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Abstract 

Title of Dissertation: Effect of Cadmium Exposure on the Transport System of Organic 

Cation Transporters and Multidrug and Toxin Extrusion Proteins (OCTs/MATEs) 

Hong Yang, Doctor of Philosophy, 2019 

Dissertation Directed by: Dr. Yan Shu, Associate Professor, Department of 

Pharmaceutical Sciences, School of Pharmacy 

 

The universal pollution by cadmium (Cd) in our agricultural land and the prevalence of 

cigarette smoking make the environmental Cd exposure an unneglectable human health 

concern. While the mechanism of cadmium accumulation has been extensively studied, 

no explicit mechanism has been reported regarding the elimination of cadmium from the 

body. On the other hand, whereas Cd exposure has been correlated with a variety of 

diseases, little is known pertaining to its effect on drug disposition and response in 

patients. Thus, we aim to delineate the mechanism of cadmium elimination and 

detoxification and to gain new insights into its effect on xenobiotic disposition and 

response. 

 

The OCTs/MATEs transport system are pair of transporter proteins highly expressed at 

the basolateral and apical membrane of hepatocytes and renal proximal tubules 

respectively. Recently, Cd has been identified as a substrate of OCTs, while we 

determined that MATEs could reduce the toxicity of Cd by serving as its efflux 

transporters in vitro. In addition, knockout of Mate1 in mice kidney resulted in higher 

renal toxicity in both chronic and acute Cd intoxication studies.  



 

 

We found that Cd was an inducer of OCT activity while an inhibitor towards MATEs in 

cells. Consistently, Cd exposure could lead to accumulation of the substrates of these 

transporters in mouse liver and kidney. Being focused on human (h) OCT2 and MATE1, 

our mechanistic studies revealed that hOCT2, as compared to hMATE1, was more active 

in trafficking between the plasma membrane and the cytoplasmic storage pool. Cd 

exposure could trigger the formation of a protein complex consisting of AKT2, 

calmodulin and AS160, which could then selectively facilitate the phosphorylation of 

AKT2 at T309, and initiate the translocation of hOCT2 to the plasma membrane.  

 

Altogether, our findings have identified MATE transporters as new contributors for Cd 

detoxification, and provided foundation to uncover environmental Cd as a previously 

unrecognized factor for the broad variation in drug disposition and response. 
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Chapter 1: Introduction  

I. An overview of Cadmium Transporters in the Kidney and Cadmium-Induced 

Nephrotoxicity 1 

The issue of cadmium pollution is accompanied with human industrial 

civilization. Every year, thousands of tons of cadmium-containing pollutants are 

discarded into our environment, which poses an increasing health risk to our daily food 

and drinking water. It is now well accepted that cadmium can accumulate in multiple 

organs, such as liver, kidney, pancreas, and testis, and adversely affect the functions of 

these organs. Among them, kidney is recognized as a major target of cadmium-induced 

toxicity. Clearly, illustration of cadmium transport pathways will ensure us a better 

understanding of cadmium-induced nephrotoxicity. After decades of research, a variety of 

transport proteins have been characterized to play a role in renal cadmium accumulation, 

including metallothioneins (MTs), zinc transporters, calcium transporters, divalent metal-

ion transporter-1, and some recently identified ones, such as organic cation transporters, 

multidrug and toxin extrusion proteins, and additional cadmium-binding proteins 

containing thiol groups. Several mechanisms have been also proposed to account for 

cadmium-induced nephrotoxicity, including oxidative stress, cell apoptosis, and 

glomerular contraction, which have been well reviewed elsewhere. In this review, we are 

aiming to summarize the progress made on renal cadmium transporting pathways (Fig. 1-

1) and their role in cadmium-induced nephrotoxicity. 

1 This part of the chapter is reprinted (adapted) from the manuscript  entitled: Cadmium 

transporters in the kidney and cadmium-induced nephrotoxicity. Yang H, Shu Y. Int J Mol 

Sci. Jan 09 2015;16(1):1484-1494, with permission from Int J Mol Sci. 
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Metallothioneins (MTs) 

Evidence as the cadmium transporter 

The family of MTs is a group of cysteine-rich proteins with the molecular weight 

(MW) ranging between 6-7 kDa 1. After firstly discovered from cadmium-binding 

proteins with horse renal cortex 2, the role of MTs in the transport of cadmium has been 

undergone comprehensive investigation. Due to the abundant thiol groups of their 

cysteine residues, which have a high affinity to metal ions, MTs are thought to play an 

important role not only in the homeostasis of physiological metal ions, such as zinc, 

copper, and selenium, but also in protection from the toxicity of heavy metals, such as 

cadmium, mercury, lead, and arsenic.  

After chronic exposure of the rodents with cadmium chloride, most cadmium is 

bound to the albumin in the circulation system and the metal-protein complex is readily 

and mainly uptaken by the liver (Fig. 1-1). In the liver, cadmium acts as a stimulus to MT 

synthesis and is bound to MTs which is a protective mechanism for the body to sequester 

xenobiotic cadmium. Cadmium-metallothionein (Cd-MT) complex is then released to the 

circulation system; and due to the small size of MTs, the complex is easily filtered 

through the glomerulus and reabsorbed by the proximal tubular (PT) epithelial cells via 

endocytosis 3,4. There is direct evidence of cadmium relocation from the liver to the 

kidney. In a study by Chan and colleagues 5, rats were treated with cadmium chloride 

(3mg/kg/day) for two weeks and then the livers of cadmium-treated rats were transplanted 

to the control group. The levels of cadmium and MTs in the kidney of the transplanted 

rats increased significantly, while those in the liver decreased in a time-dependent 

manner. A clear role of MTs in renal cadmium accumulation has been demonstrated by  
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Figure 1-1. Cadmium Transporters. Cadmium is mostly bound to the albumin in the 

circulation after absorption and then mainly uptaken by the liver. Some cadmium is bound to 

thiol-containing groups such as glutathione (GSH) and L-cysteine (Cys) which may be 

absorbed through both basolateral and apical sides in renal proximal tubular (PT) cells. In the 

liver, cadmium stimulates the synthesis of metallothioneins (MTs) and forms the Cd-MT 

complex to be released into the circulation. Cd-MT is easily filtered through the glomerulus 

and reabsorbed into PT S1 and S2 segments via endocytosis. Multiple transporters are 

responsible for the transport of free cadmium ions in different PT segments, distal convolute 

tubular, and connected tubular cells, either from the blood to the epithelial cells or from the 

epithelial cells to the urine. Alb, albumin; MT, metallothionein; GSH, glutathione; Cys, L-

cysteine; PT, proximal tubular; DCT, distal convoluted tubular; CT, connected tubular; Cd2+, 

cadmium ion.  
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Liu and colleagues 6 who showed that the cadmium concentration in the kidney of MT-

I/II knock-out mice was only one-fifth as compared to that of wild-type mice after 

treatment of cadmium chloride in drinking water for 6 months. Likewise, Dorian and 

colleagues 7 has reported that over 80% of the Cd-MT complex resided in the kidney after 

15 minutes of injection, and in consistent with pathological findings, the complex was 

mainly uptaken in the S1 and S2 segments of the proximal tubules. The Cd-MT complex 

has been reported to be degraded rapidly after entry into the epithelial cells 1. However, 

the released cadmium is then bound to newly synthesized MTs in the cytoplasm. The 

binding of cadmium to MTs is a detoxification mechanism, and can be saturated by 

excess amount of cadmium for which subsequent renal toxicity may become apparent. 

