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The prevalence of overweight and obesity and a growing aging population has resulted in
higher incidences of type 2 diabetes (T2D) and cardiovascular disease (CVD). Although
risk factors for T2D and CVD have been known for decades, the molecular mechanisms
involved in the pathophysiology of these multifaceted diseases and their interrelationship
remain unclear. The LDL receptor-related protein 1 (LRP1) is a large endocytic and sig-
naling receptor that is abundantly expressed in several tissues and possesses diverse bi-
ological functions, including chylomicron remnant clearance, involvement in insulin sig-
naling and glucose homeostasis, modulation of the inflammatory response, atheroprotec-
tion, and maintenance of vascular integrity. We hypothesized that LRP1 may serve as a
molecular link between metabolic processes and CVD development and employed tissue-
specific LRP1 knockout mouse models to identify potential molecular mechanisms. Stud-
ies performed on macrophage-specific LRP1-deficient mice generated on an LDL receptor
knockout background (LDLR™; macLRP17) and challenged with a Western diet revealed
that LRP1 expression in macrophages promotes hepatic inflammation and the development
of glucose intolerance and insulin resistance by modulating Wnt signaling. Interestingly,
studies performed on smooth muscle-specific LRP1-deficient (smLRP17") mice identified
a novel and critical role for LRP1 in modulating vascular smooth muscle cell (VSMC)
contraction by regulating calcium signaling events. These results uncovered a potential
mechanism by which LRP1 protects against aneurysm development. Studies performed on
VSMC s isolated from an aneurysm patient, who also contains two heterozygous missense
mutations within the LRP1 gene, showed dysregulation of the TGF-b and p53 signaling

pathways. These results provide further biological evidence supporting the association of



LRP1 mutations with aortic aneurysms. The role of LRP1 in vascular remodeling was also
investigated by inducing remodeling in smLRP1”" mice using the carotid artery ligation
model. Our results suggest that LRP1 protects against excessive vascular remodeling by
modulating angiotensin II-mediated signaling. Taken together, this work reveals the com-
plex roles of LRP1 in various tissues and provides evidence supporting LRP1 as a critical

molecule that integrates metabolic processes with inflammation and vascular disease.
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Chapter 1. Introduction'

In 2016, the World Health Organization estimated that more than 1.9 billion adults world-
wide were overweight or obese [1]. Obesity is highly correlative with the metabolic syn-
drome (MetS), which is comprised of interrelated physiological, metabolic, and biochem-
ical risk factors for type 2 diabetes (T2D) and cardiovascular disease (CVD). The MetS
is currently diagnosed in individuals who present three of the five following risk factors:
elevated waist circumference, as defined by population- and country-specific criteria, ele-
vated triglycerides (TGs), reduced high-density lipoprotein cholesterol (HDL-C), elevated
blood pressure, and elevated fasting glucose [2]. Furthermore, individuals with MetS have
a five-fold increased risk for T2D and are twice as likely to develop CVD over the next five
to ten years [2]. Although risk factors for T2D and CVD have been known for decades, the
molecular mechanisms involved in the pathophysiology of these multifaceted diseases and
their interrelationship remain unclear.

Due to the prevalence of overweight and obesity, an estimated 30.3 million people
in the United States had diabetes in 2015 [3]. Type 2 diabetes, a clinical outcome of MetS
and the most common form of diabetes, is a complex group of heterogeneous metabolic
disorders that includes insulin resistance. The etiology of diabetes is multifactorial and
can consist of both genetic and environmental factors, such as low physical activity levels,
poor diet, and excess body weight [4]. A metabolic disorder that commonly accompanies
diabetes is dyslipidemia, which consists of postprandial lipemia, increased plasma very
low-density lipoprotein (VLDL), increased small dense low-density lipoprotein (LDL), and
reduced high density lipoprotein (HDL) [5]. It is speculated from the results of several

studies (reviewed in [5]) that diabetic dyslipidemia is caused by several factors, includ-

'D. T. Au, D. K. Strickland, and S. C. Muratoglu, “The LDL receptor-related protein 1 (LRP1): At the
crossroads of lipoprotein metabolism and insulin signaling,” Journal of Diabetes Research, vol. 2017, no.
8356537, pp. 1-10, 2017.

D. K. Strickland, D. T. Au, P. Cunfer, and S. C. Muratoglu, “Low-density lipoprotein receptor-related protein-
1: Role in the regulation of vascular integrity,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 34,
no. 3, pp. 487-498, 2014.



ing the effects of insulin on liver apoprotein production, peripheral effects of insulin on
adipose and muscle, lipoprotein lipase (LPL) regulation, and effects of cholesteryl ester
transfer protein (CETP). This abnormal lipid metabolism is likely a large contributor to the
increased risk of atherosclerosis and CVD in diabetics. In addition to CVD, diabetes is
also associated with microvascular and macrovascular pathologies, including retinopathy,
nephropathy, and neuropathy [6].

CVD, specifically ischemic heart disease and stroke, continue to be the leading
cause of death worldwide [7]. Compounded by the prevalence of overweight and obesity
and increasing incidence of T2D, the growing aging population is projected to result in a
higher burden of coronary artery disease in the United States [8]. Consequently, there have
been increased efforts to elucidate the molecular mechanisms underlying CVD develop-
ment and create more effective therapies.

The low-density lipoprotein receptor-related protein 1 (LRP1) is a member of the
low-density lipoprotein receptor (LDLR) family and is highly expressed in macrophages,
vascular smooth muscle cells (VSMCs), hepatocytes, adipocytes, neurons, and fibroblasts.
LRP1 is essential for the recruitment and maintenance of mural cells in angiogenesis during
embryonic development [9], and global deletion of LRP1 results in embryonic lethality [9],
[10]. LRP1 was originally identified as an endocytic receptor for a,-macroglobulin (a,M)-
proteinase complexes [11], [12] and apolipoprotein E (apoE) [13], and studies now reveal
that LRP1 can bind over one hundred structurally unrelated ligands with high affinity [14],
[15]. In addition to its endocytic function, LRP1 also functions in signal transduction path-
ways and can interact with other cellular receptors (reviewed in [14]). Due to its widespread
expression and diverse functions in lipid and glucose metabolism, inflammation, and the
maintenance of vascular wall integrity (discussed below), LRP1 is an attractive molecule

that may serve as a link between T2D and CVD.



