systems were significantly altered in response to radiation 

exposure. In LV, COL3A1, COL14A1, MYL4 and MYL7 were downregulated (Figure 

1A.1). In RV, COL1A1, COL3A1, COL 4A1, COL16A1, MYH2, MYH14, and MYH15 

were all upregulated (Figure 1A.2).  
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The heart requires large amounts of energy to function properly, and obtains most 

of its ATP from fatty acid β-oxidation (440). Excess fatty acid availability causes metabolic 

stress and leads to lipotoxic cardiomyopathy (441). Fatty acid metabolism was affected by 

radiation in both LV and RV. FASN was downregulated (Table 1A.1) and the fatty acid 

degradation pathway was significantly impacted (Table 1A.6) post-irradiation in LV. In 

the RV, the long-chain fatty-acid catabolic process had 59-fold enrichment post-irradiation, 

attributed to upregulation of LIPE and ACADL (Table 1A.3). LIPE, hormone-sensitive 

lipase, contributes to cardiac lipid metabolism and disrupted LIPE levels correlate with 

cardiac lipotoxicity (441).  ACADL is a member of the acyl-CoA dehydrogenase family 

that catalyzes the first step of mitochondrial fatty acid β-oxidation (442). Studies in mice 

and humans with deficient ACADL show increased cardiomyopathy (442, 443). The 

transport of acylcarnitine esters into the mitochondria for subsequent fatty acid β-oxidation 

was also disrupted as evident by decreased levels of various acylcarnitines; C9 in LV and 

C5, C5:1-DC, and C9 in RV (Tables 1A.4 and 1A.5). No proteins related to carnitine 

transport or biosynthesis were significantly affected due to radiation exposure in either LV 

or RV.  

Of the amino acids quantified, citrulline and metabolite combinations containing 

citrulline (Cit / Arg and Cit / Orn) were some of the most significantly impacted by 

radiation exposure in both LV and RV. Citrulline is the natural precursor of arginine, which 

is necessary for the production of nitric oxide (NO) via nitric oxide synthase (444). 

Improved NO production improves cardiovascular function in various cardiovascular 

diseases, including hypertension and heart failure (444). The downregulation of citrulline 
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at all timepoints was also seen in gastrointestinal models of murine and NHP irradiation 

(359, 445).  

Pathway analysis performed by MetaboAnalyst software identified 15 metabolite 

pathways in the LV and nine metabolite pathways in the RV that were significantly altered 

post-irradiation (Table 1A.6). Most identified pathways involved amino acid metabolism, 

biosynthesis, and degradation; with five metabolite pathways common among both LV and 

RV: tryptophan metabolism, arginine biosynthesis, sphingolipid metabolism, histidine 

metabolism, and cysteine and methionine metabolism (Table 1A.6). Tryptophan 

metabolism was the most significantly affected pathway in both LV and RV, based on p-

value. Tryptophan, along with other aromatic amino acids, is not metabolized by a healthy 

heart and provides a marker of protein flux (246). Histidine was one of the few amino acids 

that was significantly downregulated in both LV and RV, and histidine metabolism was 

affected post-irradiation in both LV and RV. Histidine, along with arginine, alanine, 

aspartate, glutamate, and glutamine, are utilized by the oxygen-limited heart for energy 

(246). Studies have shown that branched-chain amino acid metabolism is impaired in heart 

disease (247, 248). Of the BCAA, only valine was significantly decreased in the LV and 

pathways regulating valine, leucine, and isoleucine degradation and biosynthesis were only 

dysregulated in the LV.  

While no individual SM were identified as significantly changed (Tables 1A.4 and 

1A.5), the sphingolipid metabolism pathway was significantly impacted in response to 

irradiation (Table 1A.6). Dysregulated sphingolipid levels are associated with various 

cardiovascular diseases, including coronary artery disease and atherosclerosis (446-450). 



 

197 

 

Some sphingolipids are also being studied as potential biomarkers of cardiovascular 

disease (451-453). 

This study has highlighted a clear difference in early radiation injury between the 

LV and RV. The majority of significantly altered proteins in LV were downregulated 

compared to baseline (Table 1A.1), whereas the majority of significantly altered proteins 

in RV were upregulated compared to baseline (Table 1A.2), including many of the top 

affected proteins, including LPA, SAA1, S100A8, BCO2, COL3A1, and COL4A1. The 

upregulation of significantly altered proteins seen in RV is consistent with previous reports 

of NHP irradiation in jejunum and plasma from our group (158, 218). These differences 

indicate a difference in the pathology of radiation-induced injury in the heart ventricles. 

Differences in the LV and RV are also seen in a variety of cardiovascular diseases. LV 

hypertrophy (LVH) is the heart’s adaptive response to hypertension consisting of 

myocardial remodeling and fibrosis (454). LVH presents clinically as ischemia, ventricular 

arrhythmias, and diastolic dysfunction, and leads to increased risk of coronary heart 

disease, sudden death, heart failure, and stroke (454). Previous studies have shown that LV 

fibrosis and LV end-diastolic pressure are impacted by radiation exposure (326, 386, 455, 

456). Interestingly, transient right ventricular hypertrophy has been seen in rat models of 

thoracic radiation (326, 457). Further studies exploring changes in ventricle weight over a 

variety of time-points are necessary to determine the immediate and delayed effects of 

radiation-induced heart injury.  
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1A.6 CONCLUSION 

In summary, we used a mass spectrometry-based proteomics and metabolomics 

approach to interrogate the left and right ventricle in order to characterize the natural 

history of the NHP PBI/BM2.5 model. Radiation exposure is linked with delayed cardiac 

disease, and these data are useful in identifying potential initiating events of radiation-

induced heart injury. Proteins and metabolites related to inflammation, energy metabolism, 

and myocardial remodeling were dysregulated. The most significantly altered pathways 

included LXR/RXR activation, acute phase response, RA metabolism and signaling, 

cytoskeletal and extracellular reorganization, fatty acid β-oxidation, and amino acid 

metabolism. In response to radiation exposure, the majority of significantly altered LV 

proteins were downregulated, but the majority of significantly altered RV proteins were 

upregulated compared to baseline levels. This observation indicates clear differences 

between the pathology of radiation-induced injury in the LV and RV. This multi-omic 

study characterizes the natural history and molecular mechanisms of radiation-induced 

heart injury in NHP exposed to PBI with minimal bone marrow sparing. 
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Appendix 2. Characterization of biomarkers for oxidative stress and 

toxicity in a post-market study of Ferrlecit and generic sodium ferric 

gluconate in healthy volunteers  

2A.1 ABSTRACT 

The use of parenteral iron complex products has been associated with excess labile 

(or free) iron, leading to increased oxidative stress, lipid peroxidation, DNA damage and 

inflammation. Forty-four healthy volunteers participated in a randomized, open-label, 

fasted two-way, two period cross-over bioequivalence study for reference listed drug, 

Ferrelecit, and generic sodium ferric gluconate (SFG) products. This paper explores the 

secondary outcomes of this study, to identify possible additional safety considerations by 

examining potential plasma biomarkers of oxidative stress (HO-1 and GSH/GSSG), 

inflammation (CRP, MCP-1, TNF- α, IL-1 β, IL-6, and IL-10), lipid peroxidation (MDA), 

and nitric oxide synthase activity (citrulline). Plasma samples were collected in EDTA-

containing tubes at 0, 2, 8, 24, and 36 hours after reference listed drug or generic sodium 

ferric gluconate product treatment. The 2-hour timepoint was chosen for additional 

statistical analysis because most of the tested markers reached their greatest change from 

baseline at this time. Further studies with end-stage renal disease or chronic kidney disease 

patients are needed to provide further information about the usefulness of these biomarkers 

when comparing reference listed drug and brand SFG products.  

Index words: 

Sodium ferric gluconate, biomarkers, oxidative stress, inflammation, intravenous iron  
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2A.2 INTRODUCTION 

Patients with advanced chronic kidney disease often have iron deficiency anemia 

(IDA) and require iron supplementation.(458, 459) Oral iron supplements, while a simple 

and inexpensive treatment approach, have poor intestinal absorption and cause a high rate 

of gastrointestinal adverse events (AEs).(460) To circumvent these issues, parenteral iron 

drugs have become the standard in treating IDA.  

However, the use of parenteral iron complex products has been associated with an 

increase in non-transferrin-bound iron (NTBI).(458, 460) Normally, >95% of iron in the 

body is protein bound and the major form of non-heme iron in plasma is transferrin-bound 

iron (TBI).(461, 462) When the normal occupancy of serum transferrin is exceeded in cases 

of iron overload, the resulting “free” or “labile” pool of iron that is bound to ligands other 

than transferrin (NTBI) is increased. An increase in NTBI is considered a marker of iron 

toxicity.(462)  Excess labile iron can lead to the generation of reactive oxygen species 

(ROS) and oxidative stress, lipid peroxidation, DNA damage, and inflammation.(461, 463) 

Increases in NTBI likely arise from both an oversaturation of transferrin after 

reticuloendothelial processing of the iron complex product and from direct donation of iron 

from the iron complex product to transferrin.(463-465) Smaller molecular weight iron 

products, like sodium ferric gluconate (SFG), have been associated with greater increases 

in NTBI than larger molecular weight iron products, like iron dextran.(466) The 

physicochemical properties and the impact that variations in the structure of reference 

listed drug (RLD) and generic sodium ferric gluconate products may have on the lability 

of iron and the potential to increase in NTBI, were explored by Brandis et al.(467) 

However, indices to quantify the impact of increased NTBI and potential subsequent 
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increased oxidative stress after parental iron complex product administration are not well 

defined.   

We recently completed a phase IV study of Ferrlecit versus generic sodium ferric 

gluconate (NCT02399449). The primary outcome was to assess the bioequivalece of 

generic SFG against Ferrlecit, based on drug bound iron (DBI). Other iron species were 

also quantified and compared [i.e. total iron (TI), transferrin bound iron (TBI), 

nontransferrin bound iron (NTBI), and LI]. Generic was found to be non-inferior to 

brand..(468) The secondary outcomes of this clinical study are presented in this paper and 

include the investigation of the utility of various biomarkers for oxidative stress and 

toxicity to inform on generic and RLD sodium ferric gluconate products. This study was 

an exploratory effort to characterize biomarkers for toxicity related to labile iron and will 

contribute to the definition of which biomarkers are informative for this drug class. 

 

2A.3 METHODS 

2A.3.1 Study Design.  

The study was a in vivo study in healthy males and females. It was a randomized, 

open-label, fasted two-way, two period cross-over bioequivalence study in n=44 healthy 

subjects. The primary outcome of clinical trial was bioequivalence of generic against brand 

with respect to NTBI. Secondary outcome was to provide evidence for consideration of 

possible additional safety measures. Plasma samples for the secondary measures were 

collected in EDTA-containing tubes at 0, 2, 8, 24, and 36 hours after RLD or generic SFG 

product treatment. All values were baseline corrected prior to data analysis. 
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2A.3.2 Biomarkers of Oxidative Stress. 

  Heme oxygenase 1 (HO-1). Plasma HO-1 levels were measured by ELISA with a 

commercially available kit (Human Heme Oxygenase 1 ELISA kit; ab207621; Abcam; 

Cambridge, MA, USA). HO-1 levels were quantified by absorbance at 450 nm according 

to a calibration curve generated from HO-1 protein standards on a BMG Polarstar plate 

reader.  

Glutathione (GSH) and glutathione disulfide (GSSG). Plasma GSH and GSSG 

levels were quantified by LC-MS/MS using a method adapted from Moore et al(469) and 

Harwood DT et al.(470) Aliquots of plasma (50 μL) were subjected to a one-step 

deproteinization and derivatization with N-ethylmaleimide (NEM) that prevents the 

artifactual oxidation of GSH. Stable-isotope internal standards (GSH-13C2,
15N; GSSG-d10) 

were used. GSH and GSSG derivatives were separated on a porous graphitic carbon 

stationary phase (Hypercarb, 2.1 x 50 mm, 3 μm; Thermo Scientific) with an 

acetonitrile/water/0.5% formic acid gradient, ionized using positive ion electrospray 

ionization, and detected by multiple reaction monitoring (MRM) on a TSQ Altis triple 

quadrupole mass spectrometer (Thermo Scientific, San Jose, CA)  with the following 

transitions: GSH-NEM, m/z 433→304 (quantifier ion), m/z 433→201 (qualifier ion); 

GSSG, m/z 613→355 (quantifier ion), m/z 613→484 (qualifier ion); GSH-13C2,
15N-NEM 

m/z 436→307 (IS); GSSG-d10m/z 623→489 (IS). Data will be expressed as the ratio of 

GSH/GSSG.  
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2A.3.3 Biomarkers of Inflammation.  

Plasma c-reactive protein (CRP) levels were measured by ELISA. Plasma MCP-1, 

TNF-α, IL-1β, IL-6, and IL-10 levels were measured by multiplexed Luminex 

immunoassay. Cytokine analysis was performed by the University of Maryland Cytokine 

Core Laboratory.  

2A.3.4 Biomarker of Lipid Peroxidation. 

Malondialdehyde (MDA). Plasma MDA levels were quantified by LC-MS/MS 

using a method adapted from Sobsey et al. and Mateos et al..(471, 472) Aliquots of 50 µL 

human plasma were hydrolyzed with 10µL 6M NaOH at 60 °C for 30 min. Then, the 

protein was precipitated with 180 µL 20% (w/v) trichloroacetic acid (TCA). After 

centrifugation, 50 µL aliquots of supernatant were added to 50 µL 100M 3-

nitrophenylhydrazine hydrochloride (3-NPH) in 1.5-mL tubes and incubated at room 

temperature protected from light. 50 µL reaction mixture was mixed with 50 µL 1 µM 13C6-

3-NPH-MDA (internal standards), and 5 µL of this solution was injected onto a Dionex 

Ultimate 3000 RSLC system with an ACQUITY UPLC BEH C18 Column (2.1 mm X 50 

mm, 1.7 µm, Waters). Samples were isocratically eluted with a mixture of water and 

acetonitrile (50:50, v/v) at a flow rate of 0.4 mL/min at 30 °C and detected by a TSQ Altis 

triple quadrupole mass spectrometer with the following transitions: MDA-3-NPH, m/z 

190→144 (quantifier ion), m/z 190→177 (qualifier ion); MDA-13C6-3-NPH, 196→150 

(IS).  
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2A.3.5 Biomarker of Nitric Oxide Synthase Activity.  

Citrulline. Plasma citrulline levels were measured by LC-MS/MS assay, as 

described previously.(473) Briefly, d4-citrulline was used as a stable-isotope internal 

standard. Citrulline was extracted from 50 μL of human plasma using protein precipitation 

with acetonitrile, separated using a Kinetex HILIC column (4.6x100mm 2.6 μm; 

Phenomenex) using a Dionex UltiMate 3000 UHPLC. Citrulline is ionized using positive 

ion ESI and detected using a Thermo Quantum Ultra triple stage quadrupole mass 

spectrometer with the following MRM transitions: citrulline, m/z 176.1→70.1 (quantifier) 

and 176.1→159.1 (qualifier); d4-citrulline, m/z 180.1→74.1 (IS).  

2A.3.6 Statistical Analysis.  

Baseline was defined as the measurements at time 0 hour, before either RLD or 

sodium ferric gluconate product was administered. All data was baseline corrected. Data is 

presented as a time course of the mean ± SEM values for each biomarker. Further statistical 

analysis was performed at the timepoints of maximum difference from baseline, which was 

at 2 hours post-treatment for most biomarkers. Paired, two-sided t tests were used to 

compare plasma levels of each biomarker at 2 hours after RLD and sodium ferric gluconate 

treatments, with p<0.05 considered statistically significant.  

2A.4 RESULTS 

These results represent the secondary outcomes of bioequivalence study of generic 

sodium ferric gluconate against Ferrlecit based on drug bound iron: a post-market study 

considering iron speciation in healthy volunteers(468). The objective was to evaluate the 

utility of various biomarkers to inform on generic and RLD sodium ferric gluconate 
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products. Potential biomarkers were selected to characterize the extent of oxidative stress, 

as well as the impact of oxidative stress on key signaling pathways, including 

inflammation, lipid peroxidation, and nitric oxide synthase activity. This study was an 

exploratory effort to characterize biomarkers for toxicity related to labile iron and will 

contribute to the definition of which biomarkers are informative for this drug class. 

2A.4.1 Biomarkers of Oxidative Stress  

Parenteral iron complex products have been associated with an increase in NTBI, 

which can lead to the generation of reactive oxygen species and oxidative stress.(461, 463) 

Heme oxygenase 1 (HO-1) and the GSH/GSSG ratio were chosen as biomarkers for 

monitoring oxidative stress. HO-1 is a cytoprotective stress response protein, which 

increases in response to oxidative stress. Glutathione (GSH) is an antioxidant that is 

oxidized to GSSG under conditions of free radical accumulation, so the ratio of 

GSH/GSSG is decreased in response to oxidative stress. The mean ± SEM time course for 

both HO-1 and ratio GSH/GSSG did not differ between RLD and generic SFG infusions 

(Figure 2A.1). At 2-hours post infusion, there was no significant difference between either 

HO-1 or GSH/GSSG between RLD (maybe use brand in place of RLD?) and generic 

infusions (Table 2A.1). Some data points for HO-1 and GSH/GSSG were statistically 

different from baseline and are notated in Figure 2A.1.  



 

206 

 

 

Figure 2A.1. Time course of biomarkers of oxidative stress.  

Comparison of mean (± SEM) time course of RLD (red) and generic (blue) sodium ferric gluconate for (A) 

HO-1 (n=44) and (B) ratio of GSH/GSSH (n=43). * Indicates significant difference between brand and 

generic mean values at designated time point (p < 0.05 using student’s t-test). † Indicates significant 

difference in mean (± SEM) brand data at designated time point compared to baseline value (p < 0.05, using 

student’s t-test). ‡ Indicates significant difference in mean (± SEM) generic data at designated time point 

compared to baseline value (p < 0.05, using student’s t-test).  

 

2A.4.2 Biomarkers of Inflammation 

The reactive oxygen species caused by an increase in NTBI can also lead to 

increased inflammation. A variety of pro-inflammatory cytokines (MCP-1, TNF-α, IL-1β, 

IL-6, and IL-10) and c-reactive protein (CRP) were chosen as biomarkers to monitor 

inflammation in response to RLD or generic SFG treatment. An increase in CRP will 

indicate greater inflammation as will an increase in cytokines. The mean ± SEM time 

course for MCP-1, TNF-α, CRP, IL-1β, IL-6, and IL-10 is shown in Figure 2A.2. At 2-

hours post infusion, there was a significant increase in measured MCP-1 and TNF-α from 

baseline as well as a difference between RLD and generic infusions (Table 2A.1). Both 

MCP-1 and TNF-α decreased significantly at 6h. TNF-α returned to baseline more rapidly 

for generic with TNF-α levels remaining elevated through 24h for RLD. CRP trends higher 

for RLD at 24h and 36h as compared to generic which remained similar to baseline. CRP 

was evaluated for statistical differences between generic and RLD but did not reach 
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significance (p=0.21, 36 hours). IL-6 had a number of timepoints that were significantly 

elevated as compared to baseline for both RLD and generic SFG. There were no differences 

between RLD and generic, however, at 2h the difference in IL-6 between RLD and generic 

SFG was close to significance (p=0.059, 2 hours). IL-10 also had a number of timepoints 

that were significantly elevated as compared to baseline for both RLD and generic SFG as 

well as two points where RLD was elevated as compared to generic (8 hours and 24 hours).  

 

Figure 2A.2. Time course of biomarkers of inflammation.  

Comparison of mean (± SEM) time course of RLD (red) and generic (blue) sodium ferric gluconate (blue) 

for (A) MCP-1, (B) TNF-α, (C) CRP, (D) IL-1β, (E) IL-6, and (F) IL-10 (n=44). * Indicates significant 

difference between brand and generic mean values at designated time point (p < 0.05 using student’s t-test). 

† Indicates significant difference in mean (± SEM) brand data at designated time point compared to baseline 

value (p < 0.05, using student’s t-test). ‡ Indicates significant difference in mean (± SEM) generic data at 

designated time point compared to baseline value (p < 0.05, using student’s t-test) 
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2A.4.3 Biomarker of Lipid Peroxidation 

The reactive oxygen species caused by an increase in NTBI can also lead to 

increased lipid peroxidation. Malondialdehyde (MDA) is a byproduct of lipid 

peroxidataion, where an elevation of MDA will indicate greater oxidative stress. The mean 

± SEM time course for MDA is shown in Figure 2A.3a. Lipid peroxidation (MDA) 

increased from baseline at 2h and remained elevated through 24h before returning to 

baseline. There was no significant difference in MDA between measured values between 

RLD and generic infusions at 2 hours or any other timepoint (Table 2A.1, Figure 2A.3a).  

 

Figure 2A.3. Time course of biomarkers of lipid peroxidation and nitric oxide synthase activity.  