 

Role in cadmium-induced nephrotoxicity 

As reviewed above, MT plays a critical role in cadmium accumulation in the 

kidney. It seems that MTs serve as a major player in causing renal cadmium accumulation 

and its enhanced activity contributes to cadmium-induced nephrotoxicity. However, this 

concept was disproved by Liu et al. 8, whose study showed that although cadmium 

accumulation in the kidney of MT-I/II knock-out mice was no more than ten percent as 

compared with the wide-type controls, the knock-out mice were surprisingly more 

susceptible to the cadmium-induced nephrotoxicity. It was estimated that the maximal 

cadmium tolerance dose of the knock-out mice was only one-eighth of the controls. The 

authors concluded that cadmium concentration was much lower in the kidney of MT-I/II 

knockout mice, however, the cadmium was directly exposed to the biological molecules 

and the organelles in the renal epithelia cells without the protection from MTs 6. In the 
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wide type mice, contrastingly, the renal damage only became evident when the amount of 

cadmium excesses the binding ability of MTs in the cell. Nowadays, MTs have been well-

accepted as protection agents rather than the ‘criminal’ in cadmium-induced 

nephrotoxicity. 

Zinc Transporters 

Evidence as the cadmium transporter 

As cadmium is a non-essential, toxic heavy metal, no wonder that there is no 

specific cadmium transporter system in the body. However, it is well established that 

cadmium shares with other metals for transporters, mainly in a competitive way, to enter 

into the cytoplasm. Among these transporters, the ones for zinc which is the congener of 

cadmium and a physiological essential metal ion gain the most attention.  

Zrt Irt-related proteins, also named as ZIP proteins and firstly identified from the 

root of iron-deficient plants, have recently been determined to play a pivotal role in zinc 

transport across the cellular membrane in the intestine and proximal tubules 9 (Figure 1). 

By utilizing a well-established mouse proximal tubular cell line, Fujishiro and colleagues 

10 have demonstrated that knockdown of ZIP8 and ZIP14, which were highly expressed in 

the cell line, resulted in significantly reduced cadmium uptake in the apical side. The 

knockdown of ZIP8 was also found to be protective from cadmium toxicity by reducing 

its uptake in a ZIP8-transfected HEK cell line 11.  In addition, the role of ZIP8 and ZIP14 

in cadmium transport has been tested in rat basophilic leukemia (RBL-2H3) cells 12,13. 

While both ZIP8 and ZIP14 were highly expressed in the cell line, ZIP8 seemed to play a 

more crucial role since the uptake of cadmium was not significantly reduced after 

knockdown of ZIP14 by siRNA but vice versa. The study by Barbier and colleagues 14 
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may give us a better insight into the function of zinc transporters on cadmium transport 

under physiological conditions. By using the nephron microinjection technique, they 

showed that cadmium uptake could be inhibited by nearly 30 percent in distal convoluted 

tubules (DCT) by co-injection of a low level of zinc ion, but no inhibition was observed 

in proximal tubules (PT). Although zinc transporters are expressed in both DCT and PT, 

cadmium may have a higher affinity to other transporters in PT segment, the uptake by 

which might not be inhibited by zinc ion. The role of zinc transporters in cadmium uptake 

has been well-established from in vitro studies; however, conclusive in vivo evidence is 

needed. 

 

Role in cadmium-induced nephrotoxicity 

Zinc transporters expressed in the apical side of the renal epithelia cells are 

responsible for reabsorbing most of the zinc ion. Findings from the in vitro studies 

suggested a role of zinc transporters in renal cadmium accumulation and toxicity; 

however, there is still lacking of persuading evidence from in vivo characterization. An 

early study performed by Tang et al. 15 found that pre-treatment of zinc ion could 

attenuate renal cadmium accumulation and reduce nephrotoxicity, possibly by replacing 

cadmium from CdMT. Dietary co-administration of cadmium chloride with zinc was 

found to significantly reduce renal cadmium accumulation as compared with the 

cadmium-only group 16. However, it could not rule out the possible effect of zinc as an 

inhibitor of intestinal cadmium absorption. As a matter of fact, the results from another 

study showed that although co-injection of cadmium chloride and zinc chloride could 

significantly reduce cadmium-induced nephrotoxicity, renal cadmium accumulation was 
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unaltered 17. The data from clinical studies are also present but not conclusive regarding 

the role of zinc transporters in cadmium-induced nephrotoxicity. The genetic 

polymorphisms in Slc39a8 gene (encoding for ZIP8) and Slc39a14 gene (encoding for 

ZIP14) were found to likely affect cadmium blood and urine concentrations in humans 18, 

although the specific function changes associated with the polymorphisms need further 

validation. In a very recent clinical study, it was reported that low levels of serum zinc 

was associated with an increased risk of cadmium nephrotoxicity, however, without 

determination of the role of zinc transporters 19. Further in vivo studies are warranted to 

characterize the role of zinc transporters in renal accumulation of cadmium and its 

induced nephrotoxicity. For example, studies in ZIP knockout mice, particularly the 

tissue-specific knock-out mice, may provide us with a more definite conclusion. 

Calcium Transporters 

Evidence as the cadmium transporter 

Another transporting route for cadmium to utilize is the one for calcium which is 

also an indispensable metal ion for life. Wang and colleagues 20 found that increased 

calcium in the luminal could decrease cadmium accumulation in rabbit tubular cells, 

suggesting the role of calcium transporters in renal cadmium uptake. The superfamily of 

transient receptor potential (TRP) channels, with its wide-expression in a variety of 

tissues such as intestine, kidney, and placenta, is established as the major pathway for 

calcium absorption and reabsorption 21. TRPV6 and TRPV5 are two major members in 

the superfamily, with TRPV6 mainly expressed in duodenum, placenta and TRPV5 in 

distal convoluted, connected tubules (Fig. 1-1). The roles of TRPV6 and TRPV5 in 

cadmium transport have been characterized in recent years. Kovacs et al. 22 reported that 
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the uptake of both calcium and cadmium increased significantly in the HEK293 cells 

over-expressed with human TRPV6 as compared to the parent cell line, and that the 

uptake of calcium could be efficiently inhibited by cadmium, suggesting competition 

between the two type of ions for the same transport system. Moreover, the cadmium 

accumulation mediated by TRPV6 could be inhibited by the non-specific human TRPV6 

inhibitor 2-aminoethoxydiphenyl borate (2-APB). In addition, overexpression of human 

TRPV5 was found to increase the uptake of cadmium and sensitize the HEK293 cells to 

cadmium-induced toxicity 21.  

The role of another family of calcium channels, voltage-dependent calcium 

channels (VDCC), in cadmium transportation has also been explored recently 23. 

Although the data suggested little function of VDCC in cadmium transport, the function 

was not totally ruled out since other more potent cadmium transporters could dominate 

cadmium transport across the membrane of the studied cells.  

 

Role in cadmium-induced nephrotoxicity 

Little evidence has been reported so far regarding the role of specific calcium 

transporters in cadmium-induced nephrotoxicity. Results from the in vitro studies 

suggested that calcium transporters are not major transporters for cadmium uptake in 

renal epithelia cells, and their function may be well complemented by other high affinity 

and/or great capacity cadmium transporters 4,23. While this is probably an explanation for 

the lack of evidence for calcium transporters in cadmium-induced nephrotoxicity, future 

endeavor are needed to illustrate the physiological importance of calcium transporters on 

cadmium accumulation and toxicity, particularly from carefully-designed in vivo studies.  
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Divalent Metal-ion Transporter-1 (DMT1) 

Evidence as the cadmium transporter 

Divalent metal-ion transporter-1 (DMT1), a hydrogen-coupled metal iron 

transporter, not only plays a crucial role in iron homeostasis, but also can mediate 

transport of essential and toxic divalent metal ions, such as Zn2+, Mn2+, Co2+, Pb2+, Cd2+, 

and Cu2+. Due to its wide localization in proximal tubule S3 segment, distal convoluted 

tubule, and connected ducts (Fig. 1-1), the role of DMT1 in renal accumulation of 

cadmium has been examined in recent years. By using the micro-injection technique, 

Barbier et al. found that DMT1 might play a crucial role in cadmium absorption in distal 

tubule cells 24. A significant decrease in the expression of DMT1 has been showed in 

cadmium-resistant mouse embryonic cells 25 and DMT1 even had a higher affinity to 

Cd2+ than Fe2+ as reported by Illing and colleagues 26. In addition, it has been reported that 

cadmium accumulation in mouse proximal tubule cells decreased nearly 30 percent after 

DMT1 knockdown by siRNA 10. This result was consistent with that obtained from Caco-

2 cells, in which the knockdown of DMT1 caused over 50 percent decrease in cellular 

cadmium accumulation 24. 