1.1. LRP1 structure and mode of ligand binding

The LRP1 gene, located on the long arm of chromosome 12 at position 13.3 (12q13.3),
encodes a 600 kDa precursor protein. During delivery to the cell surface, the LRP1 pre-
cursor protein is cleaved by furin to produce a 515 kDa heavy chain (a subunit) and a

non-covalently associated 85 kDa light chain (b subunit) (Figure 1).
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Figure 1: Structural organization of LRP1. LRP1 is composed of a heavy a chain and a
non-covalently associated light b chain. Modular structures within LRP1 include four clusters
of cysteine-rich complement-type repeats (CR), epidermal growth factor (EGF)-like repeats, b-
propeller (YWTD repeat) domains, a single-pass transmembrane domain, and an intracellular do-
main (ICD). The ICD contains two dileucine (LL) motifs and two NPxY motifs.

As a member of the LDLR family, LRP1 contains modular structures that are shared by
all family members and includes cysteine-rich complement-type repeats (CR), epidermal
growth factor (EGF)-like repeats, b-propeller (YWTD repeat) domains, a transmembrane
domain, and an intracellular domain (ICD) (reviewed in [14], [16]). CR, commonly re-
ferred to as ligand-binding repeats, occur in four clusters (termed I-IV) on the LRP1 heavy
chain. Interactions between LRP1 and many of its known ligands have been mapped to
these clusters. The LRP1 EGF repeats and b-propeller domains are predicted to be in-
volved in ligand uncoupling and are located between CR clusters. The LRP1 light chain
contains a short extracellular segment, a single-pass transmembrane domain, and an ICD,
which contains two dileucine (LL) motifs and two NPxY motifs.

In a canonical mode of ligand binding, ligand recognition occurs when a lysine
e-amino group on the ligand forms salt bridges with aspartic acid carboxylates on LRP1

CR. The aspartic acid residues are coordinated and stabilized by a calcium ion and form



an acidic pocket. Ligand binding is further strengthened by van der Walls interactions
between CR aromatic residues and the aliphatic portion of the ligand lysine residue docked
within the acidic pocket. Weak electrostatic interactions can also occur between other
ligand lysine residues and additional acidic residues on the CR. The ICD of LRP1 contains
two NPxY motifs which can be phosphorylated by activated protein-tyrosine kinases. Both
the unphosphorylated and phosphorylated states of the NPxY motifs can serve as a binding
site for other proteins [17].

Due to its ability to bind to numerous ligands, LRP1 associates with a chaperone
termed the receptor associated protein (RAP) which prevents premature ligand binding
during receptor trafficking from the endoplasmic reticulum (ER) to the Golgi. RAP is a
39 kDa ER-associated chaperone that binds tightly to LRP1 and enables delivery of the
receptor to the plasma membrane. Because it binds to LRP1 with high affinity, RAP is
frequently used as a competitive inhibitor of LRP1 ligand binding and can inhibit LRP1

receptor function [18], [19].

1.2. LRP1 single nucleotide polymorphisms (SNPs) are associated with several dis-
eases

Advances in genome-wide association studies and whole exome sequencing have revealed
the association of LRP1 polymorphisms with several diseases, including phenotypic fea-
tures of the metabolic syndrome [20], coronary heart disease [21], aortic aneurysms and
dissections [22]-[27], Marfan syndrome [28], Alzheimer’s disease [29], [30], migraines
[31], [32], and breast cancer [33].

1.3. Regulation of tumorigenesis and tumor progression by LRP1

Recent in vivo and in vitro data suggest a role for LRP1 in tumorigenesis and tumor pro-
gression. The C766T polymorphism within the LRP1 gene is associated with an increased
risk of breast cancer in women [33]. Amplification of the LRP1 gene was also found in

high-grade astrocytomas [34], and moderate to high LRP1 protein expression was detected



in glioblastoma tissue samples compared to normal brain tissue [35]. Increased LRP1 ex-
pression was also found in endometrial carcinoma tissue samples and was predictive of
more aggressive tumor behavior [36]. Studies have demonstrated that LRP1 promotes can-
cer cell migration and invasion by modifying the extracellular matrix (ECM) through reg-
ulation of matrix metalloproteinase 2 (MMP-2) and MMP-9 expression [37], [38]. LRPI
also modulates cancer cell adhesion and motility by regulating levels of plasminogen ac-
tivators and their inhibitors [39]-[41]. Other mechanisms have been proposed in which
LRP1 promotes tumor progression, including modulation of the ERK and JNK signaling
pathways [42], formation of the extracellular Hsp90-LRP1 signaling complex [35], regu-
lation of cancer cell proliferation and apoptosis, and modulation of the inflammatory en-
vironment [43]. However, several studies have suggested that the loss of LRP1 expression
can also promote tumor progression [44]-[50]. Together, these studies demonstrate that the

role of LRP1 in cancer cell migration and invasion is likely tissue and cancer-type specific.

1.4. Role of LRP1 in Alzheimer’s disease

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease that causes a gradual
decline in memory and mental function. The pathological hallmarks of AD include extra-
cellular plaque deposits consisting of the amyloid b (Ab) peptide and neurofibrillary tangles
composed of hyperphosphorylated tau proteins. LRP1 can bind directly to the b-amyloid
precursor protein (APP), mediating its endocytosis and processing [51] and accelerating Ab
production [52], [53]. Several in vivo and in vitro studies have also demonstrated that LRP1
mediates the clearance and degradation of Ab [54]. Recently, Winkler et al. showed that
GLUTI1 deficiency at the blood brain barrier resulted in accelerated Ab production [55].
GLUT]1 deficiency also resulted in the upregulation of sterol regulatory element binding
protein 2 (SREBP2) levels, which suppressed LRP1 expression and exacerbated the accu-
mulation of Ab [55]. This study uniquely demonstrates the relationship between glucose

metabolism, LRP1, and the progression of Alzheimer’s disease.