Comparison of mean (± SEM) time course of RLD (red) and generic (blue) sodium ferric gluconate for (A) 

MDA and (B) citrulline (n=44). † Indicates significant difference in mean (± SEM) brand data at designated 

time point compared to baseline value (p < 0.05, using student’s t-test). ‡ Indicates significant difference in 

mean (± SEM) generic data at designated time point compared to baseline value (p < 0.05, using student’s t-

test) 

2A.4.4 Biomarker of Nitric Oxide Synthase Activity  

Iron overload has been shown to decrease NO(474) and oxidative stress has been 

shown to decrease the activity of nitric oxide synthase.(475) Nitric oxide synthase catalyzes 

the conversion of L-arginine to nitric oxide where citrulline is a metabolic by-product; 

citrulline can be used as a surrogate of nitric oxide synthase activity. A reduction in 

citrulline will indicate greater oxidative stress. The mean ± SEM time course for citrulline 
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is shown in Figure 2A.3b. NOS activity as reflected by citrulline levels, decreased 

transiently, but significantly, at 2h before returning to baseline. There is no significant 

difference in citrulline between measured values between RLD and generic infusions 

(Table 2A.1).  

Table 2A.1. Comparison of baseline corrected mean (± SEM) at 2-hour time point for RLD and 

generic sodium ferric gluconate (SFG). 

 

 

N=44 
a 40% of measured values below limit of detection (0.64 pg/mL) 
b 80% of measured values below limit of detection (0.64 pg/mL) 
c Largest change from baseline occurred at 36 hours, not 2 hours  
d N=43. Subject 022 (RLD) and Subject 23 (SFG) excluded because no baseline data available for baseline 

correction.   
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2A.5 DISCUSSION 

The use of parenteral iron complex products has been associated with an increase 

in NTBI, which is considered a marker of iron toxicity.(461-463) The measured total and 

drug-bound iron reached Cmax < 1 hour.(468) Excess labile iron can lead to the generation 

of ROS and oxidative stress, lipid peroxidation, DNA damage, and inflammation.(461, 

463) By measuring the levels of biomarkers for oxidative stress, inflammation, lipid 

peroxidation, and nitric oxide synthase activity, we systematically evaluated a panel of 

potential biomarkers in order to identify which biomarkers and collection times could be 

most informative for this class of IV iron nanoparticle drugs.  

Also, of the patients that experienced a notable adverse event, 100% had at least 

one adverse event occur within 2 hours of receiving the treatment.(468)   

HO-1 and the GSH/GSSG ratio were measured as markers of oxidative stress (Figure 

2A.1). Fe-sensitive HO-1 is a stress response protein that is cytoprotective through its 

ability to catalyze the NADPH-dependent decomposition of heme to carbon monoxide, 

ferrous iron, and biliverdin. HO-1 activity decreases heme levels, where HO-1 is the rate 

limiting step in heme degradation. Heme is a potent catalyst of oxygen radical formation 

and lipid peroxidation. HO-1 expression is upregulated in response to oxidative injury and 

is regarded as a highly sensitive and reliable biomarker for cell oxidative stress status.(476, 

477) Plasma HO-1 has been reported to be elevated in numerous conditions of oxidative 

stress and has been shown to be positively correlated with lipid peroxidation and DNA 

damage.(478, 479) Other work has shown parenteral iron formulations stimulated redox-

sensitive renal signaling including an elevation in HO-1.(458) Glutathione is an 

endogenous antioxidant that plays a key role in protecting normal tissue against oxidative 
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stress.(480) Free glutathione is present mainly in its reduced form (GSH) and under 

conditions of free radical accumulation can be oxidized to GSSG. The ratio of GSH/GSSG 

decreases in response to oxidative stress and reflects GSSG release from liver into the 

blood.(480) Studies have shown GSH is the main and fastest responding antioxidant 

biomarker in response to iron overload in liver.(481) Comparative analysis of GSSG levels 

from both rodent and human shows blood glutathione status (GSH/GSSG ratio) is an 

accurate and early marker for oxidative stress.(481) Previous clinical trials have also shown 

decreased GSH levels in response to intravenous iron drugs, with the maximum decrease 

occurring within 3 hours of drug infusion.(482) Additionally, a long-term study of 

hemodialysis patients, showed patients receiving intravenous iron treatment had a 

significant decrease in GSH/GSSG ratio, compared to no change in GSH/GSSG ratio for 

patients no receiving IV iron, after 12-weeks of treatment.(483) Overall, plasma HO-1 and 

the plasma GSH/GSSG ratio only had modest, albeit significant, deviations from baseline 

at some timepoints in the healthy patient populations assayed here as a marker of oxidative 

stress. HO-1 and GSH/GSSG should be further investigated in patient populations (e.g., 

CKD with iron deficiency anemia) which may differ in response as compared to the healthy 

population.  

Cytokines are rapidly responding and associated with inflammation.(484)  MCP-1, 

TNF-α, IL-1β, IL-6, IL-10, and CRP were measured as markers of inflammation, and an 

increase in their levels indicates an increase in inflammation. Pro-inflammatory cytokines 

have been shown to be increased after intravenous iron complex product administration, 

with IL-6 showing the most robust response, specifically in end-stage renal disease (ESRD) 

patients. TNF-α and MCP1 have also been reported to be elevated after iron complex 
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product administration.(458, 463)  Of the markers for inflammation that were measured 

(Figure 2A.2), TNF- and MCP-1 had the largest changes from baseline in this healthy 

patient population . At the 2-hour time point, both TNF- and MCP-1 showed significantly 

increased values after both RLD and generic SFG infusions, compared to baseline (Figure 

2A.2). This result is consistent with previous reports of the elevation of  MCP-1 and TNF-

α after iron complex product administration.(458, 463) Of all biomarkers included in this 

study, only MCP-1 (p=0.001) and TNF- (p=0.002) showed statistically significant 

different levels between brand and generic at 2-hours (Table 2A.1), with brand having 

higher levels of the inflammatory biomarkers. An additional inflammatory cytokine of note 

was IL-6. IL-6 levels remained elevated 36-hours post infusion of both RLD and generic 

SFG drugs, whereas the remaining inflammatory biomarker levels returned to baseline by 

that time point. While IL-6 does trend towards significantly different values between brand 

and generic SFG at 2-hours post drug treatment (p=0.059), 40% of the measured values 

were below the limit of detection for the Luminex assay (0.64 pg/mL), therefore further 

studies are necessary to determine the utility of this cytokine. IL-10 and IL-1 have both 

previously been shown to not change significantly after IV iron administration, which is 

consistent with our result.(463). CRP is an acute-phase protein that rises in response to 

inflammation and its plasma levels have been used as a biomarker of inflammatory 

status.(485) Previous clinical studies in hemodialysis and chronic kidney disease patients 

have shown that changes in CRP levels post-IV iron administration was not significantly 

different from baseline levels, which is consistent with our results.(486-488) It is also 

important to note that high CRP levels are often used as exclusion criteria for clinical trials 

involving iron supplementation.(488, 489)  
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MDA was measured as a marker of lipid peroxidation. The main targets of free 

radicals are lipids where free radical attack results in lipid peroxidation.(490) MDA is a 

byproduct of lipid peroxidation where plasma MDA has been used as a biomarker of 

oxidative stress.(490, 491) MDA values were elevated for the first 24-hours post-infusion 

of both RLD and generic SFG drugs, and there were no significant differences between 

RLD and generic drug response in a healthy patient population (Figure 2A.3, Table 2A.1). 

This is consistent with previous reports of intravenous iron administration in chronic 

kidney disease and hemodialysis patients that show increased plasma MDA levels within 

30 minutes to 1 hour post infusion, and subsequent return to baseline values.(482, 486, 

492-496) Citrulline is a metabolic by-product of L-arginine conversion to nitric oxide by 

nitric oxide synthase9. Citrulline was chosen as a biomarker of nitric oxide synthase 

activity, where a reduction in citrulline will indicate greater oxidative stress. Citrulline 

levels decreased at 2-hours for both RLD and generic SFG drugs before returning to 

baseline and there were no significant differences between RLD and generic drug response 

in the patient population (Figure 2A.3, Table 2A.1).  

A host of physicochemical parameters of brand and generic sodium ferric gluconate 

were studied by Brandis et al. in conjunction with this study.(467) There were no 

differences in the iron core of the drugs. However, there were quantifiable differences in 

size and iron release.  Brand SFG has a larger molecular weight (B: 437 kDa vs. G: 342 

kDa), as measured by gel permeation chromatography, and shorter t1/2 (B:4.3  0.3h vs 

G:9.42.4h), which is an indicator of iron release, as measured by a forced acid degradation 

assay. These differences in physicochemical properties may be connected to our findings 

that the administration of brand SFG leads to greater levels of the inflammatory cytokines 
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MCP-1 and TNF-α in the plasma of healthy volunteers compared to the levels measured 

after administration of generic SFG.  

Previous studies from Johnson et al and Pai et al. have reported increases in 

additional inflammatory biomarkers, including IL-6 and CRP, in response to parenteral 

iron administration.(458, 463) In our study, CRP (36 hours, p=0.21) and IL-6 (2 hours, 

p=0.059) trended towards, but does not reach, significance. A major difference between 

these studies lies in the participants. Our study only recruited healthy, adult volunteers, 

whereas prior studies included end-stage renal disease (ESRD) patients. ESRD patients are 

often iron deficient and require intravenous iron therapy, such as sodium ferric 

gluconate.(458) These patients also have chronic inflammation compared to healthy 

controls.(463) The inflammatory biomarker response may be more sensitive in patients 

with pre-existing inflammation and, therefore CRP and IL-6, may be more informative for 

patient populations compared to healthy volunteers.  

Excess labile iron can lead to the generation of reactive oxygen species (ROS) and 

oxidative stress, lipid peroxidation, DNA damage, and inflammation.(461, 463) The 

production of ROS and, therefore, increased oxidative stress are the main concerns of 

parenteral iron treatments because of excess labile iron.(461, 463) Previous studies from 

Johnson et al. have shown increases in HO-1, a biomarker of oxidative stress.(458) Our 

results show there was no significant difference between HO-1 in patients treated with 

brand or generic SFG (2 hours, p=0.80). Again, the study from Johnson et al. included 

ESRD patients compared to only healthy volunteers in our study. Similar to CRP and IL-

6, HO-1 and the other biomarkers of oxidative stress may be more informative in actual 
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patient populations. The patient populations may be less able to buffer the effects of 

oxidative stress compared to healthy volunteers.  

Our results need to be considered in the context of several limitations of our study. 

These results were obtained from part of a larger clinical trial studying the non-inferiority 

of generic SFG compared to Ferrlecit with respect to DBI.(468) The work described herein 

focusses on the secondary outcome of the clinical trial which was an exploratory effort to 

characterize biomarkers for toxicity related to labile iron. The clinical study was not 

powered for the secondary measures, such that finding should be viewed as exploratory. 

Additionally, this study only included healthy, adult volunteers, which is a population that 

may be better at buffering the effects of oxidative stress and inflammation compared to the 

ESRD or CKD patient populations to whom these drugs are typically administered.(458, 

463) 

Overall, this study provides insight into biomarkers that may be of use to follow 

after administration of iron nanoparticle drugs. Further research with ESRD or CKD patient 

populations may provide further information about the usefulness of these biomarkers 

when comparing brand and generic SFG products or comparing the various IV iron drugs 

to one another.  

 

 

  



 

216 

 

Appendix 3. Recent Advances in Native Mass Spectrometry as a 

Method for Studying Protein Binding  
 

3A.1 ABSTRACT  

Native mass spectrometry (MS) has been used for decades to analyze proteins. 

Since then, technological advances in MS instrumentation have increased mass accuracy 

and resolution of mass analyzers for improved protein binding analysis. In this review, we 

describe advances in planning a native MS experiment involving sample preparation, 

instrumentation, and integrative techniques. Sample preparation techniques have evolved 

beyond volatile buffers and purified samples to the use of biologically relevant solvents 

and crude cell lysates. Competition, titration, and collision induced dissociation (CID) 

experiments are traditionally performed on Orbitrap and Q-TOF instruments, and ion-

mobility has allowed for the implementation of collision induced unfolding (CIU) 

experiments to monitor protein-binding. These techniques can also be incorporated with 

other biochemical techniques, such as molecular dynamics simulations, circular dichroism, 

isothermal titration calorimetry, and foot-printing, to provide complementary information 

about protein binding.  In addition to describing advancements in developing native MS 

experiments, we summarize recent native MS proteomics methods for studying protein 

binding to metal ions, nucleotides, and other proteins. The large size range of protein 

binding partners that can be studied with this technique emphasizes its versatility and 

usefulness as a proteomics method. Finally, emerging, unique technological advances 

regarding the use of native MS are explored. Overall, this review describes how to 

successfully implement native MS into an experimental workflow for assessing protein 

binding and provides a multitude of examples of the types of experimental questions that 

can be answered with this technique.   
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3A.2 INTRODUCTION 

The development of electrospray ionization was pioneered by Dr. John Fenn which 

allowed for characterization of large biomolecules; he shares 2002 the Nobel Prize in 

Chemistry with Koichi Tanaka for their contributions to biological mass spectrometry 

(497). Electrospray ionization (ESI) was revolutionary in the mass spectrometry field since 

it allowed researchers to probe large biomolecules while keeping them intact. The advent 

of ESI led to new instrumentation which increased the breadth of analysis, including the 

incorporation of high-resolution analyzers (498), modified ion transmission devices (499, 

500), ion mobility coupling (501), and multiple fragmentation techniques (502). These 

advancements have contributed to a more in-depth and well-rounded set of analytical 

capabilities for the investigation of the structure, abundance, and molecular function of 

proteins.  

The mechanism of ESI has been controversial in the mass spectrometry community 

since proteins, unlike small molecules, can generate distinct charge state distributions 

under different conditions. Scientists have reached a consensus about the initial step of 

charged droplet formation, mainly supported by the “Taylor cone” theory introduced by 

Sir Geoffrey Ingram Taylor in the 1960s (503). The mathematical model mimics the shape 

of the cone formed by the fluid droplets under the effect of an electric field. The apex of 

the cone is unstable, and a jet stream can be formed when hydrodynamic relaxation time 

becomes larger than the charge relaxation time. Eventually the jet stream breaks into fine 

droplets due to intrinsic varicose instability, and the droplets can go through several rounds 

of desolvation and shrinkage before entering the mass spectrometer as it breaks into smaller 

droplets whenever it reaches its own “Rayleigh limit” (504).  There are no known physical 
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or chemical experiments that enable the direct observation or measurement for the 

formation of the final droplet, however, there is ongoing research in molecular dynamic 

simulations attempting to model this event (505-507).  

Using ESI to characterize intact proteins and peptides was initially carried out with 

organic solvents (20-80%) under acidic conditions (0.1% formic acid, pH 2) for better 

desolvation and easier ionization (508). In conjunction with liquid chromatography, the 

intact mass of a protein could be accurately assigned; mutations or modifications would be 

differentiated by a characteristic mass shift (509).This platform is still popular for routine 

protein analysis and maintains an important role in biopharmaceutical companies by 

monitoring the stability, modifications and heterogeneity of therapeutics (510, 511). 

In 1991, investigators reported that ESI could be used to study proteins in an 

aqueous neutral solution, usually with 5~500 mM ammonium bicarbonate or ammonium 

acetate (512-514). The term “native” is coined from the biologically relevant structure of 

the protein complex through manipulating conditions for MS analysis: neutral pH provided 

by ammonium acetate solutions for the complex preparation, soft ionization, and optimized 

instrument parameters to preserve the non-covalent interaction in vacuo.(514, 515) Ahdash 

and colleagues provide a useful, detailed protocol for native MS of proteins and protein-

ligand complexes (516).  

Researchers now have the ability to study multi-unit protein assemblies, greater 

than 1 MDa. The stoichiometry, binding affinity and cooperativity between protein-ligand, 

protein-nucleotide and protein-protein interactions can be probed through native MS 

techniques (517). Coupled with ion mobility analysis, the conformation of folded protein 

ions can be monitored and directly reflect their tertiary/quaternary structure in solution, 
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adding another dimension for MS analysis to visualize the dynamics of protein assemblies 

(518). Additional benefits of native mass spectrometry include the use of small sample 

volumes, lower detection limits (low nM to low μM), no required chemical labeling, and 

results are obtained in short time frames (519). Native mass spectrometry will continue to 

be the driving force in revealing molecular information that is not easily obtained through 

nuclear magnetic resonance (NMR) or X-ray crystallography and will bring new 

discoveries on the structure and function of protein assemblies.  

 

Figure 3A.1 Graphical abstract for using native MS to study protein binding to various partners.  

 

In this review, we summarize recent advances in the use of native mass 

spectrometry to probe protein-metal ion, protein-ligand, protein-nucleotide, and protein-

protein interactions. The immense size range of protein binding partners (ranging from 

individual metal ions to MDa protein complexes) that can be investigated with native mass 

spectrometry analysis emphasizes the versatility and usefulness of this technique.   
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3A.3 DESIGNING NATIVE MS EXPERIMENTS  

There are many important considerations researchers must contemplate when 

planning a native MS experiment, including the type of samples, solvents, and instruments 

to use (Figure 3A.2). These considerations are explained in detail in this section.  

 

Figure 3A.2 Successful native MS experiments to study protein binding involve thoughtfully 

answering the following questions.  

(A) What type of samples do you have? (B) What solvent system should you use? (C) Which high-resolution 

mass spectrometer should you choose for your binding experiment? (D) Do you need to improve sensitivity? 

(E) What other techniques can you use in conjunction with native MS to further answer your question?  
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3A.3.1 Sample Preparation 

Successful native MS experiments begin with thoughtful sample preparation 

(Figure 3A.2A). Traditional native MS experiments are performed with highly purified 

protein and binding partners. However, protein purification can be an arduous process, so 

there has been a shift to exploring the extent of extraction needed in order to make a sample 

suitable for Native MS (520). A group at Weizmann Institute of Science described a 

process to analyze recombinant, overexpressed DJ-1, Hsp31, PHGDH, and CBR3 proteins 

from crude E.coli cell lysate (521). Sampling proteins from crude extract provided similar 

results to purified proteins, including the same oligomeric states. This method has been 

adopted by other research groups to investigate E. coli dihydrofolate reductase (DHFR) 

with known binding partners, methotrexate (MTX) and folic acid (FA) (522). Additionally, 

mixtures of compounds were screened for potential DHFR binding partners, but only MTX 

was shown to bind to the protein. This technique allows for the quick analysis of proteins 

with binding partners without the need of extensive purification; it can also be used for 

ligand screening assays in biologically relevant systems. Despite these advances, the 

studied protein was overexpressed, and no kinetics data was provided for its binding 

interactions, so additional improvements must be made to effectively use this method to 

mimic a real biological system.   

When preparing samples for native MS experiments, it is also important to consider 

the ionic strength, organic composition, and pH of sample buffers because they each play 

important roles in the stability of the protein complex (Figure 3A.2B). Traditionally, native 

mass spectrometry protein-ligand binding assays are performed in ammonium acetate with 

highly purified proteins and small molecules. The use of volatile salts at high ionic 
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strengths and pure samples provides the greatest sensitivity, which is essential for 

monitoring binding. Using this approach, Li and colleagues developed a native MS method 

for determining the ratio of cellular retinol binding protein, type 1 (CRBP1) in its bound 

(holo-) and unbound (apo-) state with retinol (4). Probing the ratio of apo- and holo-CRBP1 

provides useful insight regarding retinoid metabolism and signaling. The gas-phase ion 

abundance ratios were directly correlated with the solution concentrations of retinol and 

the result was translatable between two different instrument platforms, Q-IMS-TOF 

(Waters Synapt G2S) and Orbitrap (Thermo Exactive). In addition to establishing a method 

that is adaptable to multiple instruments, this method would be useful for studying similarly 

small, purified proteins and their ligand binding partners. Considerations for choosing the 

best high-resolution MS are discussed further in the next section and in Figure 3A.2C.  

While high concentrations of ammonium acetate or other volatile salts have been 

used in the past to stabilize proteins in the gas-phase, these solvents do not accurately 

reflect the cellular or in vivo environment. Biochemical techniques used for studying 

proteins and protein-ligand binding, such as NMR, circular dichroism (CD), isothermal 

titration calorimetry (ITC) and optical spectroscopy utilize nonvolatile salts, such as NaCl, 

Tris-HCl, and HEPES, which better represent the cellular environment. However, in the 

gas phase, these nonvolatile solvents can form adduct with proteins, decreasing sensitivity 

and increasing noise. Various research groups have established native MS techniques that 

do not require traditional ammonium acetate buffers or purified samples. Nguyen et al. was 

able to determine the binding affinity of human carbonic anhydrase (hCA) with 

sulfonamide ligands in biological buffers by using nanoscale emitters (Figure 3A.2D) 

(520).  By decreasing the emitter tip size from 2000 nm to 250 nm, they observed reduced 
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salt adducts, due to the smaller initial droplet size, which lead to overall improved 

sensitivity. Dissociation constants (Kd) decreased for all sulfonamide ligands tested as the 

emitter tip diameter decreased, which was is agreement with literature values. Additionally, 

the use of nonvolatile buffers, such as 50 mM NaCl and 20 mM Tris-HCl, pH7.4, produced 

spectra with lower charge states and greater intensity of the protein-ligand complexes, 

compared to volatile buffers (70 mM ammonium acetate, pH 7.4). Overall, the use of 

nonvolatile buffers and 250 nm emitter tips produced the lowest Kd values. Additional 

studies were performed in two other functionally different protein-ligand binding systems 

(lysozyme and Tri-N-acetylchitotriose; Cytochrome P450 CYP199A4 and 4-

Methoxybenzoic Acid) and provided similar results. This study shows the versatility of 

optimizing common biological buffers with the protein of interest to achieve high quality 

data. Ultimately, this allows for easier comparison between biochemical techniques and a 

better representation of the in vivo environment. It is also important to note that not all 

systems are amenable to sub-micron emitter diameters. More complex samples can easily 

clog the smaller tips, which produces non-reproducible results (522, 523).  