 

Role in cadmium-induced nephrotoxicity 

As reviewed above, the role of DMT1 in cadmium transport has been well 

established in in vitro cellular models. However, its contribution to renal accumulation of 

cadmium and cadmium-induced nephrotoxicity has not been rigorously verified in the 

more complex in vivo systems. While we are still waiting for solid evidence, several 

studies have provided some clues. In an early research, chronic administration of 
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cadmium was found to result in renal anemia in rats. Although the iron concentration was 

significantly lower in the plasma of cadmium-treated group, no significant difference was 

found in erythropoietin (EPO) production 27. It was possible that the anemia was actually 

due to decrease of iron reabsorption because of decreased DMT function in the kidney 

after cadmium treatment. Likewise, results from Kim et al. revealed that iron-sufficient 

diet could decrease cadmium accumulation in the kidney but not in the liver of mice, 

suggesting that iron could reduce cadmium absorption in the kidney possibly via 

competitive inhibition in DMT1 28. In the future, the role of DMT1 in cadmium-induced 

nephrotoxicity should be characterized in vivo. 

Organic Cation Transporters (OCTs) and Multidrug and Toxin Extrusion Proteins 

(MATEs) 

Evidence as the cadmium transporter 

Organic cation transporters (OCTs) and multidrug and toxin extrusion proteins 

(MATEs) work in concert in the elimination of cationic drugs and toxins from the kidney 

(Fig. 1-1). In humans, OCT2 which is highly expressed in the basolateral membrane of 

proximal tubular cells, and MATE1 and MATE2-K which are expressed in the apical 

membrane play a crucial role in elimination of a wide range of exogenous and 

endogenous molecules 29. The evidence for the involvement of OCTs in cadmium 

transport became emerging recently. Soodvilai et al. 30 reported that overexpression of 

either rabbit Oct1 or Oct2 could increase the intracelluar accumulation of cadmium in 

Chinese hamster ovary (CHO-K1) cells, and the effect could be inhibited significantly by 

the OCT substrate tetraethylammonium (TEA). In order to examine the role of OCTs in 

vivo, they used a bilateral ureteral ligation rat model in which the basolateral uptake of 
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cadmium could be examined independently from glomerular filtration and tubular 

absorption. Consistent to the in vitro experiments, cadmium accumulation in the kidney 

was found to reduce over 80 percent when co-treated with TEA in this model. MATEs 

might also be cadmium transporters in proximal tubular epithelial cells as observed for 

the wide overlap of substrates between OCTs and MATEs. The basolateral OCTs and the 

apical MATEs may work collaboratively as a renal detoxification mechanism to eliminate 

cadmium. Data from our lab showed that cadmium uptake significantly increased in 

human MATE1 over-expression HEK293 stable cells as compared to the mock controls.  

 

Role in cadmium-induced nephrotoxicity 

Since the majority of transporters we reviewed above seem to be responsible for 

cadmium accumulation in the kidney, the organic cation transport system consisting of 

OCTs and MATEs is particularly attractive for its potential ability to eliminate cadmium 

and attenuate not only renal toxicity and but also systemic exposure of cadmium. By 

using the genetic mouse models deficient of respective OCT and MATE function that are 

currently available, we can test the role of these transporters in acute and chronic 

cadmium accumulation and nephrotoxicity. However it should be noted that only 

approximate 0.7 percent of the total cadmium dose has been found to accumulate in the 

kidney one hour after cadmium injection 30. The actual contribution of OCTs and MATEs 

to cadmium accumulation and elimination in the kidney should be analyzed with caution.  

 

Other Transport Mechanisms and Transporters 
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Other thiol-containing group in the plasma such as glutathione (GSH), L-cysteine 

(Cys), L-homocysteine (Hcy), nacetylcysteine (NAC) may also participate in cadmium 

transport. Due to the high affinity of cadmium to the thiol group, cadmium will form 

complex with these amino acids and peptides (Fig. 1-1). Results from Zalup et al. showed 

that co-administration of inorganic cadmium with GSH and Cys increased renal cadmium 

accumulation in rats, and the accumulation was both basolaterally and apically dependent 

31. Wang and colleagues 20 found that the Cys-Cadmium-Cys complex could be freely 

filtered through glomerulus and then reabsorbed through the amino acid transporters in 

the tubular apical membrane. Contrastingly, GSH has been found to be able to reduce 

renal cadmium accumulation and attenuate renal toxicity after CdMT injection 15,32. GSH 

might function by replacing cadmium from MTs, and the GSH-Cd complex is not as 

easily reabsorbed as CdMT in renal epithelia cells. 

Other transporters may participate in cadmium transportation as well. P-

glycoprotein (P-gp), a member of the ATP-binding cassette (ABC) transporter 

superfamily usually locating at the apical side of epithelial membrane, is responsible for 

elimination of a wide range of structurally diverse compounds out of the cell (Fig. 1-1). 

The P-gp in cadmium transportation was examined in kidney-derived cell lines 33,34. P-gp 

was found to only account for a small portion (nearly 10 percent) of cadmium efflux in 

the pig kidney epithelial cells (LLC-PK1), and the portion was increased to nearly 20 

percent by P-pg overexpression in LLC-PK1 cells 33. The findings are consistent with the 

results from another study which found that P-gp inhibitor and monoclonal antibody 

could reduce cadmium efflux in the immortalized cells derived from the S1 segment of 

rat kidney proximal tubules 34. Likewise, Martin et al. 35 found that manganese was a 
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more efficient protective agent than zinc against cadmium toxicity and, as a result, they 

hypothesized that the manganese transport system may be a contributor to cadmium 

transportation as well.  

 

Conclusion 

 

It is well recognized that MTs play a pivotal role in cadmium disposition after 

chronic exposure to cadmium. After synthesized and released from the liver, the Cd-MT 

complex is readily filtered through the glomerulus and reabsorbed in proximal tubular S1 

and S2 segments. However, cadmium accumulation has been found across the renal 

cortex and medulla. In particular, although the renal elimination rate of cadmium is really 

slow, it seems that transporter proteins are critically involved in the process. After 

decades of research, various transporting systems have been identified to play a role in 

renal cadmium accumulation. Nevertheless, it should be emphasized that the evidence 

regarding the involvement of certain newly identified transporters in cadmium transport 

has been mainly collected from in vitro studies; hence, well-designed in vivo studies are 

needed to further confirm and characterize the contribution of individual transport system 

to the overall renal cadmium transport and cadmium-induced nephrotoxicity in different 

settings. 
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II. An Overview of Organic Cation Transporter/Multidrug and Toxin Extrusion 

Proteins (OCTs/MATEs) in Drug Disposition 

OCTs and MATEs are pairs of transporters expressed abundantly in both liver and 

kidney for vectorial transport of organic cations across the epithelia. In humans, OCT1 

and OCT2 are almost exclusively expressed in the basolateral side of hepatocytes and 

renal tubular cells respectively, while MATE1 could be found in the apical membrane of 

both cells36. In addition, a functional MATE2 slice variant MATE2-K is resided 

exclusively in the apical membrane of renal tubular cells, with a relatively lower 

abundance as compared to MATE1. The distribution of the orthologs is slightly different 

in rodents. Mouse Oct1 and Mate1 are highly expressed in the liver, while Oct1, Oct2 and 

Mate1 are all significantly resided in the kidney37,38. The driving force of transportation 

differs between OCTs and MATEs. The OCTs-mediated transport (uptake) from the 

blood into the cell is driven by the internal negative membrane potential (~-70 mV), 

while the MATEs-mediated transport (efflux) from the cell into the bile and the urine is 

driven by the outward proton gradient (H+/organic cation antiport).  