1.5. Macrophage LRP1 modulates the inflammatory response

Lipid uptake by macrophage lipoprotein receptors and transporters has been implicated in
atherogenesis by accelerating foam cell transformation. Studies by Hu et al. showed that
macrophage LRP1 conveys atheroprotective effects independent of its lipoprotein clear-
ance function [56]. Conditional deletion of macrophage LRP1 (macLRP17") in mice on
an ApoE/LDLR double knockout background resulted in an increase in total atheroscle-
rotic lesion area and a higher frequency of advanced lesions. Furthermore, lesions from
macLRP17" mice showed increased collagen content and a decrease in CD3* T cells
[56]. In another mouse model of atherosclerosis, deletion of macrophage LRP1 also in-
creased proximal aorta macrophage cellularity and production of the pro-inflammatory
markers monocyte chemoattractant protein 1 (MCP-1) and tumor necrosis factor-a (TNF-
a) [57]. Thioglycollate-elicited peritoneal macrophages deficient in LRP1 and stimulated
with lipopolysaccharide (LPS) showed increased secretion of TNF-a and interleukin 6 (IL-
6) [58]. Yancey et al. further demonstrated that macrophage-specific deletion of LPR1
enhanced production of pro-inflammatory cytokines, increased cellular apoptosis, and im-
paired efferocytosis [59]. Under pro-apoptotic conditions, LRP1-deficient macrophages
upregulated the transcription of interleukin 1 beta (IL-1b), IL-6, TNF-a, inducible nitric
oxide synthase, and MMP-9 mRNA [59]. A recent study also suggested that LRP1 modu-

lates conversion of macrophages from the classic M1 to alternative M2 phenotype [60].

1.6. Role of LRP1 in lipoprotein clearance and glucose metabolism

Hepatic LRP1 functions to mediate the endocytosis and degradation of apoE-enriched
chylomicron remnants as well as VLDL, a,M-proteinase complexes, serpin-enzyme com-
plexes, and blood coagulation factor VIII [14]. More recently, it was revealed that insulin
enhances postprandial lipoprotein clearance via LRP1 translocation to the cell surface in
hepatocytes [61]. Inactivation of hepatic LRP1 also impairs insulin signaling and sup-

presses GLUT?2 translocation to the plasma membrane [62]. Similarly, insulin stimulates



LRP1 translocation to the cell surface and increases the uptake of chylomicron remnants
in adipose tissue [63] and clearance of Ab peptides in the brain [64]. Seminal work by
Jedrychowski et al. revealed that LRP1 is a major component of GLUT4 containing vesi-
cles and regulates GLUT4 trafficking [65]. Collectively, these studies demonstrate the

relationship between LRP1 and lipoprotein and glucose metabolism.

1.7. Atheroprotection and maintenance of vascular wall integrity by LRP1

The role of LRP1 in atheroprotection and the maintenance of vascular wall integrity has
been well established in transgenic mouse models where the Lrpl gene is selectively
deleted from VSMCs (smLRP17) [66]-[70]. Smooth muscle LRP1-deficient mice, when
bred on an LDLR-deficient background, show increased susceptibility to diet-induced
atherosclerosis resulting from excessive activation of the platelet-derived growth factor re-
ceptor (PDGFR) signaling pathway [66]. Under nonatherogenic conditions, smLRP17"
mice develop disorganized and fragmented elastic fibers, aortic dilation, and exces-
sive collagen deposition due to unregulated protein levels of connective tissue growth
factor (CTGF) and the serine protease HtrAl [70]. Interestingly, the phenotype ob-
served in smLRP1”" mice appears to be independent of the PDGFR signaling pathway.
LRP1-deficient VSMCs exhibit an accelerated growth rate, and following vascular injury,
smLRP1” mice develop greater neointimal hyperplasia [69]. The endocytic function of
LRP1 also regulates the levels of numerous proteases and protease-inhibitor complexes,
including those involved in ECM degradation and remodeling, blood coagulation, and fib-

rinolysis (reviewed in [71]).

1.8. Hypothesis and specific aims

Taken together, we hypothesized that LRP1 may serve as a molecular link between
metabolic processes and CVD development. Utilizing different tissue-specific LRP1
knockout mouse models and various physiological and biochemical assays, the studies de-

scribed in this dissertation were undertaken to identify potential molecular mechanisms



connecting LRP1 with inflammation, metabolic processes, and the development of vascu-

lar diseases. In this dissertation, we proposed the following specific aims:

Specific Aim 1: Examine the role of macrophage LRP1 in hepatic inflammation.

Specific Aim 2: Determine if LRP1 is a susceptibility gene for abdominal aortic
aneurysm.

Specific Aim 3: Determine if smooth muscle LRP1 regulates vascular remodeling by

modulating angiotensin II-mediated signaling.



Chapter 2. Macrophage LRP1 promotes diet-induced hepatic inflammation and
metabolic dysfunction by modulating Wnt signaling'

2.1. Abstract

Hepatic inflammation is associated with the development of insulin resistance, which can
perpetuate the disease state and may increase the risk of metabolic syndrome and dia-
betes. Despite recent advances, mechanisms linking hepatic inflammation and insulin re-
sistance are not fully understood. The low-density lipoprotein receptor-related protein 1
(LRP1) is a large endocytic and signaling receptor that is highly expressed in macrophages,
adipocytes, hepatocytes, and vascular smooth muscle cells. To investigate the potential
role of macrophage LRP1 in hepatic inflammation and insulin resistance, we conducted
experiments using macrophage-specific LRP1-deficient mice (macLRP17) generated on a
low-density lipoprotein receptor knockout (LDLR™") background and fed a Western diet.
LDLR™; macLRP1”" mice gained less body weight and had improved glucose tolerance
compared to LDLR” mice. Livers from LDLR™; macLRP1” mice displayed lower lev-
els of gene expression for several inflammatory cytokines, including Ccl3, Ccl4, Ccl8,
Ccrl, Ccr2, Cxcl9, and Tnf, and reduced phosphorylation of GSK3a and p38 MAPK pro-
teins. Furthermore, LRP1-deficient peritoneal macrophages displayed altered cholesterol
metabolism. Finally, circulating levels of sFRP-5, a potent anti-inflammatory adipokine
that functions as a decoy receptor for Wnt5a, were elevated in LDLR”; macLRP1” mice.
Surface plasmon resonance experiments revealed that sFRP-5 is a novel high affinity lig-
and for LRPI, revealing that LRP1 regulates levels of this inhibitor of WntSa-mediated
signaling. Collectively, our results suggest that LRP1 expression in macrophages promotes
hepatic inflammation and the development of glucose intolerance and insulin resistance by

modulating Wnt signaling.