One way to reduce sample complexity is by incorporating liquid chromatography 

prior to MS analysis (Figure 3A.2D), but it is difficult to maintain structural and functional 

integrity after separation. Reversed-phase liquid chromatography (RPLC) is the most 

common technique to separate species, but this is not compatible with native MS due to 

the denaturing mobile phases required. Other chromatographic techniques have been 

investigated but are often incompatible with mass spectrometry. The mobile phases of size 

exclusion chromatography (SEC) and ion exchange chromatography (IEX) are often non-

volatile and can require high salt concentrations. Recently, an anion-exchange (AEX) 
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method was developed in order to separate the proteoforms of prolyl-alanyl-specific 

endoprotease (EndoPro), a highly glycosylated enzyme (524). EndoPro has been used in 

food applications but its more relevant application for MS is in proteomics sample 

preparation where it cleaves proline/alanine residues (524). The high level of glycosylation 

and heterogeneity of N-glycans led to the development of this AEX-native MS technique 

to separate and characterize EndoPro proteoforms. The base peak chromatogram showed 

five fractions containing EndoPro species. The spectra have a charge state ranging from 

11+ to 16+, indicating that the protein was able to maintain its native conformation 

following chromatographic separation and ionization. Initial native MS results of EndoPro 

illustrated high complexity with dozens of glycosylated proteoforms and further 

developments in computational processing are needed to parse out the complexities of 

glycoproteins, but this study is a step towards understanding highly heterogenous 

macromolecules.   

3A.3.2 Instrumentation 

Native MS experiments rely on soft ionization and optimized instrument 

parameters to preserve the non-covalent interactions in the gas-phase (516). The use of 

extra low temperatures below 10°C, termed cryogenic (cryo)-ESI or cold spray ionization 

(CSI), can also help maintain weak noncovalent interactions (525-527). The gas phase 

interactions seen in native MS spectra closely resemble the interactions in-solution because 

lower source temperature helps to prevent the protein from denaturing. Most native MS 

experiments are performed on instruments with an ESI source coupled to one of two mass 

analyzers: quadrupole-time of flight (Q-TOF) or Orbitrap (Figure 3A.2C). Both platforms 

provide high sensitivity and mass resolution, which is necessary for native MS binding 
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experiments. Li et al. established a native MS method that was translatable between the Q-

IMS-TOF and Orbitrap platforms (4), but not every lab has access to multiple instruments, 

or even a need to establish a method on more than one platform. Yu and coworkers utilized 

native MS to determine the different stoichiometries of nucleotide binding to a wild-type 

and mutant AAA+ ATPase hexamer (528). The wild-type hexamer bonded 6 ADP 

molecules, whereas the mutant was unable to bind any ADP analogs but could bind a 

nonhydrolyzable ATP analog at variable stoichiometries. Studying the different ligand-

binding stoichiometries between wild-type and mutant proteins can provide useful 

information about which regions in the protein sequence are essential for binding 

interactions. High resolution mass analyzers such as Orbitrap, Q-TOF, and Fourier 

transform ion cyclotron resonance (FTICR) can provide binding information regarding 

stoichiometry under native conditions because the resulting mass is unique for each 

protein-ligand complex.  

3A.3.3 Binding Experiments  

A typical protein binding experimental setup is described in Figure 3A.3 with a 

metal ion as the ligand. Both Q-TOF and Orbitrap platforms can be used to identify binding 

affinities through competition or titration experiment (Figure 3A.2C). In competition 

experiments, a protein is mixed with two or more ligands in equal amounts and binding 

strength is directly related to resulting signal intensities. Q-TOF has been used to analyze 

the binding stoichiometry and affinity of four indole alkaloids to myoglobin, while another 

research group has use an Orbitrap instrument, was able to identify up to six Kd values 

from just one competition experiment between sulfonamide ligands and hCA (520, 529). 

In titration experiments, a ligand is added to a protein in increasing molar equivalents and 
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the signal intensity is monitored for all resulting species. Competition and titration 

experiments showed equivalent results when studying the binding affinities of four 

phenolic acids to a lysozyme (525). These techniques compare binding sites for various 

ligands, such as the binding of SOD1 to polydatin and 5Furd (530). Addition of 5Furd to 

polydatin-SOD1 complex did not disrupt binding, and similar results were obtained for the 

reverse titration, indicating different binding sites for each ligand without allosteric 

inhibition. 

 

Figure 3A.3. Overview of typical ligand binding experiments, using metal ions as the example.  

(A) Protein is purified and isolated. (B) Metal of interest is added at molar equivalent to concentration of 

protein and allowed to equilibrate so that protein binding interaction can occur. (C) Appropriate molecular 

weight filter is selected to capture protein-metal complex. (D) Unbound metal is allowed to pass through the 

filter and the complex is collected. (E) Appropriate buffer, such as Ammonium Bicarbonate, pH 6.9 is 

selected to allow the protein to be physiologically relevant. (F) Buffered solution loaded into syringe and 

manually infused onto a high-resolution mass spectrometer 
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Another method for determining binding kinetics is through the use of collision-

induced dissociation (CID). CID, also known as collisionally activated dissociation (CAD), 

is the most common dissociation technique in MS/MS and disrupts noncovalent 

interactions. CID binding experiments begin by selecting the protein complex precursor 

ion and then slowly increasing the CID energy while monitoring the complexes that 

remain. Protein-ligand complexes with greater gas-phase stability can better resist 

dissociation at higher voltages. This technique provides information about binding affinity 

and the complex structure. CID experiments were used to further probe the interactions 

between phenolic acids and lysozyme and confirmed that the protein-ligand complex 

formed in 1:1 and 1:2 stoichiometries and the neutral loss of the ligand was the main 

dissociation pathway (525). In addition to CID, electron-capture dissociation (ECD) can 

also be used for fragmenting ions in the gas phase. ECD is unique in that it can maintain 

noncovalent interactions which can reveal complimentary information when combined 

with other fragmentation techniques. 

While the Orbitrap platform offers superior resolving power, the Q-IMS-TOF 

platform offers the unique advantage of ion-mobility (IMS) for studying both 

conformational changes and binding affinities through Collisional Induced Unfolding 

(CIU) (516). Similar to CID binding studies, CIU selects for the protein-ligand complex in 

the quadrupole mass filter, subjecting the complex to increasing CID voltages, and 

monitoring the change in drift time of the complex. Drift time is directly related to the 

collision cross section (CCS) of the protein complex. As the complex becomes less stable 

and unfolds, there is an increase in CCS and increase in drift time. Therefore, protein and 

complex unfolding can be monitored in real-time. The many uses of IMS and CIU is 
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thoroughly detailed by researchers who studied the interaction between superoxide 

dismutase 1 (SOD1) and stilbene-based polyphenols utilizing native IMS-MS (530). Four 

stilbenoid-SOD1 complexes were analyzed via native MS and signal intensities were 

compared to quantify binding strength. Subsequent experiments utilized CIU to further 

probe the binding strengths of the four ligands to SOD1. CIU identified that the stilbenoids 

polydatin and 2,3,4’,5-tetrahydroxystilbene-2-O-β-D-glycoside (THSG) bind with greater 

affinity to SOD1 compared with resveratrol and oxyresveratrol. Additionally, protein-

ligand complex stability was assessed via IM-MS by slowly increasing activation energies 

to induce unfolding and therefore creating less compact structures with greater drift times. 

Both THSG and polydatin binding improved gas-phase stability of SOD1.  

Overall, there are multiple possible native MS binding experiments depending on 

your sample system and available instrumentation. Both the Orbitrap and QTOF platforms 

can provide stoichiometry information and binding kinetics via titration, competition and 

CID experiments. Additionally, Q-IMS-TOF platforms can utilize CIU to provide 

additional binding kinetics information.  

3A.3.4 Integrative Mass Spectrometry 

In addition to choosing the right MS platform for native MS experiments, it is 

necessary to identify the best complementary techniques for analysis (Figure 3A.2E). 

Native MS can provide information about the stoichiometry and kinetics of your 

experimental system; however, it is helpful to corroborate results or gain additional insight 

with an orthogonal technique. 
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The Gross lab utilized native MS in conjunction with hydrogen-deuterium 

exchange (HDX) and Lys/Arg specific covalent footprinting techniques to probe the 

interaction between linear enterobactin (lin-Ent) and siderocalin (Scn) (531). Native MS 

provided necessary initial information about the stoichiometry of the protein-ligand 

complex and determination of any iron requirement for binding while HDX provided 

complimentary data detailing peptide-level information regarding the binding sites, and 

informed subsequent Lys/Arg footprinting. Native MS and the complementary labeling 

techniques provided detailed structural information about the protein-ligand interaction 

and binding site that was unavailable from previous biochemical studies, including optical 

and fluorescence quenching, X-ray crystallography, and NMR.  

Metallobiochemistry labs can also gain insight from native MS experiments as seen 

by researchers from the Michel lab who integrated native MS and inductively coupled 

plasma (ICP)-MS to study how binding of the nonclassical zinc finger protein 

Tristetraprolin (TTP) with RNA is disrupted by gold and cadmium, respectively (532, 533). 

TTP modulates the inflammatory response and gold and cadmium possess anti-

inflammatory and pro-inflammatory responses, respectively. ICP-MS was utilized to 

determine the binding stoichiometry between zinc, cadmium, and gold ions and TTP, and 

showed that the metal ions freely exchange in titration experiments. Native MS was used 

to identify the resulting complexes formed during titration experiments. Taken together, 

this integrative native MS approach to studying metal ion-protein binding provided insight 

on the effect of toxic metals and the inflammatory response.   

In addition to studying known protein-ligand complexes, native MS can be utilized 

to identify previously unknown protein binding partners. Gault al. recently established 
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“Nativeomics,” a novel method that combines native and top-down MS to identify 

endogenous lipids and metabolites bound to soluble membrane proteins (534). The group 

developed the Orbitrap Eclipse, a tribrid mass spectrometer with improved ability to 

perform native MS and MSn. Here, this new approach was used to study Escherichia coli 

outer membrane porin F (OmpF), a promiscuous membrane protein, and identify its lipid 

binding partners. The multi-step process began with removing the membrane protein from 

the detergent micelles used for purification in-vacuo and then isolating one protein charge 

state (16+) with its associated binding partners. Further activating energy is applied to 

release the ligands from the protein, and in this case released one ligand that’s mass 

matched at least 10 phospholipids. The released ligand is then fragmented for identification 

through spectral matching or database searching, and here the ligand was identified as 

phosphatidylcholine 16:0/18:1. Similar experiments were performed with OmpF bound to 

peptide ColE9 and ampicillin, and aquaporin Z bound to lipids. While this approach 

requires a specific instrument, it is a promising integrative MS development to identify 

unknown ligands.  

In addition to combining multiple MS-related techniques, it is useful to integrate 

native MS with other biochemical and computational assays to obtain thorough 

understandings of complex interactions. Natural product drug screening was performed 

with native MS in conjunction with HDX, circular dichroism (CD), and molecular dynamic 

(MD) simulations (535). The binding stoichiometry and affinity constants of four indole 

alkaloids to myoglobin was determined via native MS. Subsequent MD simulations 

provided detailed molecular information about the binding sites. CD and HDX experiments 

provided conformational information about the complexes. Together, these four techniques 
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provided complementary information that allowed detailed understanding of the binding 

interactions.  

3A.4 RECENT UPDATES IN PROTEIN BINDING APPLICATIONS 

 

3A.4.1 Protein-Metal Ion Binding 

Metals play an important role in homeostasis and there is a delicate balance between 

the concentration of a metal and the equilibrium with metalloproteins. For example, zinc 

is an essential mineral and there are a large number of zinc finger proteins in the body that 

can be displaced by other elements such as cadmium, gold, and iron. As previously 

discussed, native MS experiments can easily be performed by titrating a metal ion into a 

protein solution to study the displacement interaction of another metal or the allosteric 

modulation that affects the proteins function as a whole. The overall workflow is shown in 

Figure 3A.3. This enables researchers to probe the role that different metals play in protein 

activation including what binding sites are critical for the functional complex. Because of 

the natural abundance of metal isotopes, there are characteristic patterns which help with 

the deconvolution of data. Native MS can be used to characterize the protein-

metallocomplex in its entirety under physiological conditions, which yields a better 

representation of how protein activity can be altered.  

Alpha synuclein (α-Syn) is an enigmatic protein that can lead to Parkinson’s disease 

(536). On its own, α-Syn is difficult to study due to the unordered structure of the protein. 

Designing drugs that inhibit aggregation of α-Syn is convoluted since the predicted binding 

sites may change based on the conformation of the protein. In addition, the flexibility 

allows a large number of amino acids to be solvent accessible, creating a large number of 
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different charge states for the same protein, resulting in a split signal and lower sensitivity. 

Currently, it has been hypothesized that α-Syn activity is altered by the presence of 

manganese and cobalt – in the presence of these minerals, α-Syn abandons its intrinsic state 

for disordered protein and will aggregate. These binding events have been investigated 

using native MS by titrating in known ratios of manganese and cobalt with protein and 

studying the fragmentation patterns using CAD and ECD (536). Combining both of these 

dissociation techniques, it was found that manganese and cobalt share a similar binding 

domain which is different from previously reported results of a similar experiment 

performed with copper (536). Ultimately, native MS was used with combination of CAD 

and ECD in order to prove that metals may have unique preferred binding sites on a protein, 

so it is necessary to characterize each metal individually with a target protein.  

This analytical workflow has also been demonstrated by studying Amyloid β in 

respect to plaques forming during the onset of Alzheimer’s disease. Since there are a large 

number of endogenous metals that are critical to maintaining regulation, it is unknown 

which of these metals are the crux of understanding aggregation. In a study by Lermyte 

and colleagues, binding sites were determined for copper, cobalt, nickel, iron, magnesium, 

calcium, manganese, sodium, and potassium (537). The findings were that these metals 

were distributed around four different binding sites, with ferric iron uniquely binding in a 

region that was not a preference for the other elements studied. Like the aforementioned 

study, this group implemented CAD and ECD in order to provide better coverage of 

fragments. Both groups used FTICR mass spectrometry in order to study protein-metal 

binding interactions.  
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In addition to metal-protein interactions, more intricate complexes exist in the body, 

such as metal-protein-lipid complexes. Researchers have studied the role of metal and lipid 

binding with rhodopsin in order to understand how zinc can allosterically modulate the 

binding of essential lipids that regulate the amount of retinal present in the eye – an 

essential component in Vitamin A metabolism. This group titrated physiologically relevant 

phosphatidylserine (PS), phosphatidylcholine (PC), and phosphatidylethanolamine (PE) 

with different levels of zinc (538). The most significant results of this study showed that 

the order in which materials were titrated – either lipids or zinc – affect the outcome of the 

experiment. When zinc was added in excess, it greatly influenced the class of lipid as well 

as the concentration of lipid that was able to bind to rhodopsin. The inverse was shown to 

have little effect – the class and concentration of lipid did not prevent zinc binding. The 

study concluded that in addition to determining metal binding sites, allosteric binding 

inhibition can also be explored using this technique.  Unlike the previous two studies, these 

experiments were carried out using a Thermo Q-Exactive Orbitrap instrument, 

demonstrating the versatility of instrumentation that can be used to study protein-metal 

binding for native MS. Table 3A.1 shows the multitude of metal species and platforms that 

can be used to study protein-metal interactions. While there are a large number of metal-

protein interactions that are yet to be explored, most of the recent literature has utilized 

native MS to better understand protein-ligand and protein-protein interactions. 
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Table 3A.1 Protein-metal ion binding examples  

 

 

3A.4.2 Protein-Nucleotide Binding  

Native MS techniques can also be applied to study protein-nucleotide binding 

(Table 3A.2). Gene expression and site-directed mutagenesis has been combined with 

Native MS to study Staphylococccus aureus biotin retention protein A (SaBirA) and 

compare it with the highly characterized Escherichia coli BirA (EcBirA) (539). BitA is a 

biotin-dependent transcriptional repressor that is essential for biotin homeostasis in 

bacteria. EcBirA must first bind its ligands (biotin and ATP) and then homodimerize in 

order to bind DNA, but apo-SaBirA is able to bind DNA. This integrative study identified 

a unique DNA binding pathway for SaBirA, showing distinct differences between the 

homologous proteins.  

 

Protein  Metal Ligands  Instrument  Buffer  Notes  Ref. 

Alpha-synuclein 
(14 kDa) 

 Mn2+ and Co2+  
Bruker Solarix 15-

Tesla FTICR 
 

20 mM Ammonium 
acetate 

 
Used CAD and ECD to 

determine metal binding 
domain 

 [41] 

β -Amyloid 
(4.5 kDa) 

 
Cu2+, Co2+, Ni2+, Fe3+, 

Mg2+, Ca2+, Mn2+, 
Na+, and K+ 

 
Bruker 12 T solariX 
quadrupole/FTICR 

 
25 mM Ammonium 

acetate 
 

Used CAD and ECD to 
determine 4 unique 

metal binding domains 
 [42] 

Rhodopsin 
(39 kDa) 

 
Zn2+ in conjunction 
with various lipids  

 
Thermo Q-Exactive 

Orbitrap 
 

20 mM Ammonium 
acetate 

 
Discovered allosteric 

binding inhibition of zinc 
 [43] 
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Table 3A.2 Protein-nucleotide binding examples  

 

In contrast to monitoring protein-DNA binding, native MS can be used as a 

fragment screening tool for the disruption of protein-DNA complexes. Tuberculosis 

treatments have been improved by screening fragments to disrupt the EthR-DNA 

interaction (540). The efficacy of ethionamide (ETH), an antitubercular drug for treatment 

of multiple-drug resistant Mycobacterium tuberculosis, is reduced by EthR, a 

transcriptional repressor of EthA, therefore, a potential mechanism for improving ETH 

treatment would be disrupting the EthR-DNA complex. This study identified two potential 

drug candidates, dihydronaphthalen-1-one and benzothiophene, with high potency for 

disrupting the EthR-DNA complex. These results were validated with surface plasmon 

resonance (SPR), used significantly less sample than differential scanning fluorimetry 

(DSF), and was the first study to perform fragment screening with native MS. 

The use of clustered randomly interspaced palindromic repeats (CRISPR) and 

CRISPR associated proteins (Cas) has become more widely utilized for genome editing.  

CRISPR RNAs (crRNAs) are produced through transcription and comprise spacer 

sequences, typically 32-38 base pairs, flanked by repeat sequences (28-37 base-pairs). The 

spacer sequence can be varied in order to alter the specificity towards specific foreign 

 

Protein  Nucleotide Ligands  Instrument  Buffer  Notes  Ref. 

Biotin retention 
protein A (BirA) 

(Monomer: 38 kDa) 
 

Double stranded SabioO 
oligonucleotide  

(24 kDa) 
 

 
Waters Synapt 

HDMS 
 

200 mM 
Ammonium acetate 

 
Identified a unique DNA 

binding pathway, differing 
from homologous proteins  

 [44] 

Transcriptional 
repressor EthR 

(24 kDa) 
 

DNA oligonucleotides 
(19-38 kDa) 

Library fragments 
 (Average mass:  

180 Da) 

 
Waters Synapt 

HDMS 
 

200 mM 
Ammonium acetate 

 

Rapid screen found two 
novel hits to disrupt 
protein-DNA binding  

 

 [45] 

StCascade 
(422 kDa) 

 
crRNA  

(13.7-27.4 kDa) 
 

Thermo Q-
Exactive Plus 

Hybrid MS 
 

200 mM 
Ammonium acetate 

 

Provided insight into 
formation and 

stoichiometry of CRISPR 
RNA complexes 

 [46] 
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DNA. The crRNA binds with Cas proteins to bind and degrade foreign DNA. The Schmidt 

group utilized native MS to identify the formation and stoichiometry of CRISPR-Cascade 

complexes with CRISPR RNAs (crRNAs) of varying lengths (541). Researchers 

specifically explored the Type I-E CRISPR-associated antiviral defense surveillance 

complex (Cascade) of Streptococcus Thermophilus (StCascade) which contains five Cas 

proteins: Cse1, Cse2, Cas5, Cas6 and Cas 7. While the subunits of wild-type StCascade 

have been characterized, the stoichiometry of StCascade combined with variations in 

crRNA spacer length and its effects are not. Here, crRNA spacer lengths were varied from 

-18 to +24 nucleotides compared to wild-type crRNA. Any spacers adjusted by six-

nucleotides created heterogenous mixtures, but spacers adjusted by twelve-nucleotides 

resulted in stable complexes. Ultimately, lengthening the crRNA spacer length by a factor 

of 6, by adding or removing a Cas7 subunit, results in incomplete complexes with 

weakened binding interactions. One theory is that space constraints cause the complex to 

dissociate into a more stable state; this emphasizes the importance of optimizing spacer 

length. This work highlights the wide range of native MS to analyze molecules from 

crRNA spacers to large effector complexes and determine stoichiometry of the complex by 

identifying dissociated subunits. 