As implicated from their substantial expression in both the liver and the kidney, 

OCTs and MATEs might be critical determinants in the distribution and elimination of 

organic cationic drugs. Shu and co-workers found that the hepatic accumulation of 

metformin decreased by almost 70% in Oct1 (-/-) mice as compared to Oct1 (+/+) mice39. 

Likewise, a nearly 50% decrease in oral volume of distribution of metformin was seen in 

healthy volunteers who carried an OCT1 allele of reduced function, implicating an 

impaired liver partition of metformin in those subjects40. In addition, a reduced glucose-

lowering effect of metformin was also observed in the healthy carriers of OCT1 
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variants39, albeit the same OCT1 variants were not found to attenuate the reductive effect 

of metformin on plasma hemoglobin A1C in a larger cohort study involved the patients 

with type 2 diabetes41. The controversial results suggest complex anti-diabetic effects of 

metformin, which probably could not be fully attributed to its action in hepatocytes. Role 

of OCTs in drug distribution and elimination in the kidney was established as well by 

using the Oct1/2 (-/-) double knockout mice and in the human subjects carrying the OCT2 

alleles of reduced function. The renal elimination of metformin was significantly reduced 

in Oct1/2 (-/-) mice as to the controls42, and also in the humans with OCT2 variants43. 

Interestingly, metformin accumulation in the liver and kidney of Oct1/2 (-/-) mice was 

unchanged. The decrease in tissue accumulation was probably cancelled out by the 3-fold 

increase of systemic metformin exposure. In addition, the renal elimination and 

distribution of cisplatin, a substrate of OCTs and MATEs, decreased substantially in 

Oct1/2 (-/-) mice44. Cisplatin-mediated nephrotoxicity, which was dose-limiting, was 

significantly attenuated in the patients who carried OCT2 variants, implicating a reduced 

accumulation of cisplatin in the kidney with a decreased activity of OCT245. 

Compelling evidence also supports a critical role of MATEs in drug disposition. 

For instance, the accumulation of metformin in the kidney of Mate1 (-/-) mice was 

increased substantially46, while the renal clearance of metformin by active secretion 

decreased by approximate 80% as compared to Mate1 (+/+) mice47. In addition, the 

selective MATEs inhibitors pyrimethamine and ondansetron could increase renal 

accumulation while reduce renal elimination of metformin in both mice and humans48-50. 

Drug-drug interaction (DDI) studies have been performed with the OCTs/MATEs 

perpetrator cimetidine in humans, observing a 27 to 41% decrease of renal clearance for 
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metformin, cephalexin, procainamide and dofetilide51-54. The DDI was previously 

attributed to the inhibition of OCT2; however, it has been widely accepted as to the 

perpetration of MATEs due to a more potent inhibitory effect of cimetidine on MATE1/2-

K than OCT2. In addition, MATE activities might also determine cisplatin-induced 

nephrotoxicity. The renal accumulation of cisplatin was significantly enhanced in Mate1 

(-/-) mice and in the wild type mice co-treated with ondansetron49. Nevertheless, the 

patients carrying SLC47A1 variant (rs2289669 G>A) showed no improvement on 

cisplatin-mediated nephrotoxicity45, though the same variant was associated with a 

reduced anti-diabetic effect of metformin in another clinical trial55. 

For decades, creatinine clearance has been clinically used to reflect renal function 

by estimating glomerular filtration rate (GFR)56. The recognition of OCTs and MATEs as 

the transporters for creatinine (account for 20% of creatinine clearance)57,58 suggests that 

the perpetrators of OCTs and MATEs could significantly reduce creatinine clearance 

without any real renal damage. For instance, pyrimethamine could decrease creatinine 

clearance by 20% in humans50. Consistently, a systemic review with meta-analysis also 

indicated that endogenous creatinine clearance is inaccurate for the measurement of 

GFR59. Hence, the usefulness of creatinine clearance as the index of renal function has 

been compromised in many clinical scenario of drug therapy. 

 

III. Research Rationales 

Delineate a new mechanism for Cd elimination and detoxification 

Kidney is recognized as a major target of cadmium-induced toxicity. Clearly, 

knowledge of cadmium transport pathways will allow for a better understanding of 
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cadmium-induced nephrotoxicity. Cd is found both as the free form (Cd2+) and bound to 

carriers such as albumin, metallothionines (MT), glutathione (GSH), and cysteine (Cys) 

after absorption from intestine and lung 1,20,31. All of the Cd-MT, Cd-GSH, Cd-Cys and 

Cd2+ could be filtered through the glomerulus, and reabsorbed by tubular epithelial cells. 

The bound form Cd-MT could be transported into the proximal tubular cells via 

endocytosis, while the complexes Cd-GSH and Cd-Cys reabsorbed by certain amino acid 

transporters in the apical membrane of the proximal tubular cells. As for the free Cd2+, 

several apical membrane transporters, which are responsible for reabsorption of essential 

metals such as zinc, iron, manganese, and calcium, have been identified as Cd2+ 

transporters 10,21,23,24. Recent studies have provided evidence supporting OCTs as 

basolateral transporters for Cd2+ uptake in the proximal tubular cells 30,60. Interestingly, 

additional transporters such as organic anion transporters (OATs) have also been 

suggested to play a role in the basolateral uptake of certain bound forms of Cd 61.  

As compared to the comprehensive understanding in Cd accumulation, its 

elimination is poorly recognized. This research lag significantly prevents us from fully 

understanding the mechanism of cadmium disposition and the diseases related to 

cadmium exposure. Since an extremely long half-life of Cd has been observed both in 

rodents and humans (10-30 years) 62,63, an elimination mechanism, while presumably 

being not as efficient as those for uptake and accumulation, could be critical to Cd 

detoxification. As a cellular protective mechanism, endogenous thiol-containing groups 

such as GSH, Cys and MT sequester most Cd present in the cell. Cd2+ could be released 

from those degradable bound complexes and there is equilibrium between the bound and 

the free forms of Cd in the cell. The released Cd2+ might be either chelated by thiol-
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containing groups or transported out of the cell. Hence we postulated that the efflux 

transporters resided in the apical side of the renal tubular epithelial cells for Cd2+, if any, 

might serve as a detoxification mechanism. Inspiringly, Endo and colleagues have found 

that efflux of Cd2+ occurred via a proton antiport exchanger (Cd2+/H+ antiport) 64,65.  

Moreover, the identification of OCTs as basolateral Cd2+ transporters also provides a clue 

that the organic cation transporters, like MATEs, in the apical membrane may be 

involved in transport of Cd2+ 30,60.  

 

Determine the effect of Cd exposure on OCTs and MATEs 

Membrane transporters play a critical role in disposition of drugs36,37,66-68. The 

International Transporter Consortium, in collaboration with US FDA, has therefore issued 

recommendations on transporter function assessment during drug development36,69-72. 

Among the recommended transporters are organic cation transporters 2 (OCT2) and 

multidrug and toxin extrusion transporters (MATEs). Albeit of crucial importance in drug 

disposition and response, the regulation of OCTs/MATEs is still poorly characterized. 