'D. T. Au, M. Migliorini, D. K. Strickland, and S. C. Muratoglu, “Macrophage LRP1 promotes diet-
induced hepatic inflammation and metabolic dysfunction by modulating Wnt signaling,” Mediators of In-
flammation, vol. 2018, no. 7902841, pp. 1-15, 2018.



2.2. Introduction

Obesity, dyslipidemia, and insulin resistance are major contributors to the metabolic syn-
drome (MetS), which can lead to type 2 diabetes (T2D) [72]. It is estimated that 27-29 mil-
lion people (approximately 9% of the population) in the United States have T2D [3], and
consequently, a substantial research effort has been dedicated to elucidating the pathogen-
esis of diabetes and potential linkages among risk factors. One of the pathways implicated
in promoting obesity and inflammation is the Wnt signaling pathway [73]-[78], which is
essential for embryonic development and tissue homeostasis [79]. The large family of se-
creted Wnt glycoproteins coordinate a multitude of signaling pathways [80].

Canonical Wnt signaling converges on the accumulation and translocation of b-
catenin into the nucleus. Activation of the pathway occurs when Wnt binds to its receptor
frizzled (Fz) and co-receptor low-density lipoprotein receptor-related protein 5/6 (LRP5/6).
Seminal work by Ross et al. demonstrated that canonical Wnt signaling regulates adipo-
genesis and maintains preadipocytes in an undifferentiated state [81]. Proinflammatory
cytokines, such as tumor necrosis factor a (TNF-a) and interleukin 6 (IL-6), produced by
adipocytes or macrophages, have been shown to promote canonical Wnt signaling and in-
flammation and inhibit preadipocyte differentiation and lipid accumulation [73], [74]. In
contrast to the canonical Wnt signaling pathway, non-canonical Wnt signaling, also known
as the b-catenin-independent pathway, is less well defined. In this pathway, a non-canonical
Wnt ligand, such as Wnt5a, interacts with Fz2 and receptor tyrosine-like orphan receptor 2
(ROR2) to activate Ras-related C3 botulinum toxin substrate 1 (Racl). Wnt5a was found
to be upregulated in obese (ob/ob) mice or wild-type mice fed a high fat, high sucrose diet
[75] and contributed to obesity-associated inflammation [76]—[78]. In macrophages, Wnt5a
triggers inflammation via activation of c-Jun N-terminal kinase (JNK) signaling pathways
[82]. The activity of Wnt5a is regulated by secreted frizzled-related protein 5 (sFRP-5),
an extracellular antagonist of Wnt signaling that functions as a decoy receptor by binding

Wnt5a and preventing its association with Fz. sFRP-5 is an anti-inflammatory adipokine
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secreted by adipocytes whose expression is reduced in animal models of metabolic dys-
function [75].

A recent study examining 450 participants in the LIPGENE cohort demonstrated
that rs4759277 within the LRP1 gene is the top single nucleotide polymorphism (SNP)
associated with fasting insulin, C-peptide, and insulin resistance [20]. The low-density
lipoprotein receptor-related protein 1 (LRP1) is a member of the low-density lipoprotein
receptor (LDLR) family and is highly expressed adipocytes, hepatocytes, macrophages,
vascular smooth muscle cells, fibroblasts, and neurons. In addition to its role in the clear-
ance of remnant lipoproteins from the circulation, studies have revealed that LRP1 can
bind numerous, unrelated ligands with high affinity and can modulate multiple signaling
pathways [14], [15]. We previously reported that macrophage LRP1 contributes to choles-
terol accumulation in macrophages, leading to foam cell formation [83]. The current study
was undertaken to determine a potential role of macrophage LRP1 in obesity-associated in-
flammation. Using macrophage-specific LRP1-deficient mice (macLRP17") generated on
an LDLR knockout (LDLR™") background, which were previously used as an insulin re-
sistance model [84], and fed a high fat, high cholesterol, high sucrose (Western) diet, we
reveal a proinflammatory role of macrophage LRP1 in diet-induced hepatic inflammation

through modulation of the Wnt signaling pathway.

2.3. Materials and Methods

2.3.1. Animals

Animal studies were approved by the Institutional Animal Care and Use Committee of the
University of Maryland School of Medicine. All male mice were weaned at three weeks of
age, maintained on a 12-hour light/12-hour dark cycle, fed a standard rodent (chow) diet
(Envigo 2018SX) or Western diet (Envigo TD.88137) for the indicated amount of time,
and given water ad libitum. Body weights were monitored throughout the experiment and

recorded twice per week. Final body weight data are presented as percent body weight
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gain, calculated as follows:
1
Weightging — Weightyiga
Weightiga

Percent Body Weight Gain (%) = x 100

Embryonic deletion of Lrpl in macrophages was achieved by crossing Ldlr** or Ldlr”
mice with mice expressing loxP sites flanking the Lrpl gene (both mice kindly provided by
Dr. Joachim Herz at UT Southwestern Medical Center). The resulting offspring, Ldlr*/*;
Lrp1Mo¥fox and Ldlr’; Lrp1io/iex were then crossed with transgenic mice expressing Cre
recombinase under the control of a myeloid lineage specific lysozyme M (LysM) promoter
(kindly provided by Dr. Irmgard Forster at the University of Bonn, Germany). Resulting
offspring, Lrp1o<iox: | ysM-Cre” (LRP1*/*) and Lrp1"o¥fox; | ysM-Cre* (macLRP17") on
an LdIr*"* or LdIr’” background, were used in experimental studies with LRP1** litter-

mates, on the appropriate Ldlr background, serving as controls.