3A.4.3 Protein-Protein Binding 

Native MS has also been employed to study protein-protein binding. Samples 

ranging in size from single amino acids to megadalton protein complexes can be analyzed 

with this method (Table 3A.3). The high resolution associated with the instruments used in 

native MS allows for improved understandings of molecular mechanisms and can correct 

previously reported results. Native MS has been used to identify the correct binding model 
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for tryptophan (Trp) to Bacillus stearothermophilus trp RNA-binding attenuation protein 

(TRAP) (542). TRAP is a large (91 kDa), 11-mer protein which 11 Trp binding sites. The 

resulting native mass spectra from the Trp titrations revealed population distributions 

expected with a nearest neighbor cooperative model, which differed from the non-

cooperative binding model that was previously reported from isothermal titration 

calorimetry experiments. The emerging high-resolution technique of native MS can 

provide unique insight into the results of older experiments from limited analytical methods 

that have generally been accepted as correct.  

Table 3A.3 Protein-Protein Binding examples 

 

While native MS is traditionally performed with Q-TOF instruments, technologies 

such as FTICR and Orbitrap MS with extended mass range (HMR) spectrometers have 

expanded the range, resolving power and sensitivity of these instruments. As a result, 

native MS can be used for a range of applications from studying protein cofactor systems 

to multi-subunit protein complexes. Li et al. took advantage of the expanded resolving 

power of FTICR to study multiple protein complexes ranging in size from 195 kDa to 802 

 

Protein  
Binding 
Protein 

 Instrument  Buffer  Notes  Ref. 

trpRNA binding 
attenuation protein (TRAP) 

(91 kDa) 
 Tryptophan  

Thermo Q Exactive 
EMR Plus 

 
400 mM 

Ammonium acetate 
 

Recategorized binding model 
as nearest neighbor 

cooperative 
 

 [47] 

β-galactosidase 
(Tetramer: 464 kDa) 

 

β-galactosidase 
aggregates 

up to 16-mer 
(1.86 MDa)  

 
15 T Bruker SolariX 

FTICR 
 

200 mM 
Ammonium acetate 

 

Conjunction with top-down 
MS to provide novel 

proteoform information  
 

 [48] 

Iron-sulfur cluster 
assembly enzyme (IscU) 

(17.9 kDa) 
 

Cysteine 
disulfurase IscS  

(45 kDa) 
 Thermo Orbitrap  

900 mM 
Ammonium acetate 
20 mM Ammonium 

bicarbonate 

 

Native MS data matched CD 
and identified novel 

intermediate species of ISC 
formation 

 

 [52] 

GroEL  
(Tetradecamer:  

801 kDa) 
 

GroES 
(Heptamer:  

70 kDa) 
 

Thermo Q Exactive 
UHMR Hybrid 
Quadrupole 

Orbitrap  

 
200 mM 

ethylenediamonium 
diacetate (EDDA) 

 

Variable-temperature 
electrospray ionization shows 

temperature stability of 
protein complexes 

 [53] 
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kDa (543). The numerous activation and dissociation methods available with FTICR, such 

as CAD, ECD, in-source dissociation (ISD), infrared multiphoton dissociation (IRMPD) 

and activated ion ECD (AI-ECD), allows for the integration of top down and native MS 

analysis in a single experiment. One of the studied protein complexes was β-galactosidase 

(β-GTD), a 464 kDa tetramer from E. coli. Each monomer consists of 1023 amino acids; 

the monomers form two contacts known as the “activating” interface and the “long” 

interface. Sequencing by ISD or CAD revealed that residues 1-50 from each subunit make 

up the “activating” interface. Numerous proteoforms with various PTMs or mutations were 

discovered in the 1-54 amino acid region; any perturbations in this area could lead to 

inactivity of the protein or loss of the tetramer structure. The four β-GTD proteoforms and 

their ratios were also determined by native-top down MS. This illustrates the capacity of 

this technique to process large complexes but also detect critical PTMs that may be 

essential to maintain protein structure and function. Testing the limits of the native top-

down MS allowed for a detailed and sensitive analysis of higher order protein structure and 

analysis. Sequence coverage ranging from 31% - 87% was obtained along with novel 

PTMs, site mutations and proteoforms through the numerous activation and dissociation 

methods of FTICR MS. Future work will be able to use these techniques and other 

dissociation methods in harmony to further elucidate how PTMS impact structure and 

function (544-546). These data emphasize the importance of using multiple techniques to 

obtain the greatest amount of meaningful structural information for macromolecular 

complexes. 

Native MS can separate unreacted substrates from intermediates and as a result can 

elucidate mechanisms of biosynthesis. Iron-sulfur (Fe-S) clusters are necessary for cellular 
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processes such as respiration, DNA replication/repair and photosynthesis. These clusters 

are generated through the iron-sulfur cluster (ISC) pathway, which includes two enzymes, 

IscU and IscS. While the crystal structures of the IscU-IscS complex reveal important 

protein-protein interactions, the mechanisms and intermediary products of cluster 

biosynthesis have yet to be understood. Time-dependent native MS identified 

intermediates of Fe-S cluster biosynthesis (547). IscS exists as a homodimer which 

interacts with two subunits of IscU to form an α2β2 quaternary structure. Further studies 

into dimerization and stabilization of IscU revealed that the addition of Fe2+ stimulates the 

reactivity of cysteine residues on IscU and accelerates sulfur accumulation on apo-IscU. 

Early timepoints show mass shifts for monomeric IscU consistent with Fe and Fe-S binding 

which then decayed as the [2Fe-2S] cluster increased. Additionally, the Fe-IscU peak 

decayed before the Fe-S-IscU species. Longer reaction times produced varying 

stoichiometries of iron- and sulfur-IscU species such as monomeric 2Fe3S-IscU and 

dimeric 4FeXS-IscU (X = 6-8) species. These data indicate an “iron-first” mechanism for 

cluster synthesis, which was confirmed by CD spectroscopy, the current standard for 

monitoring ISC formation. Native MS was successfully utilized to track the formation and 

decay of the iron- and sulfur-bound IscU intermediates and a detailed pathway was 

proposed for Fe-S cluster biosynthesis. 

Another instance of redefining previously reported protein properties by native MS 

was described by Walker et al. (548). Here, variable-temperature electrospray ionization 

(vT-ESI) native MS was used to probe the thermal stability of GroEL complexes. GroEL 

is a tetradecamer (801 kDa) composed of two stacked heptamer rings, which binds its co-

chaperonin GroES, a heptamer (70 kDa), to facilitate proper protein folding of non-native 
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substrates. GroEL relies on ATP for proper conformation but the mechanism of GroEL-

GroES complex formation has not been previously studied. Multiple previous native MS 

studies have explored the GroEL complex, but they used different native solvent systems 

and source temperatures and reported varied ATP binding (549, 550). Here, GroEL, 

GroES, and the GroEL-GroES complex stabilities were assessed at temperatures ranging 

from 8 to 56 °C and in the absence or presence of ATP and/or Mg2+. Both GroEL and 

GroES became unstable at temperatures above 50 and 44°C, respectively, which is lower 

than previously reported literature value of ~70°C. The GroEL-GroES complex exhibited 

temperature-dependent stoichiometries and the GroEL14-GroES1-2 intermediates have not 

previously been reported. Additionally, Mg2+ was found to have a greater impact on 

complex binding than ATP. Traditionally, native MS experiments are performed at 

constant low temperatures, however, the vT-ESI technique described here provides useful 

thermal stability information about proteins and protein complexes in the native state.  

3A.5 EMERGING TECHNOLOGY 

3A.5.1 Liquid MALDI and DESI 

While most advancements in native MS have come from ESI, there are many 

benefits to utilizing Matrix Assisted Laser Desorption Ionization (MALDI) over ESI: lower 

sample consumption, greater tolerance for biological sample buffers, and production of a 

smaller number of charge states for easier analysis (551). Additionally, liquid MALDI 

offers unique advantages over solid MALDI, including the potential sample regeneration 

after each shot and the use of biologically relevant crowded media as matrices. There are 

some examples in the literature of utilizing native MALDI to study protein complexes, but 

many challenges associated with sample preparation to maintain non-covalent protein 
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interactions have made this technique less favorable over ESI for native MS (552, 553). 

Liquid native MALDI MS methods have been designed for studying protein-ligand and 

protein-protein complexes (551). The HUαβ heterodimer and the streptavidin-biotin 

complex were chosen as the model systems. The ideal, nondenaturing matrix, 1:4:6 4-

hydroxy-α-cinnamic acid/3-aminoquinoline/glycerol, was chosen after extensive screening 

and included both acid and basic components. Of all instrument parameters, optimization 

of source voltage and laser short pattern were most essential to maintain noncovalent 

complexes within the MS. While improvements can be made, such as decreasing gas-phase 

dissociation, this technique successfully detected noncovalent protein-protein and protein-

ligand complexes from a liquid droplet.  

A similar study using liquid desorption electrospray ionization mass spectrometry 

(DESI) to study large proteins and protein complexes (554). DESI is an ambient ionization 

technique which requires limited sample preparation but has previously been shown to 

have a limited mass range for solid samples. These researchers found that the use of liquid 

samples extended the mass range which allowed analysis of high-mass proteins, including 

immunoglobulin G with a mass of 150 kDa. While the use of liquid MALDI and DESI are 

less common for native MS, they provide a unique alternative to traditional ESI 

approaches.  

3A.5.2 Native MS Imaging 

 The technique of mass spectrometry imaging (MSI) is used to visualize the spatial 

distribution of biomolecules across a sample and provides useful information about the 

colocalization of analytes and tissue features (555). Traditionally, MSI is performed with 

MALDI, but, recently, the Cooper group has established MSI with two ambient ionization 
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sources, liquid extraction surface analysis (LESA) and DESI (556-558). Native LESA MSI 

employed native-like solvents and successfully imaged ubiquitin, β thymosin 4, and 

neurogranin from mouse brain tissue, as well as tetrameric hemoglobin and fatty acid 

binding protein in mouse liver tissue (556). DESI was then adopted over LESA because of 

its improved spatial resolution and subsequently increased number of proteins identified. 

Native DESI MSI was applied to rat kidney and brain tissues and could successfully 

identify key features of the tissue anatomy and a significant increase in total number of 

detected proteins over LESA (557, 558). Additionally, native DESI MSn experiments were 

performed to identify the detected intact protein and bound ligands. The combination of 

native MSI and MSn can provide detailed spatial mapping of noncovalent protein 

interactions in an untargeted and label-free approach, which can be applied to studying 

protein-ligand complexes with tissue specificity, which is extremely important for 

understanding disease states and pharmaceutical interactions.  

3A.5.3 Single Cell Native MS 

Above we discussed methods to prepare samples in biologically relevant systems, 

including the use of non-volatile buffers and crude extracts, to obtain native MS results 

that more accurately describe protein complexes. Recently, live single-cell MS has been 

modified for native MS and was able to provide information about endogenous protein 

complexes (559). Hemoglobin dimer and tetramer complexes from a single, intact human 

erythrocyte were directly identified using this new technique. This technique does not 

require any purification processes and could be applied to any cellular system with a highly 

abundant or overexpressed protein, making this technique versatile to study a wide array 

of proteins based on the interest and research area of the lab.  



 

243 

 

3A.6 CONCLUSION 

With recent advances in the mass resolution and mass accuracy of mass 

spectrometers, native MS has become an even more useful technique for studying protein 

binding. This review described how to successfully implement native MS into an 

experimental workflow for assessing protein binding and provides multiple examples of 

the types of experimental questions that can be answered with this technique. From small 

metal ions to large macromolecular complexes, native MS has proven a useful technique 

in assessing binding parameters, by providing binding affinities, details of intermediate 

states, and even correct previously reported results. Because of its ease of use, limited 

sample consumption and compatibility with multiple biochemical and computation 

techniques, native MS should be considered for protein binding experiments.   
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Appendix 4. Additional Tables  
 

Table 4A.1. All metabolomics data for WT and Rbp1-/- mice post Sham or WTLI. 

Metabolites assayed from 16-18 months, female WT and Rbp1-/- mice, n=5 per group. AC: Acylcarnitine. 

AA: Amino Acids. BA: Biogenic Amines. PC: Glycerophospholipids. SM: Sphingolipids.  
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Table 4A.1. (continued) 

 

  



 

246 

 

Table 4A.1. (continued)  
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Table 4A.2. Complete list of NHP samples and groups included in study from Appendix 1.  

Left ventricle and right ventricle were harvested from each animal for analysis.   
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Table 4A.3. Complete list of protein names, gene names, and accession numbers.  

OS=organism name. GN=gene name. PE=protein existence. SV=sequence version.  

 

ACCESSION  DESCRIPTION  GENE NAME 

A0A1D5Q1T0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=3 SV=1 
 

A0A1D5Q1T0 

A0A1D5Q5Z4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5Q5Z4 

A0A1D5QAT9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QAT9 

A0A1D5QD27 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QD27 

A0A1D5QMK7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QMK7 

A0A1D5QQL7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QQL7 

A0A1D5QSD3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=3 SV=1 
 

A0A1D5QSD3 

A0A1D5QUG6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QUG6 

A0A1D5QUK6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QUK6 

A0A1D5QW02 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QW02 

A0A1D5QWP0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QWP0 

A0A1D5QYQ4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5QYQ4 

A0A1D5R9A4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5R9A4 

A0A1D5RBQ9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5RBQ9 

A0A1D5RGV2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5RGV2 

A0A1D5RHL0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5RHL0 

A0A1D5RKP9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

A0A1D5RKP9 

A0A1D5QSB1 
 

4-aminobutyrate aminotransferase OS=Macaca mulatta OX=9544 GN=ABAT PE=3 
SV=1 

 
ABAT 

F7B1Z6 
 

ATP binding cassette subfamily B member 6 (Langereis blood group) OS=Macaca 

mulatta OX=9544 GN=ABCB6 PE=4 SV=1 

 
ABCB6 

F7GPG0 
 

ATP binding cassette subfamily E member 1 OS=Macaca mulatta OX=9544 

GN=ABCE1 PE=2 SV=1 

 
ABCE1 

H9FRK3 
 

ATP-binding cassette sub-family F member 1 isoform a OS=Macaca mulatta 
OX=9544 GN=ABCF1 PE=2 SV=1 

 
ABCF1 

F7GSL6 
 

Acetyl-CoA carboxylase beta OS=Macaca mulatta OX=9544 GN=ACACB PE=4 
SV=2 

 
ACACB 

G7N8T6 
 

Acyl-CoA dehydrogenase long chain OS=Macaca mulatta OX=9544 GN=ACADL 

PE=2 SV=1 

 
ACADL 

A0A1D5QL64 
 

Acyl-CoA synthetase family member 2 OS=Macaca mulatta OX=9544 GN=ACSF2 

PE=4 SV=1 

 
ACSF2 

F6Z9U8 
 

Acyl-CoA synthetase long chain family member 4 OS=Macaca mulatta OX=9544 
GN=ACSL4 PE=2 SV=1 

 
ACSL4 

A0A1D5RBT0 
 

ARP3 actin related protein 3 homolog OS=Macaca mulatta OX=9544 GN=ACTR3 

PE=4 SV=1 

 
ACTR3 

F6TM14 
 

ARP3 actin related protein 3 homolog OS=Macaca mulatta OX=9544 GN=ACTR3 

PE=3 SV=2 

 
ACTR3 

A0A1D5QEF0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=ADA PE=4 SV=1 
 

ADA 

F7CGX1 
 

Adducin 2 OS=Macaca mulatta OX=9544 GN=ADD2 PE=2 SV=1 
 

ADD2 

F6Y3X8 
 

Alcohol dehydrogenase 7 (class IV), mu or sigma polypeptide OS=Macaca mulatta 
OX=9544 GN=ADH7 PE=3 SV=2 

 
ADH7 

F6Z1Q1 
 

Adenosine kinase isoform b OS=Macaca mulatta OX=9544 GN=ADK PE=2 SV=1 
 

ADK 

F6TLR3 
 

Angiotensinogen OS=Macaca mulatta OX=9544 GN=AGT PE=3 SV=1 
 

AGT 

F6RED9 
 

Alpha hemoglobin stabilizing protein OS=Macaca mulatta OX=9544 GN=AHSP 

PE=4 SV=2 

 
AHSP 

Q5TM25 
 

Allograft inflammatory factor 1 OS=Macaca mulatta OX=9544 GN=AIF1 PE=3 

SV=1 

 
AIF1 

G7MNN1 
 

Aminoacyl tRNA synthase complex-interacting multifunctional protein 2 
OS=Macaca mulatta OX=9544 GN=AIMP2 PE=2 SV=1 

 
AIMP2 

I2CVL1 
 

Aldehyde dehydrogenase 1 family member A2 OS=Macaca mulatta OX=9544 

GN=ALDH1A2 PE=2 SV=1 

 
ALDH1A2 
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F7EPQ4 
 

Arachidonate 15-lipoxygenase OS=Macaca mulatta OX=9544 GN=ALOX15 PE=3 
SV=1 

 
ALOX15 

F7H3V8 
 

Amyotrophic lateral sclerosis 2 chromosome region 12 OS=Macaca mulatta 

OX=9544 GN=ALS2CR12 PE=4 SV=2 

 
ALS2CR12 

F7GBA5 
 

Ankyrin 1 OS=Macaca mulatta OX=9544 GN=ANK1 PE=4 SV=2 
 

ANK1 

F7H461 
 

Ankyrin repeat domain 1 OS=Macaca mulatta OX=9544 GN=ANKRD1 PE=4 

SV=1 

 
ANKRD1 

F7GG93 
 

Ankyrin repeat domain 2 OS=Macaca mulatta OX=9544 GN=ANKRD2 PE=4 
SV=2 

 
ANKRD2 

F7B4Z3 
 

Anoctamin OS=Macaca mulatta OX=9544 GN=ANO1 PE=3 SV=2 
 

ANO1 

F7F2N7 
 

Annexin OS=Macaca mulatta OX=9544 GN=ANXA7 PE=2 SV=2 
 

ANXA7 

F7GP66 
 

Amine oxidase OS=Macaca mulatta OX=9544 GN=AOC3 PE=3 SV=2 
 

AOC3 

A0A1D5Q8J6 
 

AP-2 complex subunit alpha OS=Macaca mulatta OX=9544 GN=AP2A1 PE=3 

SV=1 

 
AP2A1 

F7G744 
 

Acylamino-acid-releasing enzyme OS=Macaca mulatta OX=9544 GN=APEH PE=2 

SV=1 

 
APEH 

H9FNA4 
 

Apolipoprotein C-I, basic form OS=Macaca mulatta OX=9544 GN=APOC1B PE=3 
SV=1 

 
APOC1B 

F7FQN1 
 

Apolipoprotein C3 OS=Macaca mulatta OX=9544 GN=APOC3 PE=4 SV=2 
 

APOC3 

I2CYL7 
 

Apolipoprotein E OS=Macaca mulatta OX=9544 GN=APOE PE=2 SV=1 
 

APOE 

F7G935 
 

Apolipoprotein L2 OS=Macaca mulatta OX=9544 GN=APOL2 PE=4 SV=2 
 

APOL2 

A0A1D5QNR4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=ARF4 PE=3 SV=1 
 

ARF4 

A0A1D5QM15 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=ARL2BP PE=4 SV=1 
 

ARL2BP 

A0A1D5RGG0 
 

Armadillo repeat containing X-linked 4 OS=Macaca mulatta OX=9544 

GN=ARMCX4 PE=4 SV=1 

 
ARMCX4 

F7E865 
 

Arginyl-tRNA--protein transferase 1 OS=Macaca mulatta OX=9544 GN=ATE1 

PE=3 SV=2 

 
ATE1 

F7DFY8 
 

5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP 
cyclohydrolase OS=Macaca mulatta OX=9544 GN=ATIC PE=4 SV=2 

 
ATIC 

F6W0Z7 
 

Atlastin GTPase 3 OS=Macaca mulatta OX=9544 GN=ATL3 PE=4 SV=2 
 

ATL3 

A0A1D5QRM5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=ATP5IF1 PE=4 SV=1 
 