Protein kinase A (PKA), protein kinase C (PKC), Yes1 kinase, phosphatidylinositol 3-

kinase (PI3K)- and calmodulin-dependent kinase were proposed to regulate the function 

of OCT2 in post-translational level by several research groups 73-77. However, neither 

explicit mechanism has ever been depicted, nor the regulation has been rigorously 

verified in vivo in most of these studies. Besides, protein trafficking, a process that is vital 

in determining the membrane expression and activity of transporters 78,79, has seldom 

been systematically examined in the regulation of OCTs/MATEs. Our preliminary data 

showed a divergent effect of Cd on OCTs and MATEs, which provided an opportunity to 
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advance our understanding regarding the regulation of OCTs and MATEs. We found that 

Cd could substantially increase the membrane expression, thus the activity of hOCT2, 

while not only have no impact on membrane expression of hMATE1, but behave as a 

competitive inhibitor. During the current study, we aimed to identify the underlying 

mechanism and explore the potential clinical implication. 
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Chapter 2: Multidrug and Toxin Extrusion Proteins Mediate 

Cellular Transport of Cadmium 1 

 

Introduction 

Cadmium (Cd) is a toxic heavy metal which can accumulate in multiple organs, 

including kidney, liver, testis, lung, and pancreas. In addition to daily life exposure such 

as foods and cigarette smoking, Cd has been extensively disseminated in the environment 

as a pollutant due to a strong demand worldwide, particularly in the battery industry. Cd 

has no known physiological benefit. It may induce mitochondrial damage and culminate 

in cell death either by apoptosis or necrosis 80,81. Emerging evidence has linked chronic 

low level of Cd exposure to the causes of cancer, cardiovascular diseases, and diabetes 82-

85.  

Kidney has been determined as a major target organ in Cd intoxication 86. Cd is 

found both as the free form (Cd2+) and bound to carriers such as albumin, 

metallothionines (MT), glutathione (GSH), and cysteine (Cys) after absorption from 

intestine and lung 1,20,31. All of the Cd-MT, Cd-GSH, Cd-Cys and Cd2+ could be filtered  

through the glomerulus, and reabsorbed by tubular epithelial cells. The bound form Cd-

MT could be transported into the proximal tubular cells via endocytosis, while the 

complexes Cd-GSH and Cd-Cys reabsorbed by certain amino acid transporters in the 

1 This chapter is reprinted (adapted) from the manuscript  entitled: Multidrug and toxin 

extrusion proteins mediate cellular transport of cadmium. Yang H, Guo D, Obianom ON, Su 

T, Polli JE, Shu Y. Toxicol Appl Pharmacol. Jan 1 2017;314:55-62., with permission from 

Toxicol Appl Pharmacol. 
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apical membrane of the proximal tubular cells. As for the free Cd2+, several apical 

membrane transporters, which are responsible for reabsorption of essential metals such as 

zinc, iron, manganese, and calcium, have been identified as Cd2+ transporters 10,21,23,24. 

Recent studies have provided evidence supporting organic cation transporters (OCTs) as 

basolateral transporters for Cd2+ uptake in the proximal tubular cells 30,60. Interestingly, 

additional transporters such as organic anion transporters (OATs) have also been 

suggested to play a role in the basolateral uptake of certain bound forms of Cd 61.  

As compared to the comprehensive understanding in Cd accumulation, its elimination is 

poorly recognized. Since an extremely long half-life of Cd has been observed both in 

rodents and humans (10-30 years) 62,63, an elimination mechanism, while presumably 

being not as efficient as those for uptake and accumulation, could be critical to Cd 

detoxification. As a cellular protective mechanism, endogenous thiol-containing groups 

such as GSH, Cys and MT sequester most Cd present in the cell. Cd2+ could be released 

from those degradable bound complexes and there is equilibrium between the bound and 

the free forms of Cd in the cell. The released Cd2+ might be either chelated by thiol-

containing groups or transported out of the cell. Hence we postulated that the efflux 

transporters resided in the apical side of the renal tubular epithelial cells for Cd2+, if any, 

might serve as a detoxification mechanism. Inspiringly, Endo and colleagues have found 

that efflux of Cd2+ occurred via a proton antiport exchanger (Cd2+/H+antiport) 64,65.  

Moreover, the identification of OCTs as basolateral Cd2+ transporters also provides a clue 

that the organic cation transporters in the apical membrane may be involved in transport 

of Cd2+ 30,60.  
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Multidrug and toxin extrusion proteins (MATEs) are located in the apical 

membrane in hepatocytes and renal proximal tubules 87,88. Functioning as organic cation 

transporters, MATEs are responsible for elimination of various, structure unrelated 

endogenous and exogenous compounds in the kidney.  The present study was to 

determine whether Cd2+ was a substrate of MATEs. In particular, since the free Cd2+ is 

mainly responsible for Cd-induced cytotoxicity, we sought to test whether MATEs could 

ameliorate such cytotoxicity by transporting Cd2+out of cells.
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Materials and Methods 

Materials. [14C]-metformin (1.0 mCi, 90 mCi/mmol) was purchased from 

Moravek Biochemicals. Cd Chloride was purchase from Sigma-Aldrich (St. Louis, MO). 

Cd Standard (1000 µg/mL in 2% HNO3) was purchased from SPEXCertiPrep Inc. 

(Metuchen, NJ). Indium Standard (100 µg/mL in 2% HNO3) was purchased from 

ULTRA Scientific Inc. (N. Kingstown, RI). Dulbecco’s Modified Eagle’s medium 

(DMEM), PBS buffer, Opti-MEM reduced serum medium, Lipofectamine 2000, 

hygromycin, and fetal bovine serum (FBS) were purchased from Invitrogen. All other 

reagents were commercial available. All the reagents used for Inductively Coupled 

Plasma mass Spectrometry (ICP-MS) were of trace ICP-MS grade. 

Cell Lines. The generation of HEK-293 cell lines stably expressed human 

MATE1 (HEK-hMATE1) and human MATE2-K (HEK-hMATE2-K) using the Flp-In 

system (Invitrogen) has been described previously 49. In brief, the cDNAs of hMATE1 

and hMATE2-K were constructed into pcDNA5 empty vector, and the stable cell lines 

were established by selection against hygromycin (75 µg/mL). Transient transfection was 

used to overexpress mouse Mate1 in HEK-293 cells (HEK-mMate1) according to 

manufacturer’s instruction (Lipofectamine 2000, Invitrogen). The overexpression of the 

MATE transporters in HEK-293 cells was confirmed by real-time PCR and functional 

tests. 

Cell Culture.  HEK-293 cells were cultured in DMEM supplemented with 10% 

FBS, 100 µg/mL streptomycin, and 100 U/mL penicillin, and maintained in 75 cm2 

plastic flask under 37°C in a humidified atmosphere with 5% CO2. 
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Cd2+ Cellular Uptake and Quantification.  The cellular uptake experiments 

were performed in the 24-well plates coated with poly-D-lysine. The protocol has been 

described elsewhere with minor modification 49,89. In order to characterize MATE 

function in the heterogeneously expression system (HEK-293 cells), uptake studies were 

performed under an artificial intracellular acidic environment established by pre-

incubation with NH4Cl. 3.5×105 cells were seeded in each well and incubated for 18-24 

hours to reach confluence. Once ready, the cells were washed by pre-warmed K+ based 

buffer (KBB, 140 mM KCl, 0.4 mM KH2PO4, 0.8 mM MgSO4, 1.0 mM CaCl2, 25 mM 

glucose, and 10 mM HEPES, pH 7.4), then incubated in KBB buffer containing 30mM 

NH4Cl for 15 minutes at 37°C, thereafter incubated for 5 minutes in NH4Cl-free KBB 

buffer which were replaced with the KBB buffer containing different concentrations of 

Cd2+ with or without MATE inhibitors for different periods of time. The uptake was 

stopped by adding 750 µL ice-cold KBB buffer, and the wells washed 3 times by KBB 

buffer of room temperature. After thorough aspiration of KBB buffer, 200 µl of nitric 

oxide (67-70%, Sigma-Aldrich, St. Louis, MO) was added to each well and the plate then 

shaken for 15 minutes. Thereafter, 100 µl of cell lysate was transferred to a 2 ml tube and 

incubated under 56°C for at least 4 hours. 20 µl internal standard (Indium, 100 µg/mL) 

and 1880 µl 2% nitric oxide was then added into each tube to make a final volume of 2 

ml which was ready for quantification by ICP-MS (Agilent 7700). Cellular protein levels 

in parallel wells were determined by a bicinchoninic acid (BCA) protein assay kit (Bio-