2.3.2. Intraperitoneal glucose tolerance test (IPGTT)

Animals were weighed, transferred to clean cages, and fasted for 4-6 hours. After fasting,
baseline (0 minute) blood glucose levels were measured from the tail vein using a Contour
USB Blood Glucose Meter (Bayer Healthcare 7393A) and Contour Blood Glucose Test
Strips (Bayer Healthcare 7097C). Animals were then administered 1 mg of glucose (100
mg/mL stock glucose concentration; Sigma G-5767) per gram of body weight by intraperi-
toneal injection, and blood glucose levels were measured at 5, 15, 30, 60, and 120 minutes
post-injection. For each animal, blood glucose was plotted against each timepoint and the

area under the curve (AUC) and above y = 0 was determined using ImageJ (NIH).

2.3.3. Plasma insulin determination

Blood was collected from the tail vein during the IPGTT at baseline (0 minute) and 30
and 60 minutes post-glucose injection using a heparinized microhematocrit capillary tube
(Fisher Scientific 22-362-566). Blood samples were subsequently transferred to a micro-

centrifuge tube, centrifuged at 1,000-2,000 x g for 10 minutes at 4 C, and the supernatant

12



was transferred into a new microcentrifuge tube and stored at -30 C. Plasma insulin lev-
els were quantified using a Rat/Mouse Insulin ELISA Kit (Millipore EZRMI-13K) as per
manufacturer’s instructions. The plate was washed four times with 1X Wash Buffer (250
mL/well per wash) and the final wash was aspirated. Assay Buffer (10 mL/well) was added
to each of the blank and sample wells, and 10 mL of Matrix Solution was added to each
of the blank, standard, and control wells. Rat/Mouse Insulin Standards (0.2, 0.5, 1, 2, 5,
and 10 ng/mL), Rat/Mouse Insulin Quality Controls 1 and 2, and plasma samples were
added to the appropriate wells (10 mL/well) and assayed in duplicate. Detection Antibody
(80 mL/well) was added to all wells, and the plate was sealed with a plate sealer and incu-
bated at room temperature for two hours with gentle shaking. After two hours, the plate
was washed as described above, and 100 mL of Enzyme Solution was added to each well.
The plate was sealed and incubated at room temperature for 30 minutes with gentle shak-
ing. After 30 minutes, the plate was washed six times as described above, and 100 mL of
Substrate Solution was added to each well. The plate was incubated at room temperature,
protected from light, for 15 minutes with gentle shaking. Stop Solution (100 mL/well) was
added, the plate was gently tapped to mix contents, and the plate was read at 410 nm within
5 minutes using a Tecan GENios™ Pro plate reader. Duplicate readings for each blank,
standard, and sample were averaged, and the averaged blank optical density (OD) was sub-
tracted. A standard curve was generated by plotting the mean absorbance versus standard

concentration for each standard, and a best fit line was determined by linear regression.

2.3.4. Plasma triglyceride determination

All blood samples were collected after fasting for 4-6 hours. Blood was collected at 0
weeks (prior to placement on a Western diet) and after 6-7 weeks on a Western diet by tail
snip using a heparinized microhematocrit capillary tube and subsequently transferred to a
microcentrifuge tube. Blood collection at the experimental endpoint (after 17-18 weeks on

a Western diet) was obtained by terminal cardiac puncture using a syringe containing 5 mL

of 0.5 M EDTA, pH 8.0 (Invitrogen 15575020), and the blood sample was subsequently
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transferred to a microcentrifuge tube. Blood collected by tail snip or cardiac puncture was
then centrifuged at 1,000-2,000 x g for 10 minutes at 4 C. The supernatant was transferred
into a new microcentrifuge tube and stored at -30 C. Plasma triglyceride levels were quan-
tified using a Serum Triglyceride Determination Kit (Sigma TR0100). Glycerol standards
(0, 3.125, 6.25, 12.5, 25, and 50 mg; Sigma G-7793) and samples were prepared directly
in a 96-well microplate, diluted with deionized water, and assayed in duplicate. For all
standards and samples, 200 mL of Free Glycerol Reagent was added to each well followed
by 50 mL of Triglyceride Reagent. The microplate was incubated at room temperature,
protected from light, for 30 minutes and the absorbance at 550 nm was measured using a
Tecan GENios™ Pro plate reader. Duplicate readings for each standard and sample were
averaged, and the averaged zero standard OD was subtracted. A standard curve was gener-
ated by plotting the mean absorbance versus glycerol amount for each standard, and a best

fit line was determined by linear regression.

2.3.5. Quantitative reverse transcription polymerase chain reaction (qQRT-PCR)

Thioglycollate-elicited peritoneal macrophages or livers were harvested from LDLR” and
LDLR":; macLRP1" mice fed a standard chow or Western diet. Total RNA was isolated
using TRIzol™ Reagent (Invitrogen 15596026) as directed by the manufacturer. Total
RNA (1 mg) was then used to synthesize cDNA using the RT? First Strand Kit (Qiagen
330401). Real-time PCR was performed on a 7900HT Sequence Detection System (Ap-
plied Biosystems) using the RT?> SYBR Green ROX gPCR Mastermix (Qiagen 330520) and
RT? Profiler™ Mouse Lipoprotein Signaling and Cholesterol Metabolism PCR Array (Qi-
agen PAMM-080Z) or RT? Profiler™ Mouse Inflammatory Cytokines and Receptors PCR
Array (Qiagen PAMM-011Z). Quantitative RT-PCR analyses of Insr and Slc2a2 genes were
performed using TagMan™ Fast Advanced Master Mix (ThermoFisher Scientific 4444963)
and TagMan® Array Mouse Fatty Liver (ThermoFisher Scientific 4391524, RAEPRZ3).
Relative gene expression data were analyzed using the 2"PP¢ method. Hsp90ab1 was used

as a housekeeping gene for data normalization in the Mouse Lipoprotein Signaling and
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Cholesterol Metabolism PCR Arrays. Hprtl, Hsp90abl, and Gapdh were used as house-
keeping genes for data normalization in the Mouse Inflammatory Cytokines and Receptors
PCR Arrays. For the TagMan® Mouse Fatty Liver Array, Hprtl, Hsp90abl, and Gusb

were used as housekeeping genes for data normalization.