ATP5IF1 

Q6IYH3 
 

ATP synthase subunit a OS=Macaca mulatta OX=9544 GN=ATP6 PE=4 SV=1 
 

ATP6 

F6QFF9 
 

Azurocidin 1 OS=Macaca mulatta OX=9544 GN=AZU1 PE=4 SV=2 
 

AZU1 

Q6V7J5 
 

Beta-2-microglobulin OS=Macaca mulatta OX=9544 GN=B2M PE=1 SV=1 
 

B2M 

F7G7M8 
 

Beta-1,4-galactosyltransferase 7 OS=Macaca mulatta OX=9544 GN=B4GALT7 

PE=2 SV=1 

 
B4GALT7 

F6ZV71 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=BAX PE=4 SV=2 
 

BAX 

F7FKM5 
 

Basal cell adhesion molecule (Lutheran blood group) OS=Macaca mulatta 

OX=9544 GN=BCAM PE=4 SV=2 

 
BCAM 

F7ESN9 
 

B cell receptor associated protein 31 OS=Macaca mulatta OX=9544 GN=BCAP31 

PE=4 SV=2 

 
BCAP31 

F7FRI9 
 

Branched chain ketoacid dehydrogenase kinase OS=Macaca mulatta OX=9544 
GN=BCKDK PE=2 SV=1 

 
BCKDK 

F6VNP2 
 

Beta-carotene oxygenase 2 OS=Macaca mulatta OX=9544 GN=BCO2 PE=3 SV=2 
 

BCO2 

G7MTJ5 
 

3-hydroxybutyrate dehydrogenase 2 OS=Macaca mulatta OX=9544 GN=BDH2 

PE=2 SV=1 

 
BDH2 

G7NLH4 
 

Biliverdin reductase B OS=Macaca mulatta OX=9544 GN=BLVRB PE=2 SV=1 
 

BLVRB 

F6TKR2 
 

Bone morphogenetic protein 10 OS=Macaca mulatta OX=9544 GN=BMP10 PE=3 

SV=1 

 
BMP10 

F6X366 
 

BCL2 interacting protein 3 OS=Macaca mulatta OX=9544 GN=BNIP3 PE=4 SV=2 
 

BNIP3 

F6Q944 
 

Phosphoglycerate mutase OS=Macaca mulatta OX=9544 GN=BPGM PE=3 SV=2 
 

BPGM 

F6QEZ3 
 

Bone marrow stromal cell antigen 1 OS=Macaca mulatta OX=9544 GN=BST1 
PE=4 SV=2 

 
BST1 

F7EI47 
 

Complement C1s OS=Macaca mulatta OX=9544 GN=C1S PE=3 SV=2 
 

C1S 

H9ERA9 
 

Transport and golgi organization 2 homolog OS=Macaca mulatta OX=9544 

GN=C22orf25 PE=2 SV=1 

 
C22orf25 
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Table 4A.3 (continued) 

A0A1D5Q7M1 
 

Complement C8 gamma chain OS=Macaca mulatta OX=9544 GN=C8G PE=3 
SV=1 

 
C8G 

F7GRY2 
 

Complement C9 OS=Macaca mulatta OX=9544 GN=C9 PE=4 SV=1 
 

C9 

F7CLQ5 
 

Carbonic anhydrase 1 OS=Macaca mulatta OX=9544 GN=CA1 PE=4 SV=1 
 

CA1 

F6TQ14 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CA2 PE=4 SV=1 
 

CA2 

F7H3Y5 
 

Calbindin 1 OS=Macaca mulatta OX=9544 GN=CALB1 PE=4 SV=2 
 

CALB1 

A0A1D5QH62 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CALR PE=3 SV=1 
 

CALR 

F7FD93 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CAMK2G PE=4 SV=2 
 

CAMK2G 

F7B5V0 
 

18 kDa cationic antimicrobial protein OS=Macaca mulatta OX=9544 GN=CAMP 

PE=3 SV=1 

 
CAMP 

F7HI93 
 

Calcyphosine OS=Macaca mulatta OX=9544 GN=CAPS PE=4 SV=2 
 

CAPS 

H9G0D0 
 

Capping actin protein of muscle Z-line alpha subunit 1 OS=Macaca mulatta 

OX=9544 GN=CAPZA1 PE=2 SV=1 

 
CAPZA1 

A0A1D5QPE8 
 

Cysteinyl-tRNA synthetase 2, mitochondrial OS=Macaca mulatta OX=9544 
GN=CARS2 PE=3 SV=1 

 
CARS2 

F6PLF0 
 

Catalase OS=Macaca mulatta OX=9544 GN=CAT PE=3 SV=1 
 

CAT 

A0A1D5QWL9 
 

Caveolin OS=Macaca mulatta OX=9544 GN=CAV2 PE=3 SV=1 
 

CAV2 

F6YYR2 
 

Caveolae associated protein 3 OS=Macaca mulatta OX=9544 GN=CAVIN3 PE=4 

SV=2 

 
CAVIN3 

F7G1A8 
 

Coiled-coil domain containing 12 OS=Macaca mulatta OX=9544 GN=CCDC12 

PE=4 SV=2 

 
CCDC12 

F7FCZ3 
 

Coiled-coil domain containing 22 OS=Macaca mulatta OX=9544 GN=CCDC22 
PE=2 SV=1 

 
CCDC22 

A0A1D5RHH8 
 

Coiled-coil domain containing 40 OS=Macaca mulatta OX=9544 GN=CCDC40 

PE=4 SV=1 

 
CCDC40 

B3Y6B8 
 

Monocyte differentiation antigen CD14 OS=Macaca mulatta OX=9544 GN=CD14 

PE=2 SV=1 

 
CD14 

A0A1D5Q5F6 
 

CD163 molecule OS=Macaca mulatta OX=9544 GN=CD163 PE=4 SV=1 
 

CD163 

A0A1D5Q097 
 

CD34 molecule OS=Macaca mulatta OX=9544 GN=CD34 PE=4 SV=1 
 

CD34 

A0A1D5Q187 
 

Cytidine deaminase OS=Macaca mulatta OX=9544 GN=CDA PE=3 SV=1 
 

CDA 

A0A1D5RIE1 
 

Centrosomal protein 152 OS=Macaca mulatta OX=9544 GN=CEP152 PE=4 SV=1 
 

CEP152 

F7AI34 
 

Carboxylic ester hydrolase OS=Macaca mulatta OX=9544 GN=CES1 PE=3 SV=2 
 

CES1 

F6YK65 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CFB PE=3 SV=2 
 

CFB 

F6YBP7 
 

Complement factor D OS=Macaca mulatta OX=9544 GN=CFD PE=1 SV=1 
 

CFD 

A0A1D5QID8 
 

Coiled-coil-helix-coiled-coil-helix domain containing 7 OS=Macaca mulatta 
OX=9544 GN=CHCHD7 PE=4 SV=1 

 
CHCHD7 

F6TSB3 
 

Charged multivesicular body protein 5 isoform 1 OS=Macaca mulatta OX=9544 

GN=CHMP5 PE=2 SV=1 

 
CHMP5 

A0A1D5QPD7 
 

CDGSH iron sulfur domain 2 OS=Macaca mulatta OX=9544 GN=CISD2 PE=4 

SV=1 

 
CISD2 

F6T0W5 
 

C-type lectin domain family 3 member B OS=Macaca mulatta OX=9544 

GN=CLEC3B PE=2 SV=1 

 
CLEC3B 

F6SAJ2 
 

Chymase 1 OS=Macaca mulatta OX=9544 GN=CMA1 PE=3 SV=1 
 

CMA1 

F7EVX1 
 

Carnosine dipeptidase 1 OS=Macaca mulatta OX=9544 GN=CNDP1 PE=4 SV=1 
 

CNDP1 

G7NL83 
 

Calponin OS=Macaca mulatta OX=9544 GN=CNN1 PE=2 SV=1 
 

CNN1 

H9FMM8 
 

Calponin OS=Macaca mulatta OX=9544 GN=CNN2 PE=2 SV=1 
 

CNN2 

F7G309 
 

Calponin OS=Macaca mulatta OX=9544 GN=CNN3 PE=2 SV=1 
 

CNN3 

A0A1D5R6V1 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CNP PE=4 SV=1 
 

CNP 

F7FE47 
 

Collagen type XVI alpha 1 chain OS=Macaca mulatta OX=9544 GN=COL16A1 
PE=4 SV=2 

 
COL16A1 

F7BJV7 
 

Collagen type I alpha 1 chain OS=Macaca mulatta OX=9544 GN=COL1A1 PE=4 

SV=2 

 
COL1A1 

H9Z2D1 
 

Collagen alpha-2(I) chain OS=Macaca mulatta OX=9544 GN=COL1A2 PE=2 

SV=1 

 
COL1A2 

A0A1D5R744 
 

Collagen type XXVIII alpha 1 chain OS=Macaca mulatta OX=9544 GN=COL28A1 
PE=4 SV=1 

 
COL28A1 



 

251 

 

Table 4A.3 (continued) 

F7B3R3 
 

Collagen type II alpha 1 chain OS=Macaca mulatta OX=9544 GN=COL2A1 PE=4 
SV=2 

 
COL2A1 

F6V7P3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=COL3A1 PE=4 SV=2 
 

COL3A1 

F6V7R3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=COL3A1 PE=4 SV=2 
 

COL3A1 

F7EGF5 
 

Collagen type IV alpha 1 chain OS=Macaca mulatta OX=9544 GN=COL4A1 PE=4 

SV=2 

 
COL4A1 

F7EHZ7 
 

Coatomer subunit alpha OS=Macaca mulatta OX=9544 GN=COPA PE=4 SV=2 
 

COPA 

F6ZC24 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=COPE PE=4 SV=2 
 

COPE 

F7H142 
 

COP9 signalosome complex subunit 5 OS=Macaca mulatta OX=9544 GN=COPS5 

PE=2 SV=1 

 
COPS5 

F6REN0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=COQ9 PE=4 SV=2 
 

COQ9 

A0A1D5RK39 
 

Coronin OS=Macaca mulatta OX=9544 GN=CORO1A PE=3 SV=1 
 

CORO1A 

G7NBX7 
 

Coronin OS=Macaca mulatta OX=9544 GN=CORO1B PE=2 SV=1 
 

CORO1B 

A0A1D5R9U2 
 

Coronin OS=Macaca mulatta OX=9544 GN=CORO7 PE=3 SV=1 
 

CORO7 

F7F1L7 
 

Coactosin like F-actin binding protein 1 OS=Macaca mulatta OX=9544 
GN=COTL1 PE=2 SV=1 

 
COTL1 

Q6IYH5 
 

Cytochrome c oxidase subunit 2 OS=Macaca mulatta OX=9544 GN=COXII PE=3 

SV=1 

 
COXII 

Q6IYH2 
 

Cytochrome c oxidase subunit 3 OS=Macaca mulatta OX=9544 GN=COXIII PE=3 

SV=1 

 
COXIII 

F7GFB4 
 

Ceruloplasmin OS=Macaca mulatta OX=9544 GN=CP PE=3 SV=2 
 

CP 

F7GFE7 
 

Carboxypeptidase A3 OS=Macaca mulatta OX=9544 GN=CPA3 PE=4 SV=1 
 

CPA3 

F7B749 
 

Carboxypeptidase N subunit 2 OS=Macaca mulatta OX=9544 GN=CPN2 PE=4 
SV=1 

 
CPN2 

H9FQ52 
 

Cysteine-rich protein 2 OS=Macaca mulatta OX=9544 GN=CRIP2 PE=2 SV=1 
 

CRIP2 

F6S471 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CRYL1 PE=4 SV=2 
 

CRYL1 

F6VGQ4 
 

Cold shock domain containing E1 OS=Macaca mulatta OX=9544 GN=CSDE1 

PE=4 SV=1 

 
CSDE1 

F6YFG3 
 

Catenin alpha 2 OS=Macaca mulatta OX=9544 GN=CTNNA2 PE=4 SV=1 
 

CTNNA2 

F7H3F1 
 

Dipeptidyl peptidase 1 isoform a preproprotein OS=Macaca mulatta OX=9544 

GN=CTSC PE=2 SV=1 

 
CTSC 

F6R7P5 
 

Cathepsin H OS=Macaca mulatta OX=9544 GN=CTSH PE=3 SV=1 
 

CTSH 

A0A1D5Q6M9 
 

CutA divalent cation tolerance homolog OS=Macaca mulatta OX=9544 GN=CUTA 
PE=2 SV=1 

 
CUTA 

F7GZY8 
 

CWC25 spliceosome associated protein homolog OS=Macaca mulatta OX=9544 

GN=CWC25 PE=4 SV=2 

 
CWC25 

A0A1D5RCB8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=CYB5A PE=3 SV=1 
 

CYB5A 

F7GWE2 
 

Cytochrome b5 type B OS=Macaca mulatta OX=9544 GN=CYB5B PE=2 SV=1 
 

CYB5B 

A0A1D5Q7H4 
 

Cytoplasmic FMR1-interacting protein OS=Macaca mulatta OX=9544 GN=CYFIP1 

PE=3 SV=1 

 
CYFIP1 

A0A1D5QKU8 
 

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit DAD1 

OS=Macaca mulatta OX=9544 GN=DAD1 PE=3 SV=1 

 
DAD1 

A0A1D5RGV4 
 

Decapping enzyme, scavenger OS=Macaca mulatta OX=9544 GN=DCPS PE=4 
SV=1 

 
DCPS 

H9H305 
 

D-dopachrome decarboxylase OS=Macaca mulatta OX=9544 GN=DDT PE=2 

SV=1 

 
DDT 

F6XLA4 
 

Deoxyribose-phosphate aldolase OS=Macaca mulatta OX=9544 GN=DERA PE=2 

SV=1 

 
DERA 

F6S686 
 

D-glutamate cyclase OS=Macaca mulatta OX=9544 GN=DGLUCY PE=4 SV=2 
 

DGLUCY 

F6YQX3 
 

DEAH-box helicase 15 OS=Macaca mulatta OX=9544 GN=DHX15 PE=2 SV=1 
 

DHX15 

A0A1D5Q4X0 
 

Dematin actin binding protein OS=Macaca mulatta OX=9544 GN=DMTN PE=4 
SV=1 

 
DMTN 

F7C2X2 
 

DnaJ heat shock protein family (Hsp40) member A1 OS=Macaca mulatta OX=9544 

GN=DNAJA1 PE=2 SV=1 

 
DNAJA1 

G7NC55 
 

Dipeptidyl peptidase 3 OS=Macaca mulatta OX=9544 GN=DPP3 PE=2 SV=1 
 

DPP3 

F7HGN6 
 

Dipeptidyl peptidase like 6 OS=Macaca mulatta OX=9544 GN=DPP6 PE=3 SV=2 
 

DPP6 

F7HEK0 
 

Desmocollin 2 OS=Macaca mulatta OX=9544 GN=DSC2 PE=4 SV=1 
 

DSC2 
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F7H337 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=DTYMK PE=3 SV=1 
 

DTYMK 

A0A1D5QU67 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=DUT PE=4 SV=1 
 

DUT 

H9H2R0 
 

Dynein light chain OS=Macaca mulatta OX=9544 GN=DYNLL1 PE=2 SV=1 
 

DYNLL1 

A0A1D5R2H8 
 

Enoyl-CoA delta isomerase 1 OS=Macaca mulatta OX=9544 GN=ECI1 PE=3 SV=1 
 

ECI1 

A0A1D5RFK5 
 

Early endosome antigen 1 OS=Macaca mulatta OX=9544 GN=EEA1 PE=4 SV=1 
 

EEA1 

G7NA36 
 

EGF containing fibulin extracellular matrix protein 1 OS=Macaca mulatta OX=9544 
GN=EFEMP1 PE=2 SV=1 

 
EFEMP1 

G7MQH8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EGK_14437 PE=3 

SV=1 

 
EGK_14437 

A0A1D5Q525 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EHD3 PE=3 SV=1 
 

EHD3 

F7GFA8 
 

Enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase OS=Macaca mulatta 

OX=9544 GN=EHHADH PE=2 SV=1 

 
EHHADH 

F6U3G9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EIF1 PE=4 SV=2 
 

EIF1 

F7HJF7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EIF1AX PE=3 SV=2 
 

EIF1AX 

A0A1D5QPP2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EIF2AK2 PE=4 SV=1 
 

EIF2AK2 

I0FW48 
 

Eukaryotic translation initiation factor 2 subunit 2 OS=Macaca mulatta OX=9544 
GN=EIF2S2 PE=2 SV=1 

 
EIF2S2 

G7NQG9 
 

Eukaryotic translation initiation factor 3 subunit C OS=Macaca mulatta OX=9544 

GN=EIF3C PE=2 SV=1 

 
EIF3C 

A0A1D5RGD0 
 

Eukaryotic translation initiation factor 3 subunit G OS=Macaca mulatta OX=9544 

GN=EIF3G PE=2 SV=1 

 
EIF3G 

A0A1D5R2C0 
 

Eukaryotic translation initiation factor 3 subunit J OS=Macaca mulatta OX=9544 
GN=EIF3J PE=3 SV=1 

 
EIF3J 

F6QN28 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EIF4B PE=4 SV=2 
 

EIF4B 

F6YCH7 
 

Elastase, neutrophil expressed OS=Macaca mulatta OX=9544 GN=ELANE PE=3 

SV=1 

 
ELANE 

A0A1D5QL47 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=EMC2 PE=4 SV=1 
 

EMC2 

A0A1D5RA02 
 

Echinoderm microtubule associated protein like 2 OS=Macaca mulatta OX=9544 

GN=EML2 PE=4 SV=1 

 
EML2 

F7AJA1 
 

Endonuclease domain containing 1 OS=Macaca mulatta OX=9544 GN=ENDOD1 
PE=2 SV=1 

 
ENDOD1 

F7BB68 
 

Endoglin OS=Macaca mulatta OX=9544 GN=ENG PE=4 SV=2 
 

ENG 

A0A1D5QQZ3 
 

Enolase superfamily member 1 OS=Macaca mulatta OX=9544 GN=ENOSF1 PE=4 

SV=1 

 
ENOSF1 

F7GTS7 
 

Ectonucleotide pyrophosphatase/phosphodiesterase 4 OS=Macaca mulatta 

OX=9544 GN=ENPP4 PE=2 SV=1 

 
ENPP4 

A0A1D5RF33 
 

Endosulfine alpha OS=Macaca mulatta OX=9544 GN=ENSA PE=4 SV=1 
 

ENSA 

A0A1D5R026 
 

Erythrocyte membrane protein band 4.1 OS=Macaca mulatta OX=9544 GN=EPB41 

PE=4 SV=1 

 
EPB41 

A0A1D5RGK5 
 

Erythrocyte membrane protein band 4.2 OS=Macaca mulatta OX=9544 GN=EPB42 
PE=4 SV=1 

 
EPB42 

F6XTA5 
 

Epoxide hydrolase OS=Macaca mulatta OX=9544 GN=EPHX1 PE=2 SV=1 
 

EPHX1 

I0FGK6 
 

Enhancer of rudimentary homolog OS=Macaca mulatta OX=9544 GN=ERH PE=2 

SV=1 

 
ERH 

A0A1D5QUA4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=ERO1A PE=4 SV=1 
 

ERO1A 

A0A1D5QLN6 
 

Extended synaptotagmin 2 OS=Macaca mulatta OX=9544 GN=ESYT2 PE=4 SV=1 
 

ESYT2 

G7NM78 
 

ETHE1, persulfide dioxygenase OS=Macaca mulatta OX=9544 GN=ETHE1 PE=4 

SV=1 

 
ETHE1 

F6ZPL3 
 

Exo/endonuclease G OS=Macaca mulatta OX=9544 GN=EXOG PE=4 SV=2 
 

EXOG 

F6S4S0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=3 SV=1 
 

F6S4S0 

F6TB05 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=3 SV=2 
 

F6TB05 

F6TCP3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F6TCP3 

F6U8V6 
 

Galectin OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

F6U8V6 

F6VKH4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

F6VKH4 

F6W0E5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F6W0E5 
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F6XM49 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F6XM49 

F7ARQ9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7ARQ9 

F7B2Y3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=1 
 

F7B2Y3 

F7DKI0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7DKI0 

F7GMK4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7GMK4 

F7GWL3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=3 SV=2 
 

F7GWL3 

F7H3D9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7H3D9 

F7H602 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7H602 

F7HJ25 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7HJ25 

F7HS59 
 

Glyceraldehyde-3-phosphate dehydrogenase OS=Macaca mulatta OX=9544 PE=3 
SV=2 

 
F7HS59 

F7HTI3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

F7HTI3 

F6W8T6 
 

Family with sequence similarity 120A OS=Macaca mulatta OX=9544 

GN=FAM120A PE=4 SV=2 

 
FAM120A 

F7HM20 
 

Family with sequence similarity 210 member B OS=Macaca mulatta OX=9544 

GN=FAM210B PE=4 SV=1 

 
FAM210B 

F7BNZ9 
 

Family with sequence similarity 98 member A OS=Macaca mulatta OX=9544 
GN=FAM98A PE=2 SV=1 