Rad Co. Hercules, CA). The protein levels were used to normalize the Cd2+ concentration 

values determined from ICP-MS analysis. 
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Metformin Cellular Uptake. The protocol for performing metformin uptake 

study is similar to that for Cd2+ as described above. The substrate metformin (50 µM: 10 

µM [14C]-metformin plus 40 µM non-radioactive metformin) was incubated with or 

without MATE inhibitors to probe cellular MATE activities. The reaction was stopped by 

adding ice-cold KBB and the cells were washed 3 times with KBB. The cells were shaken 

for another 15 minutes after adding 300 µl of cell lysis buffer (PBS with 1% triton X-

100). 250 µl of cell lysate was then added to the scintillation tube which was pre-loaded 

with 3 ml Biodegradable Counting Cocktail buffer (Fisher Scientific Inc., Pittsburgh, 

PA). The radioactivity was counted by a liquid scintillation analyzer (PerkinElmer,Tri-

Carb 2910 TR) normalized by the protein level in the lysate. 

Determination of Cell Viability. The HEK-293 cells overexpressing a MATE 

transporter and mock cells were plated at a density of 3.5x105/well in 24-well plates in a 

serum-containing medium for 18-24 hours. After grown to confluent, Cd2+ treatment was 

started with varied length of incubation periods. MATE transporters are bi-directional per 

se. Depending on the direction of their driving force of proton gradient, MATEs can 

either take up the substrates into the cell as uptake transporters or transport them out of 

the cell as efflux transporters. We analyzed Cd2+ cytotoxicity with two treatment 

protocols. First, the cells were intra-acidified by pre-incubation with NH4Cl-containing 

KBB buffer as described above. The acidified cells of which the expressed MATE 

transporters are supposed to take up their substrates were then treated by different 

concentration of Cd2+ for 30 or 60 minutes with or without MATE inhibitors. After 

incubation, the uptake medium was aspirated, and the cells were washed once by PBS 

and then incubated in serum-containing medium. After incubation for another 18 hours, 
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the cell viability was determined by using the cell counting kit-8 (CCKi-8, Enzo Life 

Science Inc.) according to manufacturer’s instruction. In brief, 200µL of the cell counting 

medium (10% of CCKi-8 in the serum-containing medium) was added into each well. 

After incubation under 37°C for 30 to 60 minutes, the medium was transferred to a 96-

well and absorbance was measured at 450 nm. The second treatment protocol was 

followed to test if MATE transporters could efflux Cd2+ out of the cell and reduce Cd2+-

induced cytotoxicity. The cells were firstly intra-acidified and treated with Cd2+as 

described above.  After this Cd preloading period, the cells were washed by KBB buffer 

for 3 times, then changed to Krebs-Ringer HEPES (KRH) buffer (125 mM NaCl, 4.8 mM 

KCl, 1.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM HEPES, 5.6 mM 

glucose, pH 7.4) with or without known MATE inhibitors. After 12 hours of incubation 

during which preloaded Cd2+ could be transported out of the cell, cell viability was 

assayed as described above. 

Statistical Analysis. GraphPad Prism version 5.01 (GraphPad Software, San 

Diego, CA) was used to simulate transport kinetics and conduct statistical analysis. All of 

the experiments were repeated for at least 3 times, in each of which at least triplicate 

measurements were performed. Representative data were shown, which were presented as 

Mean ± standard deviation (SD). For Cd uptake kinetics, the apparent Vmax and Km values 

were determined by fitting the data to the Michaelis-Menten equation. The values of half 

maximal inhibitory concentration (IC50) were obtained by nonlinear regression with the 

inhibition data. Background uptake by the control cells was subtracted before fitting the 

data. A two-tail Student’s t-test was used when statistically comparing between two 

groups, while one-way analysis of variance (ANOVA) followed by post hoc Turkey 
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comparison was used when comparing between more than two different groups. P < 0.05 

was considered as statistically significant. 
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Results 

Cd2+ is a substrate of MATEs in vitro.  By using the HEK-293 cells stably 

transfected with an empty vector (HEK-C), human MATE1 (HEK-hMATE1), human 

MATE2-K (HEK-hMATE2-K), and the HEK-293 cells transiently transfected with 

mouse Mate1 (HEK-mMate1) and the empty vector (HEK-Mock), we sought to 

determine whether Cd2+was a substrate of these MATE transporters. Firstly, the cells 

were incubated in KBB buffer containing 50 µM Cd2+ with or without a known MATE 

inhibitor cimetidine (10 µM) for 20 minutes. The rate of Cd2+ uptake was about 2 to 4-

fold in the MATE-overexpressing cells as compared to the control cells, and Cd2+ uptake 

contributed by MATEs could almost be blocked by addition of 10 µM of cimetidine (Fig. 

2-1). We then performed a series of time-dependent and dose-dependent kinetic studies to 

further characterize Cd2+ uptake by different MATEs. The uptake of 5 µM Cd2+ in HEK-

hMATE1 was linear up to 120 minutes, while the uptake seemed to be saturated for 50 

µM Cd2+ when the uptake time was longer than 30 minutes (Data not shown). A saturable 

uptake profile was seen for all three MATE transporters in the dose-dependent Cd2+ 

uptake studies (Fig. 2-2). The Vmax and Km values were determined as 350 ± 20.8 pmol 

(mg protein)-1 min-1 and 130 ± 15.8 µM for HEK-hMATE1; 363 ± 29.3 pmol (mg 

protein)-1 min-1 and 139 ± 21.3 µM for HEK-hMATE2-K; and 271 ± 19.2 pmol (mg 

protein)-1 min-1 and 88.7 ± 13.5 µM for HEK-mMate1, respectively (Table 2-1).  

Cd2+ is an inhibitor of metformin uptake mediated by MATEs in vitro. The 

ability of Cd2+ to inhibit the uptake of metformin, a typical substrate for MATE 

transporters, was examined in HEK-MATEs and control cells. A range of Cd2+ (from 0.01 

µM to 250 µM)  
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Figure 2-1. Uptake of Cd2 + by MATEs with or without the MATE inhibitor cimetidine. 

Confluent cells were grown in 24-wells plate and incubated with 50 μM Cd2 + at 37 °C for 20 

min with or without 10 μM of cimetidine. A. Uptake of Cd2 + (50 μM) in control HEK293 

cells stably expressing an empty vector (HEK-C), HEK-hMATE1 and HEK-hMATE-2 K 

stable cells. B. Uptake of Cd2 + (50 μM) in HEK293 cells transiently transfected with the 

empty vector (HEK-Mock) or mouse Mate1 (HEK-mMate1). Means ± SD of four 

measurements from a representative experiment are shown. ###P < 0.001 as compared to 

control cells (HEK-C or HEK-Mock); ***P < 0.001 as compared to no cimetidine treatment. 

ns, no significance. 
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was co-incubated with 50 µM metformin for 5 minutes in KBB buffer to determine the 

inhibitory potency of Cd2+ on MATEs (Fig. 2-3 A-C). As expected, Cd2+ could be an 

inhibitor of the three MATE transporters. The inhibitory effect was not due to any 

apparent Cd2+-induced cytotoxicity as the cell viability was not affected under the same 

incubation conditions (Fig. 2-3 D-F). MATEs-mediated metformin uptake could be 

inhibited by Cd2+ over the concentration range from 5µM to 250µM, with the calculated 

IC50 values of 97.5 ± 6.0 µM for HEK-hMATE1, 20.2 ± 2.6 µM for HEK-hMATE2-k, 

and 49.9 ± 6.9 µM for HEK-mMate1, respectively (Table 2-1). 