2.3.6. Immunoblotting

Livers were dissected from LDLR” and LDLR”; macLRP1” mice fed a Western diet for
8 weeks. Each liver was extracted with 150 mL of T-PER™ Tissue Protein Extraction
Reagent (ThermoFisher Scientific) supplemented with cOmplete™, EDTA-free Protease
Inhibitor Cocktail (Roche) and Phosphatase Inhibitor Cocktail Set 11 (EMD Millipore)
using a tissue homogenizer (Omni International). Equal amounts of tissue homogenates
were separated on a Novex™ 4-12% Tris-Glycine Mini Protein Gel (Invitrogen) and elec-
trophoretically transferred to a nitrocellulose membrane (ThermoFisher Scientific). The
membrane was blocked with 3% Blotting-Grade Blocker (Bio-Rad) and incubated with
anti-LRP1 antibody (R2629) [85] at 2.5 mg/mL overnight at 4 C. The membrane was
washed three times with 0.05% Tween 20 (Sigma-Aldrich) in tris-buffered saline (TBS-T),
and antibody binding to the membrane was detected with IRDye* 680RD Donkey anti-
Rabbit IgG secondary antibody (LI-COR Biosciences) at a concentration of 1:5000. The
membrane was then washed three times with TBS-T and imaged using a LI-COR Odyssey
Infrared Imaging System. Protein levels were quantified by densitometry using Image]

(NIH) and normalized to Hsp90.

2.3.7. Immunoblot phosphoprotein analysis

Immunoblot phosphoprotein analysis was performed by Kinexus Bioinformatics Corpo-
ration (Vancouver, British Columbia, Canada) using a Kinetworks™ Phosphosite Screen
(Kinexus Bioinformatics Corporation KPSS 1.3 Profiling). Tissues were prepared accord-
ing to manufacturer’s instructions. Briefly, LDLR”" and LDLR”"; macLRP1” mice placed
on a Western diet for two weeks were euthanized, and the whole animal was perfused with

DPBS. The liver was dissected, rinsed in ice-cold DPBS three times, and homogenized in
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I mL of lysis buffer (20 mM MOPS, 2 mM EGTA, 5 mM EDTA, 30 mM NaF, 60 mM
b-glycerophosphate, 20 mM sodium pyrophosphate, 1 mM Na3;VO,, 1% Nonidet P-40, 1
mM PMSF, 3 mM benzamidine, 5 MM pepstatin A, 10 mM leupeptin, 1 mM DTT, pH 7.2)
per 250 mg of liver using a tissue homogenizer (Omni International TH-01). Tissue ho-
mogenates were sonicated (Fisher Scientific Sonic Dismembrator Model 100) four times
for 10 seconds each time on ice and centrifuged at 90,000 x g for 30 minutes at 4 C. The
supernatant was transferred to a new microcentrifuge tube, and the protein concentration
was determined using a PierceTM BCA Protein Assay Kit. All samples were then pre-
pared in SDS-PAGE sample buffer (31.25 mM Tris-HCI (pH 6.8), 1% (w/v) SDS, 12.5%
(v/v) glycerol, 0.02% (w/v) bromophenol blue, 1.25% (v/v) b-mercaptoethanol) at a final
concentration of 1 mg/mL, boiled for four minutes at 100 C, and shipped at room temper-
ature to Kinexus Bioinformatics Corporation. Protein phosphorylation on 38 cell signaling
molecules was analyzed using Kinexus KCPS-1.3 phosphoprotein profiling screen software
(Kinexus Bioinformatics Corporation). This analysis combines proprietary methodologies
with the analytical techniques of gel electrophoresis, immunoblotting, and protein visual-

ization via enhanced chemiluminescence (ECL).

2.3.8. Histology

Livers were dissected from LDLR” and LDLR”"; macLRP1”- mice fed a Western diet for
4 weeks. Formalin-fixed and paraffin embedded livers were analyzed by 5 mm sections. For
each liver, sections were subjected to hematoxylin and eosin (H&E) staining to analyze the

hepatocyte fat content.

2.3.9. Peritoneal macrophage stimulation with lipopolysaccharide (LPS)

Peritoneal macrophages were harvested from LDLR” and LDLR”; macLRP1” mice
fed a standard chow diet by peritoneal lavage five days after intraperitoneal injection
of 1 mL Brewer Modified Thioglycollate broth (3.8% w/v; BD Biosciences 211716).
Macrophages were pooled according to genotype, washed once with Dulbecco’s phos-

phate buffered saline (DPBS; Corning 21-031-CV), and treated with ammonium-chloride-
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potassium (ACK) lysing buffer for 8 minutes at room temperature. ACK lysing buffer was
diluted with Dulbecco’s modification of Eagle’s medium (DMEM; Corning 10-013-CV)
supplemented with 10% fetal bovine serum (FBS; Sigma F-4135), and cells were cen-
trifuged at 1,200 rpm for 7 minutes. Macrophages were resuspended in DMEM, 10% FBS,
1X penicillin-streptomycin (P/S; Corning 30-002-CI) (universal culture medium), seeded
at 2 x 10° cells per 60 mm tissue culture dish, and maintained at 37 C, 5% CO2 in a hu-
midified atmosphere. The following day, non-adherent cells were removed, and adherent
cells were washed three times with DPBS and incubated in universal culture medium. After
16-18 hours, cells were washed once with DPBS and serum starved for 16-18 hours. Cells
were then washed with DMEM, 1X P/S and treated with PBS or 50 ng/mL lipopolysac-
charide (LPS; Sigma L-2654) in DMEM, 1X P/S for 24 hours. After 24 hours, conditioned
media was collected, centrifuged at maximum speed in a microcentrifuge for 5 minutes,
and the supernatant was transferred to a new microcentrifuge tube and frozen at -30 C.
Cells were washed once with ice-cold DPBS and lysed directly on the tissue culture dish
with 200 mL/dish of T-PER™ Tissue Protein Extraction Reagent (ThermoFisher Scientific
78510) supplemented with cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche
11873580001) and Phosphatase Inhibitor Cocktail Set II (EMD Millipore 524625). Whole
cell lysates were transferred to a microcentrifuge tube, centrifuged at maximum speed
in a microcentrifuge for 5 minutes, and the supernatant was transferred to a new micro-
centrifuge tube and frozen at -30 C. Lysate protein concentration was determined using a

Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific 23225).