 
FAM98A 

F7HHJ1 
 

Fibulin-1 OS=Macaca mulatta OX=9544 GN=FBLN1 PE=3 SV=2 
 

FBLN1 

F6V301 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=FBLN5 PE=4 SV=2 
 

FBLN5 

A0A1D5QSZ2 
 

F-box only protein 3 isoform 1 OS=Macaca mulatta OX=9544 GN=FBXO3 PE=2 

SV=1 

 
FBXO3 

A0A1D5QJ23 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=FBXO7 PE=4 SV=1 
 

FBXO7 

F7FI27 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=FDPS PE=3 SV=2 
 

FDPS 

F6T960 
 

Fermitin family homolog 3 short form OS=Macaca mulatta OX=9544 

GN=FERMT3 PE=2 SV=2 

 
FERMT3 

A0A1D5QWA9 
 

Fibrinogen alpha chain OS=Macaca mulatta OX=9544 GN=FGA PE=4 SV=1 
 

FGA 

P68110 
 

Fibrinogen alpha chain (Fragment) OS=Macaca mulatta OX=9544 GN=FGA PE=1 
SV=1 

 
FGA 

F6UZ87 
 

Fibrinogen beta chain OS=Macaca mulatta OX=9544 GN=FGB PE=4 SV=1 
 

FGB 

F7CQQ5 
 

Peptidylprolyl isomerase OS=Macaca mulatta OX=9544 GN=FKBP1A PE=4 SV=1 
 

FKBP1A 

G7MRT5 
 

Peptidylprolyl isomerase OS=Macaca mulatta OX=9544 GN=FKBP5 PE=2 SV=1 
 

FKBP5 

F7FHW4 
 

Fibronectin 1 OS=Macaca mulatta OX=9544 GN=FN1 PE=4 SV=2 
 

FN1 

F7FYS5 
 

Ketosamine-3-kinase OS=Macaca mulatta OX=9544 GN=FN3KRP PE=2 SV=1 
 

FN3KRP 

F6TKH6 
 

FERM and PDZ domain containing 1 OS=Macaca mulatta OX=9544 GN=FRMPD1 

PE=4 SV=1 

 
FRMPD1 

F6S3E9 
 

Ferritin OS=Macaca mulatta OX=9544 GN=FTH1 PE=2 SV=2 
 

FTH1 

F7AD90 
 

Glucosidase alpha, acid OS=Macaca mulatta OX=9544 GN=GAA PE=3 SV=2 
 

GAA 

A0A1D5QJ49 
 

Growth associated protein 43 OS=Macaca mulatta OX=9544 GN=GAP43 PE=4 

SV=1 

 
GAP43 

F6TBG0 
 

GTPase activating protein and VPS9 domains 1 OS=Macaca mulatta OX=9544 
GN=GAPVD1 PE=4 SV=2 

 
GAPVD1 

F7DZL7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=GCAT PE=3 SV=2 
 

GCAT 

F6RLS0 
 

Glutamate--cysteine ligase regulatory subunit OS=Macaca mulatta OX=9544 

GN=GCLM PE=2 SV=1 

 
GCLM 

F7FNF2 
 

Ribosome-releasing factor 2, mitochondrial OS=Macaca mulatta OX=9544 

GN=GFM2 PE=3 SV=2 

 
GFM2 

F6TDC4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=GFPT1 PE=4 SV=2 
 

GFPT1 

H9H482 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=GGT5 PE=4 SV=2 
 

GGT5 

F7GSB4 
 

Gap junction protein OS=Macaca mulatta OX=9544 GN=GJA5 PE=3 SV=1 
 

GJA5 

A0A1D5QY12 
 

Beta-galactosidase OS=Macaca mulatta OX=9544 GN=GLB1 PE=3 SV=1 
 

GLB1 

F6SHW5 
 

GLI pathogenesis related 2 OS=Macaca mulatta OX=9544 GN=GLIPR2 PE=2 

SV=1 

 
GLIPR2 
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Table 4A.3 (continued) 

F7AIH5 
 

Glutaminase OS=Macaca mulatta OX=9544 GN=GLS PE=3 SV=2 
 

GLS 

H9FT52 
 

Glia maturation factor beta OS=Macaca mulatta OX=9544 GN=GMFB PE=2 SV=1 
 

GMFB 

A0A1D5QED6 
 

GDP-mannose pyrophosphorylase A OS=Macaca mulatta OX=9544 GN=GMPPA 
PE=2 SV=1 

 
GMPPA 

F7GRF0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=GMPPB PE=4 SV=1 
 

GMPPB 

F6VL43 
 

G protein subunit alpha i3 OS=Macaca mulatta OX=9544 GN=GNAI3 PE=2 SV=1 
 

GNAI3 

F6XHP0 
 

Guanine nucleotide-binding protein subunit gamma OS=Macaca mulatta OX=9544 

GN=GNG5 PE=2 SV=1 

 
GNG5 

A0A1D5RK01 
 

Golgin A3 OS=Macaca mulatta OX=9544 GN=GOLGA3 PE=4 SV=1 
 

GOLGA3 

A0A1D5QA07 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=GPHN PE=4 SV=1 
 

GPHN 

F7E7X4 
 

Glycoprotein nmb OS=Macaca mulatta OX=9544 GN=GPNMB PE=2 SV=2 
 

GPNMB 

F7D9H6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=GPR137 PE=4 SV=2 
 

GPR137 

F6Q7C0 
 

G protein pathway suppressor 1 OS=Macaca mulatta OX=9544 GN=GPS1 PE=4 

SV=2 

 
GPS1 

F7GVP7 
 

Glutathione peroxidase OS=Macaca mulatta OX=9544 GN=GPX1 PE=3 SV=1 
 

GPX1 

F7HNT2 
 

General receptor for phosphoinositides 1-associated scaffold protein OS=Macaca 
mulatta OX=9544 GN=GRASP PE=2 SV=2 

 
GRASP 

F7F746 
 

Glutamate ionotropic receptor AMPA type subunit 3 OS=Macaca mulatta OX=9544 

GN=GRIA3 PE=3 SV=2 

 
GRIA3 

F6SPY0 
 

Glutathione S-transferase omega-1 isoform 1 OS=Macaca mulatta OX=9544 

GN=GSTO1 PE=2 SV=1 

 
GSTO1 

F7GFD8 
 

Glycogenin 1 OS=Macaca mulatta OX=9544 GN=GYG1 PE=4 SV=2 
 

GYG1 

F6Z1X9 
 

H1 histone family member X OS=Macaca mulatta OX=9544 GN=H1FX PE=2 
SV=1 

 
H1FX 

H9H2S9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

H9H2S9 

H9H302 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

H9H302 

H9H559 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 PE=4 SV=2 
 

H9H559 

F7C5P6 
 

Hyaluronan and proteoglycan link protein 1 OS=Macaca mulatta OX=9544 

GN=HAPLN1 PE=4 SV=1 

 
HAPLN1 

G7NQC3 
 

Hemoglobin alpha chain OS=Macaca mulatta OX=9544 GN=HBA PE=2 SV=1 
 

HBA 

P63108 
 

Hemoglobin subunit alpha OS=Macaca mulatta OX=9544 GN=HBA PE=1 SV=2 
 

HBA 

A0A140TAV0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=HBA1 PE=3 SV=2 
 

HBA1 

F7AV81 
 

Globin A1 OS=Macaca mulatta OX=9544 GN=HBB PE=2 SV=1 
 

HBB 

Q28507 
 

Hemoglobin subunit epsilon OS=Macaca mulatta OX=9544 GN=HBE1 PE=2 SV=3 
 

HBE1 

H9YWW7 
 

Heparin binding growth factor OS=Macaca mulatta OX=9544 GN=HDGF PE=2 

SV=1 

 
HDGF 

F7GY57 
 

Haloacid dehalogenase like hydrolase domain containing 3 OS=Macaca mulatta 
OX=9544 GN=HDHD3 PE=2 SV=1 

 
HDHD3 

F7HAC6 
 

Hexokinase domain containing 1 OS=Macaca mulatta OX=9544 GN=HKDC1 

PE=3 SV=1 

 
HKDC1 

F6U3X9 
 

Hydroxymethylbilane synthase OS=Macaca mulatta OX=9544 GN=HMBS PE=2 

SV=2 

 
HMBS 

F7EJE5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=HMGB2 PE=4 SV=2 
 

HMGB2 

A0A1D5QA61 
 

High mobility group nucleosomal binding domain 3 OS=Macaca mulatta OX=9544 

GN=HMGN3 PE=4 SV=1 

 
HMGN3 

F6Z0R5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=HP PE=3 SV=2 
 

HP 

F7C9A4 
 

Hemopexin OS=Macaca mulatta OX=9544 GN=HPX PE=3 SV=1 
 

HPX 

F6Q586 
 

Histidine rich calcium binding protein OS=Macaca mulatta OX=9544 GN=HRC 
PE=4 SV=2 

 
HRC 

F6ZZL9 
 

Histidine rich glycoprotein OS=Macaca mulatta OX=9544 GN=HRG PE=4 SV=2 
 

HRG 

G7MTC9 
 

17-beta-hydroxysteroid dehydrogenase 13 OS=Macaca mulatta OX=9544 

GN=HSD17B13 PE=3 SV=1 

 
HSD17B13 

F7D4C9 
 

Heat shock protein family A (Hsp70) member 2 OS=Macaca mulatta OX=9544 

GN=HSPA2 PE=3 SV=2 

 
HSPA2 

F6Y7D1 
 

Heat shock protein family H (Hsp110) member 1 OS=Macaca mulatta OX=9544 
GN=HSPH1 PE=3 SV=2 

 
HSPH1 
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Table 4A.3 (continued) 

F6UMF0 
 

Interferon induced protein with tetratricopeptide repeats 1 OS=Macaca mulatta 
OX=9544 GN=IFIT1 PE=4 SV=2 

 
IFIT1 

A0A1D5QZS0 
 

Interferon induced protein with tetratricopeptide repeats 3 OS=Macaca mulatta 

OX=9544 GN=IFIT3 PE=4 SV=1 

 
IFIT3 

F6ZD87 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=IFITM1 PE=4 SV=2 
 

IFITM1 

A0A1D5QTL3 
 

Insulin like growth factor binding protein 1 OS=Macaca mulatta OX=9544 

GN=IGFBP1 PE=4 SV=1 

 
IGFBP1 

F6YKJ0 
 

Insulin-like growth factor-binding protein 5 OS=Macaca mulatta OX=9544 
GN=IGFBP5 PE=2 SV=1 

 
IGFBP5 

H9H423 
 

Immunoglobulin heavy variable 3-49 OS=Macaca mulatta OX=9544 GN=IGHV3-

49 PE=4 SV=2 

 
IGHV3-49 

F7EXE0 
 

Immunoglobulin lambda variable 7-43 OS=Macaca mulatta OX=9544 GN=IGLV7-

43 PE=4 SV=2 

 
IGLV7-43 

A0A1D5Q3F0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=INMT PE=4 SV=1 
 

INMT 

H9H374 
 

Inositol polyphosphate 1-phosphatase OS=Macaca mulatta OX=9544 GN=INPP1 
PE=2 SV=2 

 
INPP1 

F6TZU5 
 

Importin 9 OS=Macaca mulatta OX=9544 GN=IPO9 PE=4 SV=2 
 

IPO9 

A0A1D5RCM1 
 

Iron-sulfur cluster assembly enzyme ISCU, mitochondrial isoform ISCU2 

OS=Macaca mulatta OX=9544 GN=ISCU PE=2 SV=1 

 
ISCU 

F7E7I7 
 

Integrin subunit alpha 2b OS=Macaca mulatta OX=9544 GN=ITGA2B PE=3 SV=2 
 

ITGA2B 

F7GXE0 
 

Integrin subunit alpha 5 OS=Macaca mulatta OX=9544 GN=ITGA5 PE=3 SV=2 
 

ITGA5 

F7FG54 
 

Integrin beta OS=Macaca mulatta OX=9544 GN=ITGB3 PE=3 SV=2 
 

ITGB3 

A0A1D5QYD0 
 

Inter-alpha-trypsin inhibitor heavy chain family member 4 OS=Macaca mulatta 

OX=9544 GN=ITIH4 PE=4 SV=1 

 
ITIH4 

F7GAG4 
 

Inter-alpha-trypsin inhibitor heavy chain family member 4 OS=Macaca mulatta 
OX=9544 GN=ITIH4 PE=4 SV=2 

 
ITIH4 

F7AB32 
 

Intelectin 1 OS=Macaca mulatta OX=9544 GN=ITLN1 PE=4 SV=1 
 

ITLN1 

A0A1D5RFA2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=JCHAIN PE=4 SV=1 
 

JCHAIN 

F7CRI3 
 

KIAA1210 OS=Macaca mulatta OX=9544 GN=KIAA1210 PE=4 SV=2 
 

KIAA1210 

F7HRJ4 
 

Kelch like family member 40 OS=Macaca mulatta OX=9544 GN=KLHL40 PE=4 

SV=2 

 
KLHL40 

F7FZ57 
 

Histone-lysine N-methyltransferase OS=Macaca mulatta OX=9544 GN=KMT2A 

PE=3 SV=2 

 
KMT2A 

H9EQP0 
 

Importin subunit alpha OS=Macaca mulatta OX=9544 GN=KPNA4 PE=2 SV=1 
 

KPNA4 

F7AEK9 
 

Cytokeratin-2e OS=Macaca mulatta OX=9544 GN=KRT2 PE=3 SV=1 
 

KRT2 

F7HGY2 
 

Keratin 5 OS=Macaca mulatta OX=9544 GN=KRT5 PE=3 SV=1 
 

KRT5 

F7E526 
 

Keratin 6A OS=Macaca mulatta OX=9544 GN=KRT6A PE=3 SV=2 
 

KRT6A 

A0A1D5R845 
 

Keratin 77 OS=Macaca mulatta OX=9544 GN=KRT77 PE=3 SV=1 
 

KRT77 

F7HME7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=KRT8 PE=3 SV=2 
 

KRT8 

F6UR30 
 

Keratin 9 OS=Macaca mulatta OX=9544 GN=KRT9 PE=3 SV=2 
 

KRT9 

A0A1D5QJX6 
 

Kynureninase OS=Macaca mulatta OX=9544 GN=KYNU PE=3 SV=1 
 

KYNU 

A0A1D5RDE7 
 

Laminin subunit alpha 2 OS=Macaca mulatta OX=9544 GN=LAMA2 PE=4 SV=1 
 

LAMA2 

A0A1D5QVZ5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LAMB2 PE=4 SV=1 
 

LAMB2 

F6WVB2 
 

Laminin subunit gamma 1 OS=Macaca mulatta OX=9544 GN=LAMC1 PE=4 SV=2 
 

LAMC1 

F7A8Z5 
 

L-plastin OS=Macaca mulatta OX=9544 GN=LCP1 PE=2 SV=1 
 

LCP1 

A0A1D5R3Y0 
 

Galectin OS=Macaca mulatta OX=9544 GN=LGALS9 PE=4 SV=1 
 

LGALS9 

F7EWI0 
 

Lipase E, hormone sensitive type OS=Macaca mulatta OX=9544 GN=LIPE PE=4 

SV=2 

 
LIPE 

F6Q273 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LMNB1 PE=3 SV=2 
 

LMNB1 

F6R318 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC693573 PE=3 
SV=2 

 
LOC693573 

A0A1D5Q6M4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC693785 PE=4 

SV=1 

 
LOC693785 

F6UWH5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC694661 PE=4 

SV=2 

 
LOC694661 
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Table 4A.3 (continued) 

F6ZE75 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC694663 PE=4 
SV=2 

 
LOC694663 

F7HQ35 
 

40S ribosomal protein S25 OS=Macaca mulatta OX=9544 GN=LOC695218 PE=2 

SV=1 

 
LOC695218 

F6RTW5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC697527 PE=4 

SV=2 

 
LOC697527 

F6WNP1 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC699599 PE=3 
SV=2 

 
LOC699599 

F7BCI1 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC701053 PE=4 

SV=2 

 
LOC701053 

F7ECS1 
 

Metallothionein OS=Macaca mulatta OX=9544 GN=LOC701928 PE=2 SV=2 
 

LOC701928 

A0A1D5RIM1 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC702864 PE=4 

SV=1 

 
LOC702864 

F7BDV4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC703857 PE=4 
SV=2 

 
LOC703857 

F6X606 
 

Sulfotransferase OS=Macaca mulatta OX=9544 GN=LOC704658 PE=3 SV=2 
 

LOC704658 

A0A1D5RE89 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC706528 PE=4 

SV=1 

 
LOC706528 

F6WBP3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC707877 PE=4 

SV=2 

 
LOC707877 

F6Z0T5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC709274 PE=3 
SV=2 

 
LOC709274 

F6Y3T8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC711061 PE=3 

SV=2 

 
LOC711061 

A0A1D5QCC0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC714514 PE=4 

SV=1 

 
LOC714514 

A0A1D5R0T4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC714566 PE=4 
SV=1 

 
LOC714566 

A0A1D5R4Y3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC715737 PE=3 
SV=1 

 
LOC715737 

A0A1D5QMN5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LOC723473 PE=3 

SV=1 

 
LOC723473 

P14417 
 

Apolipoprotein(a) (Fragment) OS=Macaca mulatta OX=9544 GN=LPA PE=2 SV=1 
 

LPA 

H9FUD6 
 

Lipoprotein lipase OS=Macaca mulatta OX=9544 GN=LPL PE=2 SV=1 
 

LPL 

F7HCV8 
 

Leucine rich alpha-2-glycoprotein 1 OS=Macaca mulatta OX=9544 GN=LRG1 

PE=4 SV=2 

 
LRG1 

H9EMK7 
 

LDL receptor related protein 1 OS=Macaca mulatta OX=9544 GN=LRP1 PE=2 
SV=1 

 
LRP1 

F6YA06 
 

LRR binding FLII interacting protein 2 OS=Macaca mulatta OX=9544 

GN=LRRFIP2 PE=4 SV=2 

 
LRRFIP2 

F7BYZ5 
 

Lactotransferrin OS=Macaca mulatta OX=9544 GN=LTF PE=2 SV=2 
 

LTF 

A0A1D5R7K6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LY75 PE=4 SV=1 
 

LY75 

F6Z819 
 

Acyl-protein thioesterase 1 OS=Macaca mulatta OX=9544 GN=LYPLA1 PE=2 

SV=1 

 
LYPLAL1 

F7CPP0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=LYPLAL1 PE=4 
SV=2 

 
LYPLAL1 

F7E9N0 
 

MAGE family member D2 OS=Macaca mulatta OX=9544 GN=MAGED2 PE=2 

SV=1 

 
MAGED2 

G7N8L6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MAIP1 PE=2 SV=1 
 

MAIP1 

A0A1D5Q0K2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MAMU-B PE=3 SV=1 
 

MAMU-B 

A0A1D5QKV9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MAMU-B PE=3 SV=1 
 

MAMU-B 

A4UU57 
 

MHC class II antigen OS=Macaca mulatta OX=9544 GN=Mamu-DPB1 PE=2 

SV=1 

 
MARS 

F6WGN2 
 

Methionyl-tRNA synthetase, cytoplasmic OS=Macaca mulatta OX=9544 
GN=MARS PE=2 SV=1 

 
MARS 

F6SW75 
 

Mannan binding lectin serine peptidase 2 OS=Macaca mulatta OX=9544 

GN=MASP2 PE=3 SV=1 

 
MASP2 

F6RZ93 
 

Methionine adenosyltransferase 2 subunit beta OS=Macaca mulatta OX=9544 

GN=MAT2B PE=2 SV=1 

 
MAT2B 

F7CYK2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MATR3 PE=4 SV=1 
 

MATR3 

A0A1D5Q716 
 

Melanoma cell adhesion molecule OS=Macaca mulatta OX=9544 GN=MCAM 
PE=4 SV=1 

 
MCAM 
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Table 4A.3 (continued) 

F6SUC4 
 

Malonyl-CoA-acyl carrier protein transacylase, mitochondrial isoform a 
OS=Macaca mulatta OX=9544 GN=MCAT PE=2 SV=1 

 
MCAT 

F6RDJ9 
 

Mitochondrial trans-2-enoyl-CoA reductase OS=Macaca mulatta OX=9544 

GN=MECR PE=2 SV=1 

 
MECR 

F6X1K2 
 

Methyltransferase like 7A OS=Macaca mulatta OX=9544 GN=METTL7A PE=4 

SV=1 

 
METTL7A 

F7BS81 
 

Microfibril associated protein 2 OS=Macaca mulatta OX=9544 GN=MFAP2 PE=4 
SV=1 

 
MFAP2 

A0A1D5R9K8 
 

Microfibril associated protein 4 OS=Macaca mulatta OX=9544 GN=MFAP4 PE=4 

SV=1 

 
MFAP4 

F7GR27 
 

Microfibril associated protein 5 OS=Macaca mulatta OX=9544 GN=MFAP5 PE=4 

SV=1 

 
MFAP5 

F7HQ57 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MGARP PE=4 SV=1 
 

MGARP 

F7C0H2 
 

Microsomal glutathione S-transferase 1 OS=Macaca mulatta OX=9544 
GN=MGST1 PE=4 SV=1 

 
MGST1 

Q6DN04 
 

Macrophage migration inhibitory factor OS=Macaca mulatta OX=9544 GN=MIF 

PE=3 SV=4 

 
MIF 

F7BAA9 
 

Myeloperoxidase OS=Macaca mulatta OX=9544 GN=MPO PE=4 SV=2 
 

MPO 

F6W130 
 

55 kDa erythrocyte membrane protein isoform 1 OS=Macaca mulatta OX=9544 

GN=MPP1 PE=2 SV=1 

 
MPP1 

F6PK24 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MRC1 PE=4 SV=1 
 

MRC1 

F7DAW8 
 

Mitochondrial ribosomal protein L38 OS=Macaca mulatta OX=9544 GN=MRPL38 
PE=4 SV=2 