Enhancement of Cd2+cytotoxicity by MATEs-medicated uptake. To examine 

whether MATEs-mediated uptake of Cd2+ would translate to alteration of Cd2+-induced 

cytotoxicity, cell viability was compared between HEK-MATEs cells and control cells. 

After being treated with 100 µM Cd2+ in KBB buffer for 60 minutes, the cells were then 

incubated in serum-containing culture medium for another 18 hours for manifest of Cd2+ 

toxicity. The viability of HEK-hMATE1, HEK-hMATE2-k and HEK-mMate1 cells was 

significantly lower than that of control cells (Fig. 2-4 A-B). When co-treated with the 

MATE inhibitor cimetidine (10 µM), the enhanced cytotoxicity was almost abolished in 

HEK-hMATE1 and HEK-mMate1 cells. As for the HEK-hMATE2-K cells, while we did 

not see a full recovery, the cell viability was increased from 10% to 35% by cimetidine 

co-treatment. The increase of Cd2+-induced cytotoxicity in HEK-MATEs cells was also 

found with lower levels of Cd2+exposure (Fig. 2-4 C-D). All the cells were incubated with 

Cd2+ from 5 µM to 100 µM and the cell viability was analyzed as described above. The 

HEK-MATE cells showed a significantly decreased viability in all of the concentrations  
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Figure 2-2. Dose-dependent uptake of Cd2 + by MATE transporters. HEK293 cells 

overexpress human (h) MATE1, hMATE2-K, mouse (m) Mate1, or empty vector, as 

described in Fig. 1-1 legend. The HEK-hMATE1 (A), HEK-hMATE2k (B), HEK-mMate1 

(C), and HEK-C (A & B) or HEK-Mock (C) cells were incubated with different concentration 

of CdCl2 under 37 °C for 10 min. Cd was detected by a mass spectrometry method. Rate of 

Cd uptake was expressed as pmol/mg protein/min. Means ± SD of triplicate measurements 

from a representative experiment are shown. 
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tested except 5 µM. A representative image of the enhanced cytotoxicity by Cd2+ 

treatment in HEK-hMATE1 cells was shown in Figure 2-4E.  

Decrease of Cd2+ cytotoxicity by MATEs-medicated efflux. When the 

intracellular cytoplasm was artificially acidified, the membrane MATEs served as uptake 

transporters as described above. However, the MATEs may physiologically efflux their 

substrates out of the cells, giving their cellular location of apical membrane and the 

proton gradient across the renal proximal tubules. In other words, they could transport 

Cd2+ out of the cell as a protection mechanism from Cd2+-induced cytotoxicity. To prove 

this concept, the HEK-hMATE1 cells were preloaded with Cd2+ as described in the 

Methods. The cells were then incubated in a physiologically relevant efflux buffer (KRH 

buffer) with or without MATE inhibitors. The MATE inhibitors could significantly 

increase intracellular Cd2+ concentrations, and enhanced Cd2+-induced cytotoxicity (Fig. 

2-5). We also conducted similar studies with the classical substrate metformin. The 

presence of MATE inhibitors could significantly decrease the extracellular metformin 

concentrations while increase intracellular ones (Data now shown). These results 

supported that the MATE transporters could serve as cellular detoxification machinery by 

excretion of Cd2+.  
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Figure 2-3. Inhibition of uptake of metformin into HEK293 cells overexpressed with 

hMATE1, hMATE2-K and mMate1 by different concentration of Cd2+. HEK-C, HEK-

hMATE1, HEK-hMATE2-K, HEK-Mock and HEK-mMate1 were incubated with 50 µM 

metformin in the absence and presence of different concentration of Cd2+ under 37 °C for 5 

minutes. The inhibition data in the presence of Cd2+ was normalized against the data without 

Cd2+. The curves were obtained by nonlinear regression fitting using GraphPad. (D - F) Cell 

toxicity determined by viability test after 5 minutes incubation of different concentration of 

Cd2+in HEK-hMATE1, HEK-hMATE2-K and HEK-mMate1. Means ± SD of three to six 

measurements are shown. ** P < 0.01, ***P < 0.001 compared to control (0 µM) group; ns, 

non-significant compared to control group. 
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Discussion 

The issue of Cd pollution comes along with human industrial civilization and is 

now a major global environmental challenge. The notion of identifying the mechanism of 

Cd elimination is appealing, especially since Cd is a cumulative toxicant with an extremely 

long biological half-life in the body. Such a mechanism could be critical to the 

understanding of Cd toxicity and the associated diseases such as cancer, cardiovascular 

diseases, and diabetes. In the present study, we have provided the first evidence supporting 

that Cd2+ is a substrate of MATE transporters. In particular, our results have indicated that 

MATE function is a determinant of cellular response to Cd2+ treatment. Combined with 

previous findings 60, the present study has suggested that the organic cation transport 

system, consisting of the basolateral OCTs and the apical MATEs in epithelial cells such 

as renal proximal tubules, serves as a detoxification mechanism underlying Cd2+ 

elimination from the kidney.  

As a critical organ in xenobiotic disposition, the kidney highly expresses 

xenobiotic transporters. Multidrug resistance protein 1 (MDR1), breast cancer resistance 

protein (BCRP), multi-drug resistance protein 2 (MRP2), and multidrug and toxin 

extrusion proteins (MATE1 and MATE2-K) are among those major transporters for 

xenobiotic efflux  in the apical membrane of human renal tubular epithelia cells 90. 

Specifically, MDR1 and MATEs are more frequently involved in the apical transport of 

cationic compounds 91-93. P-glycoprotein, encoded by MDR1 gene, was previously 

characterized to be a transporter of Cd2+ and its activity was characterized as a 

determinant of Cd2+-induced toxicity 33,94. However, recent findings have indicated that 

Cd2+ is not a substrate  
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of P-glycoprotein and the previously observed protective effect by this transporter was not 

due to Cd2+ efflux 34. Different from most efflux transporters which belong to the ATP-

binding cassette (ABC) transporter family, MATEs use an outward proton gradient as the 

driving force to transport substrates out of the cell (substrate/H+ antiport). Two MATE 

isoforms are expressed in the apical membrane of human kidney proximal tubules, 

Figure 2-4. Cd2+-induced cell toxicity in HEK293 MATEs-overexpressed cell lines and 

control cell lines. (A and B)  Effects of cimetidine and Cd2+ on cell viability. HEK-C, HEK-

hMATE1, HEK-hMATE2-K, HEK-Mock and HEK-mMate1 were incubated with 100 µM 

Cd2+ with or without 10 µM cimetidine, or without Cd2+ with or without 10 µM cimetidine 

for 30 minutes under 37 °C, then incubated in serum-containing medium for 18 hours until 

the cell viability was assayed by the cell counting kit-8. (C and D) Dose-dependent Cd2+-

induced cell toxicity. HEK-C, HEK-hMATE1, HEK-Mock and HEK-mMate1 were 

incubated in different concentration of Cd2+ for 60 minutes under 37 °C, then incubated in 

serum-containing medium for 18 hours until the cell viability was assayed. (E) Images of 

HEK-C and HEK-hMATE1 treated with 25 µM or 50 µM Cd2+. HEK-C, HEK-hMATE1 

were incubated in different concentration of Cd2+ for 60 minutes under 37 °C, then incubated 

in serum-containing medium for 18 hours. Data were normalized against measurements 

without Cd2+ and cimetidine. Means ± SD of three to six measurements are shown. *P < 

0.05; **P < 0.01; ***P < 0.001. ns, non-significant. 
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hMATE1 and hMATE2-K, encoded by SLC47A1 and SLC47A2 genes respectively, while 

only one isoform (mMate1) is found in mouse kidney which is encoded by Slc47a1 gene 

95. A wide overlap of substrate spectrum has been recognized between OCTs and MATEs 

89,93,96, which function collaboratively to eliminate their substrates in the kidney. 