2.3.10. IL-6 enzyme-linked immunosorbent assay (ELISA)

IL-6 in peritoneal macrophage conditioned media samples were quantified using a Legend
Max™ Mouse IL-6 ELISA Kit (BioLegend 431307) as per manufacturer’s instructions.
The standard was reconstituted as instructed, and diluted standards (0, 3.9, 7.8, 15.6, 31.3,
62.5, 125, and 250 pg/mL) and samples (dilution factor of 1, 50, 100, or 200) were pre-

pared. The plate was washed five times with 1X Wash Buffer (250 mL/well per wash) and
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the final wash was aspirated. Assay Buffer A (50 mL/well) was added to all wells, and 50
mL of diluted standard or sample was added to each well and assayed in duplicate. The plate
was sealed with a plate sealer and incubated at room temperature for two hours with gentle
shaking. After two hours, the plate was washed as described above, and 100 mL of Mouse
IL-6 Detection Antibody was added to each well. The plate was sealed and incubated at
room temperature for one hour with gentle shaking. After one hour, the plate was washed
as described above and 100 mL of Avidin-HRP A solution was added to each well. The plate
was sealed and incubated at room temperature for 30 minutes with gentle shaking. After
30 minutes, the plate was washed six times as described above, and 100 mL of Substrate
Solution E was added to each well. The plate was incubated at room temperature, protected
from light, for 15 minutes. Stop Solution (100 mL/well) was added, the plate was gently
tapped to mix contents and was read at 410 nm within 30 minutes using a Tecan GENios™
Pro plate reader. Duplicate readings for each standard and sample were averaged, and the
averaged zero standard OD was subtracted. A standard curve was generated by plotting the
mean absorbance versus standard concentration for each standard, and a best fit line was

determined by linear regression.

2.3.11. sFRP-5 ELISA

Plasma samples were collected as described above, and sFRP-5 in samples were quantified
using a Mouse sFRP-5 ELISA Kit (Cloud-Clone Corp. SEC842Mu) as per manufacturer’s
instructions. The standard was reconstituted as instructed, and diluted standards (0, 0.25,
0.5, 1, 2,4, 8, and 16 ng/mL) and samples (dilution factor of 10, 20, or 50) were prepared.
Standard or sample was added to each well (100 mL/well) and assayed in duplicate, and
the plate was sealed with a plate sealer and incubated at 37 C for two hours. After two
hours, liquid was aspirated from each well, 100 mL of diluted Detection Reagent A was
added to each well, and the plate was sealed and incubated at 37 C for one hour. After one
hour, the plate was washed four times with 1X Wash Buffer (250 mL/well per wash). The

final wash was aspirated, 100 mL of diluted Detection Reagent B was added to each well,
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and the plate was sealed and incubated at 37 C for 30 minutes. The plate was washed as
described above, the final wash was aspirated, and 90 mL of TMB Substrate Solution was
added to each well. The plate was sealed, protected from light, and incubated at 37 C for
15-25 minutes. Stop Solution (50 mL/well) was added, the plate was gently tapped to mix
contents, and the plate was read at 410 nm using a Tecan GENios™ Pro plate reader. Dupli-
cate readings for each standard and sample were averaged, and the averaged zero standard
OD was subtracted. A standard curve was generated by plotting the mean absorbance ver-
sus standard concentration for each standard, and a best fit line was determined by linear

regression.

2.3.12. Surface plasmon resonance (SPR)

Binding of sFRP-5 (R&D Systems 6266-SF-050) to LRP1 was assessed using a Biacore
3000 optical biosensor system (GE Healthcare Life Sciences). Full length LRP1, purified
from placenta as described [12], was coupled to a Sensor Chip CM5 (GE Healthcare Life
Sciences BR-1003-99) using an Amine Coupling Kit (GE Healthcare Life Sciences BR-
1000-50). A separate flow cell of the CMS5 sensor chip was activated and blocked with 1
M ethanolamine without LRP1 and served as a control surface. Various concentrations of
ligand in HBS-P Buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% (v/v) Surfactant
P20; GE Healthcare Life Sciences BR100368) supplemented with 1 mM CaCl, was flowed
over the surface of the LRP1-coupled sensor chip at a rate of 20 mL/min at 25 C. To account
for flow cell-dependent refractive index changes, sensorgrams of HBS-P Buffer containing
equivalent amounts of buffer in which the protein was prepared was subtracted from the
sensorgrams for each of the respective ligand concentrations. Between sample runs, sensor
chip surfaces were regenerated with 15 s injections of 100 mM phosphoric acid at a flow
rate of 100 mL/min. The data were analyzed by fitting to the observed pseudo-first order rate
constant (Kops) and adding a non-specific component to determine maximum response units
at equilibrium (R.y). The equilibrium dissociation rate constant (Kp) was then determined

by plotting R,y values versus ligand concentration and fitting the data to a single class of
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sites using non-linear regression analysis (GraphPad Prism 7.0 software).

2.3.13. Statistical analyses
All results are presented as mean + SEM. Data were analyzed for significance using a
Student’s t-test or two-way ANOVA followed by Bonferroni posttests. A p-value < 0.05

was set as the threshold for significance.