 
MRPL38 

F7D9R7 
 

Mitochondrial ribosomal protein L4 OS=Macaca mulatta OX=9544 GN=MRPL4 

PE=4 SV=2 

 
MRPL4 

A0A1D5R0Z4 
 

Mitochondrial ribosomal protein S27 OS=Macaca mulatta OX=9544 GN=MRPS27 

PE=4 SV=1 

 
MRPS27 

F6WWL4 
 

Musashi RNA binding protein 2 OS=Macaca mulatta OX=9544 GN=MSI2 PE=4 
SV=2 

 
MSI2 

F6TC38 
 

Peptide-methionine (R)-S-oxide reductase OS=Macaca mulatta OX=9544 
GN=MSRB3 PE=3 SV=2 

 
MSRB3 

A0A1D5QT52 
 

S-methyl-5'-thioadenosine phosphorylase OS=Macaca mulatta OX=9544 

GN=MTAP PE=3 SV=1 

 
MTAP 

A1E2I4 
 

Interferon-induced GTP-binding protein Mx1 OS=Macaca mulatta OX=9544 

GN=MX1 PE=2 SV=1 

 
MX1 

F6R0F5 
 

Myosin heavy chain 11 OS=Macaca mulatta OX=9544 GN=MYH11 PE=3 SV=2 
 

MYH11 

F7HPP8 
 

Myosin heavy chain 14 OS=Macaca mulatta OX=9544 GN=MYH14 PE=3 SV=2 
 

MYH14 

F7FSB1 
 

Myosin heavy chain 15 OS=Macaca mulatta OX=9544 GN=MYH15 PE=3 SV=2 
 

MYH15 

F6Y1M7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=MYH2 PE=3 SV=1 
 

MYH2 

F6ZHU6 
 

Myosin heavy chain 4 OS=Macaca mulatta OX=9544 GN=MYH4 PE=3 SV=2 
 

MYH4 

G7N8T7 
 

Myosin light chain 1 OS=Macaca mulatta OX=9544 GN=MYL1 PE=4 SV=1 
 

MYL1 

F6Y764 
 

Myosin light chain 4 OS=Macaca mulatta OX=9544 GN=MYL4 PE=4 SV=1 
 

MYL4 

A0A1D5QZ41 
 

Myosin light chain 7 OS=Macaca mulatta OX=9544 GN=MYL7 PE=4 SV=1 
 

MYL7 

G7N4X7 
 

Myosin light chain 9 OS=Macaca mulatta OX=9544 GN=MYL9 PE=2 SV=1 
 

MYL9 

F7F2E3 
 

Myozenin 1 OS=Macaca mulatta OX=9544 GN=MYOZ1 PE=4 SV=1 
 

MYOZ1 

F7HM45 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=NAA50 PE=4 SV=2 
 

NAA50 

F7HD37 
 

NEDD8-activating enzyme E1 regulatory subunit OS=Macaca mulatta OX=9544 
GN=NAE1 PE=3 SV=2 

 
NAE1 

F7BLW6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=NAP1L1 PE=3 SV=2 
 

NAP1L1 

A0A1D5QCG7 
 

Asparaginyl-tRNA synthetase OS=Macaca mulatta OX=9544 GN=NARS PE=4 

SV=1 

 
NARS 

F7H5N8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=NDUFA6 PE=3 SV=2 
 

NDUFA6 

F6ZAR5 
 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 4 

OS=Macaca mulatta OX=9544 GN=NDUFAF4 PE=2 SV=1 

 
NDUFAF4 

F7EJI0 
 

NADH:ubiquinone oxidoreductase complex assembly factor 5 OS=Macaca mulatta 
OX=9544 GN=NDUFAF5 PE=4 SV=2 

 
NDUFAF5 

F7AVF8 
 

NADH:ubiquinone oxidoreductase subunit S4 OS=Macaca mulatta OX=9544 

GN=NDUFS4 PE=4 SV=2 

 
NDUFS4 

 



 

258 

 

Table 4A.3 (continued) 

A0A1D5Q7G2 
 

Neural precursor cell expressed, developmentally down-regulated 4-like, E3 
ubiquitin protein ligase OS=Macaca mulatta OX=9544 GN=NEDD4L PE=4 SV=1 

 
NEDD4L 

F7FS40 
 

NEDD8 OS=Macaca mulatta OX=9544 GN=NEDD8 PE=2 SV=1 
 

NEDD8 

A0A1D5QLT8 
 

NIMA related kinase 7 OS=Macaca mulatta OX=9544 GN=NEK7 PE=2 SV=1 
 

NEK7 

F6UN10 
 

Neudesin neurotrophic factor OS=Macaca mulatta OX=9544 GN=NENF PE=3 

SV=1 

 
NENF 

F6TP26 
 

NHL repeat containing 2 OS=Macaca mulatta OX=9544 GN=NHLRC2 PE=4 SV=2 
 

NHLRC2 

A0A1D5RIU6 
 

Nidogen 2 OS=Macaca mulatta OX=9544 GN=NID2 PE=4 SV=1 
 

NID2 

G7N9P3 
 

Nuclear receptor binding protein 1 OS=Macaca mulatta OX=9544 GN=NRBP1 

PE=4 SV=1 

 
NRBP1 

G7NPM1 
 

Cytosolic Fe-S cluster assembly factor NUBP1 OS=Macaca mulatta OX=9544 
GN=NUBP1 PE=3 SV=1 

 
NUBP1 

F6ZVE3 
 

Nucleobindin 1 OS=Macaca mulatta OX=9544 GN=NUCB1 PE=4 SV=2 
 

NUCB1 

A0A1D5QAW4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=NUDT14 PE=4 SV=1 
 

NUDT14 

F7CYP9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=NUDT4 PE=4 SV=1 
 

NUDT4 

F7EI59 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=OAS1 PE=4 SV=2 
 

OAS1 

A0A1D5Q6D5 
 

Olfactomedin like 1 OS=Macaca mulatta OX=9544 GN=OLFML1 PE=4 SV=1 
 

OLFML1 

F7H7G9 
 

Orosomucoid 1 OS=Macaca mulatta OX=9544 GN=ORM1 PE=4 SV=2 
 

ORM1 

A0A1D5QPK3 
 

Prolyl 4-hydroxylase subunit alpha 1 OS=Macaca mulatta OX=9544 GN=P4HA1 

PE=4 SV=1 

 
P4HA1 

P82319 
 

Neutrophil defensin 4 OS=Macaca mulatta OX=9544 PE=1 SV=1 
 

P82319 

A0A1D5R090 
 

Peptidyl arginine deiminase 4 OS=Macaca mulatta OX=9544 GN=PADI4 PE=4 

SV=1 

 
PADI4 

F7HUI6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PAPSS2 PE=3 SV=2 
 

PAPSS2 

F7EMW7 
 

Poly [ADP-ribose] polymerase OS=Macaca mulatta OX=9544 GN=PARP1 PE=4 
SV=1 

 
PARP1 

F7HPT6 
 

PBX homeobox interacting protein 1 OS=Macaca mulatta OX=9544 GN=PBXIP1 

PE=4 SV=1 

 
PBXIP1 

F7E8L8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PCK2 PE=3 SV=2 
 

PCK2 

F6ZD63 
 

Proliferating cell nuclear antigen OS=Macaca mulatta OX=9544 GN=PCNA PE=2 

SV=1 

 
PCNA 

F7G8B6 
 

Proprotein convertase subtilisin/kexin type 1 inhibitor OS=Macaca mulatta 
OX=9544 GN=PCSK1N PE=4 SV=2 

 
PCSK1N 

A0A1D5R1D5 
 

Phosphate cytidylyltransferase 2, ethanolamine OS=Macaca mulatta OX=9544 

GN=PCYT2 PE=4 SV=1 

 
PCYT2 

F7BKG0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PDAP1 PE=4 SV=2 
 

PDAP1 

F6ZR60 
 

2',5'-phosphodiesterase 12 OS=Macaca mulatta OX=9544 GN=PDE12 PE=2 SV=1 
 

PDE12 

F7GTC5 
 

Phosphodiesterase OS=Macaca mulatta OX=9544 GN=PDE1C PE=3 SV=1 
 

PDE1C 

I0FSI8 
 

Pyruvate dehydrogenase kinase 3 OS=Macaca mulatta OX=9544 GN=PDK3 PE=2 

SV=1 

 
PDK3 

F7FDH5 
 

Pyruvate dehydrogenase kinase 4 OS=Macaca mulatta OX=9544 GN=PDK4 PE=4 

SV=1 

 
PDK4 

A0A1D5QGS0 
 

PDZ and LIM domain 3 OS=Macaca mulatta OX=9544 GN=PDLIM3 PE=2 SV=1 
 

PDLIM3 

F7DTT0 
 

Peroxisomal trans-2-enoyl-CoA reductase OS=Macaca mulatta OX=9544 
GN=PECR PE=4 SV=1 

 
PECR 

A0A1D5R6K5 
 

Peptidase D OS=Macaca mulatta OX=9544 GN=PEPD PE=3 SV=1 
 

PEPD 

F6YYK7 
 

Peptidoglycan recognition protein 2 OS=Macaca mulatta OX=9544 GN=PGLYRP2 

PE=4 SV=2 

 
PGLYRP2 

F7DRL6 
 

D-3-phosphoglycerate dehydrogenase OS=Macaca mulatta OX=9544 GN=PHGDH 

PE=3 SV=2 

 
PHGDH 

F6YZJ5 
 

Pleckstrin homology like domain family B member 2 OS=Macaca mulatta 
OX=9544 GN=PHLDB2 PE=4 SV=2 

 
PHLDB2 

A0A1D5Q1M9 
 

Phosphoethanolamine/phosphocholine phosphatase OS=Macaca mulatta OX=9544 

GN=PHOSPHO1 PE=4 SV=1 

 
PHOSPHO1 

H9Z3G1 
 

Phosphatidylinositol 5-phosphate 4-kinase type-2 beta OS=Macaca mulatta 

OX=9544 GN=PIP4K2B PE=2 SV=1 

 
PIP4K2B 

F7G7C4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PITPNB PE=4 SV=2 
 

PITPNB 
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F7FI39 
 

Pyruvate kinase OS=Macaca mulatta OX=9544 GN=PKLR PE=3 SV=2 
 

PKLR 

H9ERR5 
 

Phosphoinositide phospholipase C OS=Macaca mulatta OX=9544 GN=PLCL1 
PE=2 SV=1 

 
PLCL1 

F7HM67 
 

Pleckstrin OS=Macaca mulatta OX=9544 GN=PLEK PE=4 SV=1 
 

PLEK 

F7GYM9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PLS3 PE=4 SV=2 
 

PLS3 

A0A1D5RH88 
 

Phospholipid transfer protein OS=Macaca mulatta OX=9544 GN=PLTP PE=4 

SV=1 

 
PLTP 

F6Z0D0 
 

Polyamine modulated factor 1 binding protein 1 OS=Macaca mulatta OX=9544 

GN=PMFBP1 PE=4 SV=2 

 
PMFBP1 

F7HSN1 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PML PE=4 SV=2 
 

PML 

F6T0Z6 
 

Purine nucleoside phosphorylase OS=Macaca mulatta OX=9544 GN=PNP PE=3 
SV=2 

 
PNP 

F6ZVK0 
 

Periostin OS=Macaca mulatta OX=9544 GN=POSTN PE=4 SV=2 
 

POSTN 

A0A1D5QWA2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PPFIBP1 PE=4 SV=1 
 

PPFIBP1 

F7EJE1 
 

Peptidyl-prolyl cis-trans isomerase OS=Macaca mulatta OX=9544 GN=PPIF PE=3 

SV=2 

 
PPIF 

F6RZ23 
 

Periplakin OS=Macaca mulatta OX=9544 GN=PPL PE=4 SV=2 
 

PPL 

F6WU54 
 

Protoporphyrinogen oxidase OS=Macaca mulatta OX=9544 GN=PPOX PE=3 SV=2 
 

PPOX 

F6T1H7 
 

Protein phosphatase inhibitor 2 OS=Macaca mulatta OX=9544 GN=PPP1R2 PE=2 

SV=1 

 
PPP1R2 

F7HSM1 
 

Serine/threonine-protein phosphatase OS=Macaca mulatta OX=9544 GN=PPP2CB 
PE=2 SV=1 

 
PPP2CB 

A0A1D5Q6M6 
 

Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit OS=Macaca 

mulatta OX=9544 GN=PPP2R5A PE=2 SV=1 

 
PPP2R5A 

A0A1D5QNY6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PRDX2 PE=4 SV=1 
 

PRDX2 

F7HR71 
 

Non-specific serine/threonine protein kinase OS=Macaca mulatta OX=9544 

GN=PRKAA1 PE=4 SV=2 

 
PRKAA1 

F6Q503 
 

Protein kinase cAMP-dependent type II regulatory subunit beta OS=Macaca mulatta 
OX=9544 GN=PRKAR2B PE=2 SV=2 

 
PRKAR2B 

A0A1D5QSH6 
 

Vitamin K-dependent protein C OS=Macaca mulatta OX=9544 GN=PROC PE=3 

SV=1 

 
PROC 

F6SB17 
 

Protein Z, vitamin K dependent plasma glycoprotein OS=Macaca mulatta OX=9544 

GN=PROZ PE=3 SV=2 

 
PROZ 

F7GW66 
 

Peripherin OS=Macaca mulatta OX=9544 GN=PRPH PE=3 SV=2 
 

PRPH 

F6RUH7 
 

Ribose-phosphate pyrophosphokinase 1 isoform 1 OS=Macaca mulatta OX=9544 

GN=PRPS1 PE=2 SV=1 

 
PRPS1 

G7NGX7 
 

Phosphoribosyl pyrophosphate synthase-associated protein 1 OS=Macaca mulatta 
OX=9544 GN=PRPSAP1 PE=2 SV=1 

 
PRPSAP1 

A0A1D5RAJ7 
 

Proteinase 3 OS=Macaca mulatta OX=9544 GN=PRTN3 PE=3 SV=1 
 

PRTN3 

A0A1D5QMC1 
 

Prune homolog 2 OS=Macaca mulatta OX=9544 GN=PRUNE2 PE=4 SV=1 
 

PRUNE2 

F7H4P3 
 

Proteasome subunit beta OS=Macaca mulatta OX=9544 GN=PSMB4 PE=2 SV=1 
 

PSMB4 

F7HNP3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PSMD4 PE=4 SV=2 
 

PSMD4 

F7FFN3 
 

Proteasome activator complex subunit 1 isoform 1 OS=Macaca mulatta OX=9544 

GN=PSME1 PE=2 SV=2 

 
PSME1 

F7AG04 
 

Pentatricopeptide repeat domain 3 OS=Macaca mulatta OX=9544 GN=PTCD3 

PE=4 SV=2 

 
PTCD3 

F7EEW0 
 

Prostaglandin-H2 D-isomerase OS=Macaca mulatta OX=9544 GN=PTGDS PE=2 
SV=2 

 
PTGDS 

F7CQ58 
 

Prostaglandin F2 receptor inhibitor OS=Macaca mulatta OX=9544 GN=PTGFRN 

PE=4 SV=1 

 
PTGFRN 

F7ENP9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=PTGR1 PE=4 SV=2 
 

PTGR1 

H9FXQ3 
 

Parathymosin OS=Macaca mulatta OX=9544 GN=PTMS PE=2 SV=1 
 

PTMS 

A0A1D5QUA8 
 

Glutaminyl-tRNA synthetase OS=Macaca mulatta OX=9544 GN=QARS PE=2 

SV=1 

 
QARS 

A0A1D5RE81 
 

Nicotinate-nucleotide pyrophosphorylase [carboxylating] OS=Macaca mulatta 
OX=9544 GN=QPRT PE=3 SV=1 

 
QPRT 

F6YAL9 
 

RAB8B, member RAS oncogene family OS=Macaca mulatta OX=9544 

GN=RAB8B PE=2 SV=1 

 
RAB8B 

A0A1D5RHC9 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=RANBP1 PE=4 SV=1 
 

RANBP1 
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F6XCQ0 
 

Rap1 GTPase-GDP dissociation stimulator 1 OS=Macaca mulatta OX=9544 
GN=RAP1GDS1 PE=4 SV=2 

 
RAP1GDS1 

F7AWM6 
 

RAP2B, member of RAS oncogene family OS=Macaca mulatta OX=9544 

GN=RAP2B PE=4 SV=1 

 
RAP2B 

F7A9X9 
 

Retinol binding protein 1 OS=Macaca mulatta OX=9544 GN=RBP1 PE=3 SV=2 
 

RBP1 

A0A1D5QDN7 
 

Reticulocalbin 3 OS=Macaca mulatta OX=9544 GN=RCN3 PE=4 SV=1 
 

RCN3 

F7CDQ0 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=RDH14 PE=3 SV=1 
 

RDH14 

F6R9J4 
 

All-trans-retinol 13,14-reductase OS=Macaca mulatta OX=9544 GN=RETSAT 

PE=2 SV=1 

 
RETSAT 

F6ZCS8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=RFXANK PE=4 SV=2 
 

RFXANK 

G7NQE4 
 

Rhomboid-like protein OS=Macaca mulatta OX=9544 GN=RHBDL1 PE=2 SV=1 
 

RHBDL1 

A0A1D5QLZ8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=RHCE PE=3 SV=1 
 

RHCE 

A0A1D5R167 
 

Ribulose-phosphate 3-epimerase OS=Macaca mulatta OX=9544 GN=RPE PE=3 
SV=1 

 
RPE 

F7H8C8 
 

Ribose 5-phosphate isomerase A OS=Macaca mulatta OX=9544 GN=RPIA PE=2 

SV=1 

 
RPIA 

F6VPL0 
 

60S ribosomal protein L29 OS=Macaca mulatta OX=9544 GN=RPL29 PE=3 SV=1 
 

RPL29 

F7B979 
 

60S ribosomal protein L32 OS=Macaca mulatta OX=9544 GN=RPL32 PE=2 SV=1 
 

RPL32 

F6ZTV4 
 

Cell cycle-related and expression-elevated protein in tumor OS=Macaca mulatta 

OX=9544 GN=RPRD1B PE=2 SV=1 

 
RPRD1B 

F7GQ45 
 

40S ribosomal protein S27 OS=Macaca mulatta OX=9544 GN=RPS27L PE=3 
SV=1 

 
RPS27L 

F7FC12 
 

40S ribosomal protein S3a OS=Macaca mulatta OX=9544 GN=RPS3A PE=3 SV=2 
 

RPS3A 

A0A1D5QF56 
 

40S ribosomal protein S5 OS=Macaca mulatta OX=9544 GN=RPS5 PE=2 SV=1 
 

RPS5 

F7GNT7 
 

Regulator of solute carriers 1 OS=Macaca mulatta OX=9544 GN=RSC1A1 PE=4 

SV=2 

 
RSC1A1 

F6ZUY6 
 

RuvB-like helicase OS=Macaca mulatta OX=9544 GN=RUVBL2 PE=2 SV=1 
 

RUVBL2 

A0A1D5R8D2 
 

S100 calcium binding protein A1 OS=Macaca mulatta OX=9544 GN=S100A1 

PE=3 SV=1 

 
S100A1 

F7HGE0 
 

Protein S100 OS=Macaca mulatta OX=9544 GN=S100A1 PE=3 SV=2 
 

S100A1 

F7GDB8 
 

Protein S100 OS=Macaca mulatta OX=9544 GN=S100A4 PE=3 SV=1 
 

S100A4 

F7DI51 
 

Protein S100 OS=Macaca mulatta OX=9544 GN=S100A6 PE=2 SV=1 
 

S100A6 

F6QJD8 
 

Protein S100 OS=Macaca mulatta OX=9544 GN=S100A8 PE=2 SV=1 
 

S100A8 

F7F8G8 
 

Protein S100 OS=Macaca mulatta OX=9544 GN=S100A9 PE=3 SV=1 
 

S100A9 

A0A1D5RHH5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=S100B PE=3 SV=1 
 

S100B 

F6PWQ7 
 

S100 calcium binding protein P OS=Macaca mulatta OX=9544 GN=S100P PE=4 
SV=2 

 
S100P 

F7DY68 
 

Serum amyloid A protein OS=Macaca mulatta OX=9544 GN=SAA1 PE=3 SV=2 
 

SAA1 

P02738 
 

Amyloid protein A OS=Macaca mulatta OX=9544 GN=SAA1 PE=1 SV=1 
 

SAA1 

F6V9Q5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SAA2 PE=4 SV=2 
 

SAA2 

H9EQN2 
 

SAP domain-containing ribonucleoprotein OS=Macaca mulatta OX=9544 

GN=SARNP PE=2 SV=1 

 
SARNP 

F6Z7R5 
 

Diamine acetyltransferase 2 OS=Macaca mulatta OX=9544 GN=SAT2 PE=2 SV=1 
 

SAT2 

F6TUP0 
 

Secretory carrier-associated membrane protein OS=Macaca mulatta OX=9544 

GN=SCAMP3 PE=2 SV=1 

 
SCAMP3 

A0A1D5RDD4 
 

Scavenger receptor class B member 2 OS=Macaca mulatta OX=9544 GN=SCARB2 

PE=3 SV=1 

 
SCARB2 

A0A1D5Q072 
 

Sodium channel protein OS=Macaca mulatta OX=9544 GN=SCN7A PE=3 SV=1 
 

SCN7A 

F7GMC8 
 

SEC13 homolog, nuclear pore and COPII coat complex component OS=Macaca 
mulatta OX=9544 GN=SEC13 PE=3 SV=1 

 
SEC13 

F6Z3F4 
 

SEC14 like lipid binding 2 OS=Macaca mulatta OX=9544 GN=SEC14L2 PE=4 

SV=2 

 
SEC14L2 

F7DJM1 
 

SEC22 homolog B, vesicle trafficking protein (gene/pseudogene) OS=Macaca 

mulatta OX=9544 GN=SEC22B PE=2 SV=1 

 
SEC22B 

F7F6F3 
 

SEC24 homolog C, COPII coat complex component OS=Macaca mulatta OX=9544 
GN=SEC24C PE=4 SV=2 

 
SEC24C 
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A0A1D5QCK0 
 

Septin 8 OS=Macaca mulatta OX=9544 GN=SEPT8 PE=3 SV=1 
 

SEPT8 

F6WZG6 
 

SERPINE1 mRNA binding protein 1 OS=Macaca mulatta OX=9544 GN=SERBP1 
PE=4 SV=2 

 
SERBP1 

F6SEN6 
 

Alpha-1-antitrypsin OS=Macaca mulatta OX=9544 GN=SERPINA1 PE=2 SV=1 
 

SERPINA1 

F6SL92 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SERPINA3 PE=3 

SV=2 

 
SERPINA3 

F7DIN9 
 

Serpin family A member 7 OS=Macaca mulatta OX=9544 GN=SERPINA7 PE=3 

SV=2 

 
SERPINA7 

F7HSW0 
 

Serpin family E member 2 OS=Macaca mulatta OX=9544 GN=SERPINE2 PE=3 
SV=2 

 
SERPINE2 

F7D5P2 
 

Serpin H1 OS=Macaca mulatta OX=9544 GN=SERPINH1 PE=2 SV=1 
 

SERPINH1 

A0A1D5QES7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SF3B1 PE=4 SV=1 
 

SF3B1 

F6XR95 
 

SH3 domain binding glutamate rich protein like 3 OS=Macaca mulatta OX=9544 

GN=SH3BGRL3 PE=4 SV=2 

 
SH3BGRL3 

F6Z7P7 
 

Sex hormone binding globulin OS=Macaca mulatta OX=9544 GN=SHBG PE=4 

SV=2 

 
SHBG 

F6R182 
 

Solute carrier family 12 member 7 OS=Macaca mulatta OX=9544 GN=SLC12A7 
PE=4 SV=2 

 
SLC12A7 

F7HQX2 
 

Monocarboxylate transporter 1 OS=Macaca mulatta OX=9544 GN=SLC16A1 PE=2 

SV=1 

 
SLC16A1 

F6QBZ7 
 

Amino acid transporter OS=Macaca mulatta OX=9544 GN=SLC1A2 PE=2 SV=2 
 

SLC1A2 

A0A1D5RH47 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SLC25A1 PE=3 SV=1 
 

SLC25A1 

F7GST3 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SLC29A1 PE=4 SV=1 
 

SLC29A1 

A0A1D5QEL7 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SLC2A1 PE=3 SV=1 
 

SLC2A1 

A0A1D5RKU4 
 

Solute carrier family 2 member 4 OS=Macaca mulatta OX=9544 GN=SLC2A4 

PE=3 SV=1 

 
SLC2A4 

A0A1D5Q778 
 

Solute carrier family 39 member 14 OS=Macaca mulatta OX=9544 GN=SLC39A14 
PE=4 SV=1 

 
SLC39A14 

F7GD02 
 

Solute carrier family 43 member 1 OS=Macaca mulatta OX=9544 GN=SLC43A1 

PE=4 SV=1 

 
SLC43A1 

A0A1D5REH6 
 

Anion exchange protein OS=Macaca mulatta OX=9544 GN=SLC4A1 PE=3 SV=1 
 

SLC4A1 

F6PXY9 
 

STE20 like kinase OS=Macaca mulatta OX=9544 GN=SLK PE=4 SV=1 
 

SLK 

A0A1D5QYR9 
 

Synaptosomal-associated protein OS=Macaca mulatta OX=9544 GN=SNAP23 

PE=2 SV=1 

 
SNAP23 

P61143 
 

Alpha-synuclein OS=Macaca mulatta OX=9544 GN=SNCA PE=3 SV=1 
 

SNCA 

A0A1D5QFW7 
 

Small nuclear ribonucleoprotein 13 OS=Macaca mulatta OX=9544 GN=SNU13 

PE=4 SV=1 

 
SNU13 

F7HDJ0 
 

Sorting nexin-2 OS=Macaca mulatta OX=9544 GN=SNX2 PE=2 SV=1 
 

SNX2 

F7AE06 
 

Sorting nexin OS=Macaca mulatta OX=9544 GN=SNX5 PE=2 SV=1 
 

SNX5 

F6QIE2 
 

Sorbin and SH3 domain containing 1 OS=Macaca mulatta OX=9544 GN=SORBS1 
PE=4 SV=2 

 
SORBS1 

F6XVN0 
 

Sorbitol dehydrogenase OS=Macaca mulatta OX=9544 GN=SORD PE=2 SV=1 
 

SORD 

F7FNU1 
 

Spermatogenesis associated 21 OS=Macaca mulatta OX=9544 GN=SPATA21 

PE=4 SV=2 

 
SPATA21 

A0A1D5QFL2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SPCS2 PE=4 SV=1 
 

SPCS2 

F7HJP2 
 

Spectrin alpha, erythrocytic 1 OS=Macaca mulatta OX=9544 GN=SPTA1 PE=4 

SV=2 

 
SPTA1 

A0A1D5QAI4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SPTAN1 PE=4 SV=1 
 

SPTAN1 

A0A1D5Q6B2 
 

Spectrin beta chain OS=Macaca mulatta OX=9544 GN=SPTB PE=3 SV=1 
 

SPTB 

F7GSB8 
 

Sequestosome-1 isoform 1 OS=Macaca mulatta OX=9544 GN=SQSTM1 PE=2 
SV=2 

 
SQSTM1 

F7GSM8 
 

Sorcin isoform a OS=Macaca mulatta OX=9544 GN=SRI PE=2 SV=1 
 

SRI 

H9H3N2 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=SRSF10 PE=4 SV=1 
 

SRSF10 

A0A1D5R9I4 
 

Signal sequence receptor subunit 4 OS=Macaca mulatta OX=9544 GN=SSR4 PE=4 

SV=1 

 
SSR4 

A0A1D5R9X3 
 

Signal transducer and activator of transcription OS=Macaca mulatta OX=9544 

GN=STAT1 PE=3 SV=1 

 
STAT1 
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Table 4A.3 (continued) 

F7HP15 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=STOM PE=4 SV=1 
 

STOM 

G7NGK3 
 

Transcription elongation factor spt6 OS=Macaca mulatta OX=9544 GN=SUPT6H 
PE=2 SV=1 

 
SUPT6H 

F6XUA5 
 

Transgelin OS=Macaca mulatta OX=9544 GN=TAGLN PE=3 SV=1 
 

TAGLN 

F6X160 
 

Threonyl-tRNA synthetase like 2 OS=Macaca mulatta OX=9544 GN=TARSL2 

PE=3 SV=2 

 
TARSL2 

A0A1D5R074 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=TBC1D4 PE=4 SV=1 
 

TBC1D4 

A0A1D5R1X6 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=TCAP PE=4 SV=1 
 

TCAP 

F6V9Y5 
 

Trichohyalin like 1 OS=Macaca mulatta OX=9544 GN=TCHHL1 PE=4 SV=2 
 

TCHHL1 

F7GNF6 
 

Thyroid hormone receptor-associated protein 3 OS=Macaca mulatta OX=9544 

GN=THRAP3 PE=2 SV=1 

 
THRAP3 

A0A1D5QKN1 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=THTPA PE=4 SV=1 
 

THTPA 

H9FSL6 
 

THUMP domain containing 3 OS=Macaca mulatta OX=9544 GN=THUMPD3 
PE=2 SV=1 

 
THUMPD3 

A0A1D5QFC3 
 

Tubulointerstitial nephritis antigen like 1 OS=Macaca mulatta OX=9544 

GN=TINAGL1 PE=3 SV=1 

 
TINAGL1 

F6V6C5 
 

Tight junction protein 1 OS=Macaca mulatta OX=9544 GN=TJP1 PE=3 SV=2 
 

TJP1 

F7G7E5 
 

Transmembrane protein 109 OS=Macaca mulatta OX=9544 GN=TMEM109 PE=4 

SV=2 

 
TMEM109 

F6W5X3 
 

Transmembrane protein 41B OS=Macaca mulatta OX=9544 GN=TMEM41B PE=2 
SV=1 

 
TMEM41B 

F7DGH1 
 

Transmembrane protein 43 OS=Macaca mulatta OX=9544 GN=TMEM43 PE=4 

SV=2 

 
TMEM43 

F7HPP2 
 

Neuronal tropomodulin OS=Macaca mulatta OX=9544 GN=TMOD2 PE=2 SV=1 
 

TMOD2 

F7C5M5 
 

Tropomodulin-3 OS=Macaca mulatta OX=9544 GN=TMOD3 PE=2 SV=1 
 

TMOD3 

F7HAV4 
 

Thymopoietin isoform beta OS=Macaca mulatta OX=9544 GN=TMPO PE=2 SV=1 
 

TMPO 

A0A1D5QBP4 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=TNNI1 PE=4 SV=1 
 

TNNI1 

A0A1D5QQR3 
 

Transportin 1 OS=Macaca mulatta OX=9544 GN=TNPO1 PE=4 SV=1 
 

TNPO1 

A0A1D5R4G5 
 

Tropomyosin 1 OS=Macaca mulatta OX=9544 GN=TPM1 PE=3 SV=1 
 

TPM1 

F7GSX6 
 

Tropomyosin 2 OS=Macaca mulatta OX=9544 GN=TPM2 PE=2 SV=2 
 

TPM2 

H9EN00 
 

Tropomyosin alpha-3 chain isoform 2 OS=Macaca mulatta OX=9544 GN=TPM3 

PE=2 SV=1 

 
TPM3 

F7HFA8 
 

Tripeptidyl peptidase 2 OS=Macaca mulatta OX=9544 GN=TPP2 PE=4 SV=2 
 

TPP2 

F6VU89 
 

E3 ubiquitin/ISG15 ligase TRIM25 OS=Macaca mulatta OX=9544 GN=TRIM25 
PE=2 SV=1 

 
TRIM25 

F7G9W9 
 

Tripartite motif containing 28 OS=Macaca mulatta OX=9544 GN=TRIM28 PE=4 

SV=2 

 
TRIM28 

F7E925 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=TRIM54 PE=4 SV=1 
 

TRIM54 

F7HPJ8 
 

Thyroid hormone receptor interactor 6 OS=Macaca mulatta OX=9544 GN=TRIP6 

PE=2 SV=1 

 
TRIP6 

A0A1D5Q6F0 
 

Translin OS=Macaca mulatta OX=9544 GN=TSN PE=2 SV=1 
 

TSN 

F7GB02 
 

Tetratricopeptide repeat domain 38 OS=Macaca mulatta OX=9544 GN=TTC38 

PE=4 SV=2 

 
TTC38 

F6XQ37 
 

Tubulin beta chain OS=Macaca mulatta OX=9544 GN=TUBB1 PE=3 SV=1 
 

TUBB1 

F6UZG1 
 

Twinfilin actin binding protein 2 OS=Macaca mulatta OX=9544 GN=TWF2 PE=2 
SV=1 

 
TWF2 

F6T062 
 

Taxilin beta OS=Macaca mulatta OX=9544 GN=TXLNB PE=4 SV=2 
 

TXLNB 

F7GLL4 
 

Thymidine phosphorylase OS=Macaca mulatta OX=9544 GN=TYMP PE=3 SV=1 
 

TYMP 

A0A1D5QY08 
 

UDP-N-acetylglucosamine pyrophosphorylase 1 like 1 OS=Macaca mulatta 

OX=9544 GN=UAP1L1 PE=4 SV=1 

 
UAP1L1 

F7DF48 
 

Ubiquitin like modifier activating enzyme 5 OS=Macaca mulatta OX=9544 

GN=UBA5 PE=4 SV=2 

 
UBA5 

G7MMC6 
 

Ubiquitin conjugating enzyme E2 H OS=Macaca mulatta OX=9544 GN=UBE2H 
PE=2 SV=1 

 
UBE2H 

A0A1D5QQB8 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=UBE2L3 PE=3 SV=1 
 

UBE2L3 

F6VUL7 
 

Uncoupling protein 1 OS=Macaca mulatta OX=9544 GN=UCP1 PE=3 SV=1 
 

UCP1 
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Table 4A.3 (continued) 

A0A1D5QEC7 
 

Unc-80 homolog, NALCN channel complex subunit OS=Macaca mulatta OX=9544 
GN=UNC80 PE=4 SV=1 

 
UNC80 

H9FWM8 
 

Ubiquinol-cytochrome c reductase complex assembly factor 1 OS=Macaca mulatta 

OX=9544 GN=UQCC PE=2 SV=1 

 
UQCC 

A0A1D5QG07 
 

Ubiquitin carboxyl-terminal hydrolase 14 isoform a OS=Macaca mulatta OX=9544 

GN=USP14 PE=2 SV=1 

 
USP14 

F6R0R2 
 

Utrophin OS=Macaca mulatta OX=9544 GN=UTRN PE=4 SV=2 
 

UTRN 

F6WUX9 
 

Vanin 1 OS=Macaca mulatta OX=9544 GN=VNN1 PE=4 SV=1 
 

VNN1 

F7EVM9 
 

Vacuolar protein sorting-associated protein 33A OS=Macaca mulatta OX=9544 
GN=VPS33A PE=2 SV=1 

 
VPS33A 

A0A1D5R0L5 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=VWF PE=4 SV=1 
 

VWF 

F6Z3A4 
 

Wolframin ER transmembrane glycoprotein OS=Macaca mulatta OX=9544 

GN=WFS1 PE=4 SV=1 

 
WFS1 

F7CK64 
 

Uncharacterized protein OS=Macaca mulatta OX=9544 GN=XRCC5 PE=4 SV=2 
 

XRCC5 

G7MI96 
 

Tyrosine--tRNA ligase OS=Macaca mulatta OX=9544 GN=YARS PE=2 SV=1 
 

YARS 

F6RJP2 
 

Protein archease OS=Macaca mulatta OX=9544 GN=ZBTB8OS PE=2 SV=2 
 

ZBTB8OS 

A0A1D5R3X1 
 

Zinc finger protein 469 OS=Macaca mulatta OX=9544 GN=ZNF469 PE=4 SV=1 
 

ZNF469 

F6QWI9 
 

Zinc finger protein 839 OS=Macaca mulatta OX=9544 GN=ZNF839 PE=4 SV=2 
 

ZNF839 
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Table 4A.4. Proteins most changed in left ventricle after radiation.  

LC-MS/MS proteomic analysis for NHP LV after 12 Gy PBI/BM2.5. Minimum 2-fold change of expression 

for at least 3 time points and FDR adjusted ANOVA p-value <0.05 were criteria for inclusion.  



 

265 

 

Table 4A.4. (continued)  
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Table 4A.4. (continued)  
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Table 4A.4. (continued)  
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Table 4A.4 (continued)  
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Table 4A.4. (continued)  

  



 

270 

 

Table 4A.4. (continued)  
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Table 4A.4. (continued)  
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Table 4A.5. Proteins most changed in right ventricle after radiation.  

LC-MS/MS proteomic analysis for NHP RV after 12 Gy PBI/BM2.5. Minimum 2-fold change of expression 

for at least 3 time points and FDR adjusted ANOVA p-value <0.05 were criteria for inclusion.  



 

273 

 

Table 4A.5. (continued)  
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.5. (continued) 
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Table 4A.6. All metabolomics data for left ventricle.  

P-value compared to baseline.  
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Table 4A.6. (continued) 
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Table 4A.6. (continued) 
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Table 4A.6. (continued) 
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Table 4A.6. (continued) 
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Table 4A.6. (continued) 
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Table 4A.7. All metabolomics data for right ventricle.  

P-value compared to baseline.  
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Table 4A.7. (continued) 
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Table 4A.7. (continued) 
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Table 4A.7. (continued) 
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Table 4A.7. (continued) 
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Table 4A.7. (continued) 
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Appendix 5. Additional Author Contributions 
 

Chapter 1: Overview of Cellular Retinol-Binding Protein, Type 1 

Stephanie Zalesak-Kravec and Maureen A. Kane contributed to writing and editing of the 

chapter. 

 

Chapter 2: Absolute Quantitation of Cellular Retinol-Binding Protein, Type 1  

Maureen A. Kane, Wenjing Li, and Stephanie Zalesak-Kravec designed research; Wenjing 

Li and Stephanie Zalesak-Kravec performed research; Stephanie Zalesak-Kravec analyzed 

data; Stephanie Zalesak-Kravec, Wenjing Li, and Maureen A. Kane contributed to writing 

and editing of the chapter.   

 

Chapter 3: Effect of Cellular Stress on Retinoid Homeostasis in Intestinal Epithelial 

Cells  

Maureen A. Kane, Stephanie Zalesak-Kravec, and Jianshi Yu designed research; Stephanie 

Zalesak-Kravec and Nageswara Pilli performed research; Stephanie Zalesak-Kravec and 

Maureen A. Kane analyzed data; Stephanie Zalesak-Kravec and Maureen A. Kane 

contributed to writing and editing of the chapter.  
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Chapter 4: Role of cellular retinol-binding protein, type 1, and retinoid homeostasis 

in the adult mouse heart: a multi-omic approach  

Maureen A. Kane designed research; Jenna Alloush, Jace W. Jones, Jianshi Yu, Amy E. 

Defnet, and Weiliang Huang performed research; Weiliang Huang, Jenna Alloush, Jace W. 

Jones, Jianshi Yu, Stephanie Zalesak-Kravec and Maureen A. Kane analyzed data; 

Stephanie Zalesak-Kravec, Weiliang Huang, Jace W. Jones, Alexander R. Moise, and 

Maureen A. Kane contributed to writing and editing of the manuscript.  

 

Chapter 5: Impact of Cellular Retinol-Binding Protein, Type 1, on Retinoic Acid 

Homeostasis in the Murine Lung  

Maureen A. Kane designed research; Keely Pierzchalski, Jace W. Jones, Jianshi Yu, Jenna 

Alloush, Lauren Jackson, and Zeljko Vujaskovi performed research; Stephanie Zalesak-

Kravec, Keely Pierzchalski, and Maureen A. Kane analyzed data; Stephanie Zalesak-

Kravec, Keely Pierzchalski and Maureen A. Kane contributed to writing and editing of the 

chapter.  

 

Chapter 6: Conclusions and Future Directions 

Stephanie Zalesak-Kravec and Maureen A. Kane contributed to writing and editing of the 

chapter. 
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Appendix 1: Multi-omic analysis of nonhuman primate heart after partial body 

radiation with minimal bone marrow sparing 

Maureen A. Kane, Ann M. Farese, and Thomas J. MacVittie designed research; Stephanie 

Zalesak-Kravec, Weiliang Huang, Pengcheng Wang, Jianshi Yu, Tian Liu, and Amy E. 

Defnet performed research; Stephanie Zalesak-Kravec, Weiliang Huang, Pengcheng 

Wang, Jianshi Yu, and Maureen A. Kane analyzed data; Stephanie Zalesak-Kravec, 

Weiliang Huang, Alexander R. Moise, Ann M. Farese, Thomas J. MacVittie, and Maureen 

A. Kane contributed to writing and editing of the manuscript.  

 

Appendix 2: Characterization of biomarkers for oxidative stress and toxicity in a 

post-market study of Ferrlecit and generic sodium ferric gluconate in healthy 

volunteers  

Maureen A. Kane, Jeffrey Fink, James E. Polli, and Sarah L.J. Michel designed research; 

Stephanie Zalesak-Kravec, Tian Liu, and Sharmila Das performed research; Stephanie 

Zalesak-Kravec, Tian Liu, and Maureen A. Kane analyzed data; Stephanie Zalesak-

Kravec, Sarah L.J. Michel, James E. Polli, and Maureen A. Kane contributed to writing 

and editing of the chapter. 
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Appendix 3: Recent Advances in Native Mass Spectrometry as a Method for Studying 

Protein Complexes  

Stephanie Zalesak-Kravec, Samuel Krug, Christina Williams, Wenjing Li, and Maureen 

A. Kane contributed to writing and editing of the chapter.  
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