2.4. Results

24.1. Genetic deletion of LRP1 in macrophages improves glucose tolerance and re-
duces body weight gain in Western diet-fed LDLR”- mice

To investigate the contribution of macrophage LRP1 to whole body metabolism, LDLR™"
and LDLR”"; macLRP1”" mice were placed on a high fat, high cholesterol, high sucrose
(Western) diet for eight weeks and body weights were measured twice per week. LDLR™
and LDLR”; macLRP1” mice demonstrated a similar increasing trend in body weight
gain; however, LDLR”"; macLRP1”" mice had a significantly smaller gain in percent body
weight after eight weeks on a Western diet (Figure 2A). We next performed an intraperi-
toneal glucose tolerance test (IPGTT). Initial fasting blood glucose levels were similar in
LDLR” and LDLR”"; macLRP1”* mice (Figure 2B). However, LDLR”; macLRP1”" mice
showed improved glucose tolerance with a lower mean glucose curve (Figure 2B) and sig-
nificantly lower mean area under the curve (AUC) (Figure 2C) compared to LDLR” mice.
Furthermore, LDLR™"; macLRP17 mice had significantly lower blood glucose levels at 5
minutes and 15 minutes (Figure 2B). Plasma insulin levels during the IPGTT were trending
lower in LDLR”"; macLRP1”" mice; however, differences were not significant (Figure 2D).

Interestingly, the impact of LRP1-deficiency in macrophages was only observed in
mice on an LDLR” background. When the body weight and glucose metabolism experi-
ments were repeated with macLRP1”- mice on an LDLR wild-type (LDLR**) background,
no differences were observed between LDLR** and LDLR**; macLRP1”" mice in body

weights, fasting glucose levels, glucose tolerance, or plasma triglyceride levels even though
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the mice were maintained on a Western diet for 17-18 weeks to ensure that any subtle dif-

ferences attributed to LRP1-deficiency in macrophages would be observed (Figure 3).
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Figure 2: Reduced body weight gain and improved glucose tolerance for LDLR”"; macLRP1"
mice. LDLR” and LDLR”"; macLRP1”- mice were maintained on a Western diet for 8 weeks prior
to conducting the intraperitoneal glucose tolerance test IPGTT). (A) Percent body weight gain
of mice after 8 weeks (LDLR”" n = 14, LDLR”"; macLRP1”" n = 11). IPGTT (1 mg/g glucose
challenge) curve depicting glucose clearance capacity (B) and area under the curve (AUC, C) of
LDLR” (n = 14) and LDLR”"; macLRP1”* (n = 13) mice. (D) Plasma insulin levels during the
IPGTT (LDLR” n = 8, LDLR™"; macLRP1”* n = 9). The data represent mean + SEM of results.
p< 0.05

2.4.2. Hepatic inflammation is attenuated in LDLR”"; macLRP1” mice challenged
with a Western diet

To further characterize the effects of LRP1 deletion in macrophages, we examined expres-
sion levels of several genes involved in mediating the inflammatory response in livers of
LDLR” and LDLR”; macLRP1” mice fed a Western diet for two weeks. Quantitative
RT-PCR analyses of livers using a Mouse Inflammatory Cytokines and Receptors PCR
Array (Qiagen) revealed seven genes that were significantly downregulated in LDLR™;

macLRP17 mice: Ccl3, Ccl4, Ccl8, Ccrl, Ccr2, Cxcl9, and Tnf (Figure 4A).
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Figure 3: Body weight gain and glucose tolerance are similar for LDLR** and LDLR*"*;
macLRP17- mice. LDLR** and LDLR**; macLRP1”" mice were maintained on a Western diet
for 17-18 weeks prior to conducting the intraperitoneal glucose tolerance test IPGTT). (A) Percent
body weight gain of mice after 17-18 weeks (n = 7). IPGTT (1 mg/g glucose challenge) curve
depicting glucose clearance capacity (B) and area under the curve (AUC, C) of LDLR** (n = 7)
and LDLR**; macLRP17 (n = 7) mice. (D) Plasma triglyceride levels prior to and after the mice
were maintained on a Western diet for 6-7 (n = 7) or 17-18 (n = 7) weeks. The data represent mean
+ SEM of results.

We also analyzed expression levels of the insulin receptor (Insr) and Glut2 (Slc2a2) genes
since Ding et al. showed that hepatic LRP1 deletion resulted in marked attenuation of these
protein abundances [62]. Quantitative RT-PCR analyses showed no changes in abundances
of these genes in livers of LDLR”" and LDLR”"; macLRP1”" mice fed a Western diet for

two weeks (Figure 4B).
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Figure 4: LRP1 expression increased diet-induced gene expression of in ammatory cytokines

in mouse livers.(A) LDLR”- and LDLR’; macLRP?" mice were maintained on a Western diet for

2 weeks. Livers were processed and analyzed for abundance of in ammatory cytGki3e€cl4,

Ccl8, Ccrl, Ccrz, Cxcl9, andTnf by quantitative RT-PCR (n = 3)Bj) Insulin receptor and Glut2

(Insr andSlc2a2 respectively) gene expression levels were analyzed for abundance by quantitative
RT-PCR (n = 3). The data represent meaSEM of results. p< 0.05, p< 0.01

2.4.3. Regulation of hepatic glucose metabolism signaling pathways in LDLR
macLRP1’ mice challenged with a Western diet

To complement the in ammation-related gene expression analyses, we also examined acti-
vation of several signaling pathways at the protein level in livers of LDlaRd LDLR’;
macLRP?Y mice fed a Western diet for two weeks. Mice were placed on a Western diet
for two weeks, and livers were processed and analyzed by immunoblot pro ling to iden-
tify differentially phosphorylated proteins (Figure 5A, Appendix 1). Glycogen synthase
kinase 3 (GSK3) is a multifunctional kinase that is involved in glucose metabolism and
other various physiological pathways. GSK3 has two isoforaren(db) that share exten-

sive sequence homology and have similar, but not redundant functions [86]. The activity

of this constitutively active serine threonine kinase is regulated by phosphorylation of spe-
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