Inspiringly, both Soodvilai et al and Thévenod et al have previously demonstrated the 

involvement of OCTs in mediating Cd transport across the basolateral membrane into the 

renal proximal tubular cells 30,60. This drove us to examine the interaction between Cd 

and MATEs.  

In the present study, we tested the hypothesis that MATEs could transport Cd2+ by 

using HEK-MATEs and control cells. A two- to four-fold increase in the uptake of Cd2+ 

was shown in HEK-MATEs cells as compared to control cells, which could be then fully 

abolished by the MATE inhibitor cimetidine (Fig. 2-1 & 2-2), indicating that Cd2+ is a 

substrate of MATEs. Moreover, when metformin was used as the substrate, the function 

of MATEs was dose-dependently inhibited by Cd2+ (Fig. 2-3 A-C). It should be pointed 

out that even though Cd2+ is cytotoxic, it did not cause any apparent toxicity in HEK-

MATE cells at concentrations up to 250 µM with a short period of incubation for cellular 

uptake, under which the metal ion was clearly characterized as a substrate and an 

inhibitor of the MATEs (Fig. 2-3 D-F). With the increasing concentrations of Cd, as 

expected, HEK-MATE cells exhibited an enhanced sensitivity to Cd2+-induced 

cytotoxicity as compared to the control cells, which could also be partially or fully 

abolished by the MATE inhibitor cimetidine (Fig. 2-4). While species differences in the 

recognition of a substrate are common for organic cation transporters 97, similar 

transporter kinetics of Cd2+ between  
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Figure 2-5. Protective role of hMATE1 in Cd2+-induced toxicity. (A/C) hMATE1 inhibitors 

increase Cd2+-induced toxicity in hMATE1 cells which were pre-loaded with Cd2+, by 

blocking the efflux of Cd2+.  (B) hMATE1 inhibitors show no toxicity when incubated with 

the cells alone. Means ± SD of three to six measurements are shown. *P < 0.05, ***P < 

0.001 compared to control (no inhibitor)  group; ns, non-significant. 
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hMATEs and mMate1 were obtained in the present study. The extremely long biological 

half-life and the toxicity associated with Cd make it unethical to perform prospective 

human studies in order to ascertain the role of MATEs in Cd elimination and 

detoxification. Our data have suggested that mouse might be an appropriate in vivo model 

for this purpose. The genetic mouse models of Mate1 deficiency have been available 95. 

With our present in vitro evidence supporting Cd2+ as a substrate of MATEs, it would be 

interesting to compare the toxicokinetics and toxicity of Cd2+ in the mice with different 

MATE function.  

 
 

Three human MATE isoforms, namely hMATE1, hMATE2 and hMATE2-K, 

have been identified. hMATE2 has been reported to have no expression on the cell 

membrane 98. Although hMATE1 and hMATE2-K share substrates, hMATE1 usually 

exhibits a higher intrinsic activity in transporting those substrates as compared to 

hMATE2-K in vitro in cell models 89,99. Data from of our lab also indicated that there was 

only 4-5 fold of uptake increase by hMATE2-K in comparison to more than 20-fold of 

Table 2-1. Kinetic parameters of interaction between cadmium ion (Cd2+) and MATE 

transporters. To calculate Michaelis-Menten parameters (Vmax and Km), HEK293 cells 

overexpressing human (h) MATE1, hMATE2-K, or mouse (m) Mate1 were incubated with 

different concentration of Cd2+ under 37 °C for 10 min, as described in Methods and Fig. 1-2 

legend. To calculate IC50, metformin (50 μM) was used as the substrate of MATEs and the 

cells were incubated with metformin in the absence and presence of different concentration 

of Cd2+ under 37 °C for 5 min as described in Materials and methods and Fig.1-3 legend. 
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uptake increase by hMATE1 when using metformin as the substrate to characterize 

MATE function in HEK293 cells (data not shown). However, in the present study similar 

Km values were obtained for the uptake of Cd2+ by hMATE2-K and hMATE1. The IC50 

values are also in the same magnitude while using Cd2+ to inhibit the uptake of metformin 

in HEK-hMATE2-K and HEK-hMATE1 cells, suggesting similar affinity of Cd2+ to the 

two MATEs. Hence, hMATE1, along with hMATE2-K could function as determinant of 

Cd2+-induced cytotoxicity in our cellular measurements in vitro.  

Physiologically, MATEs are located at the apical membrane of proximal tubules 

in the kidney where the substrates can transport out of these cells by using the outward 

proton gradient as the driving force. In order to characterize the transport kinetics of 

MATEs, a pre-acidified approach was used to reverse the transport direction in vitro in 

the HEK-MATE cells (Fig. 2-4), by which the intracellular accumulation of substrate 

could be quantified and the transport kinetics could be determined. Nevertheless, in order 

to prove the concept that MATEs could reduce Cd2+-induced cytotoxicity by efflux of 

Cd2+, the cells were pre-loaded with Cd2+. Like the uptake of Cd2+ that could be inhibited 

by cimetidine, the efflux of pre-loaded Cd2+ was significantly blocked by this inhibitor, as 

well as two additional MATE inhibitors nefazodone and propafenone in HEK-hMATE1 

cells. These inhibitors resulted in increased intracellular accumulation of Cd2+ as 

compared to the control treatment (Fig. 2-5). We also observed an increase in cytotoxicity 

as expected with the use of nefazodone and propafenone in HEK-hMATE1 cells. 

However, the increase of Cd2+ accumulation in the cells by cimetidine did not translate 

into an increased cytotoxicity.  One possible explanation is that the pharmacological 

action of cimetidine might counter toward Cd2+-induced cytotoxicity, since it has been 
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reported as an antioxidant and even a metal binding agent 100,101. Further efforts are 

needed to demonstrate whether MATEs function in vivo to eliminate Cd2+ in the kidney.   

Several factors should be considered while interpreting our data. First of all, it should be 

pointed out that our data did not rule out the role of other possible cellular elimination 

machinery since a great portion of Cd2+ transport was observed in control cells. 

Moreover, the bound forms are the major species in the distribution of Cd among 

different tissues in the body. It is not clear whether those bound forms can interact with 

MATEs as well. Given the characteristic toxicokinetics (extremely long half-time and 

tissue accumulation tendency) of Cd in mammalians, it is likely that MATEs may only 

play a significant role in the elimination of free Cd2+.  In addition, Cd2+ was characterized 

as a substrate of MATEs in our heterogeneous overexpression cell models, hence, the 

Vmax obtained from this study might be somehow compromised, especially during 

comparison among the MATEs transporters. The importance of MATE function in Cd2+ 

elimination and detoxification has yet to be validated under more physiologically relevant 

conditions, and ideally in the more complex in vivo settings.  

In conclusion, our study has provided the first evidence to support that MATE 

transporters are involved in cellular transport and detoxification of Cd2+.  Since MATE 

transporters are highly polymorphic in human populations and their function is important 

in the disposition of xenobiotics including clinically used drugs, our findings will be of 

significance for the identification of factors that influence individual susceptibility to Cd 

toxicity and the interaction among drugs, environmental toxins and other xenobiotics.  
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Chapter 3: Cadmium Exposure Enhances OCT2 Trafficking to 

the Membrane and Exacerbates Cisplatin Nephrotoxicity 

 
Introduction 

The heavy metal cadmium (Cd) is an environmentally prevalent toxicant posing 

increasing risk to human health worldwide, due to human activities102,103 and lack of 

efficient intervention104. Annually, approximate 30,000 tons of Cd is released to our 

environment, resulting in serious pollution105. Of note, the Cd-polluted agricultural land 

is not only a prevalence in eastern and southern Asia106-108 but also seen in the rest of the 

world from Africa to Europe109-111. Elevated Cd levels in the agricultural land, thus the 

food produced, may cause a significant daily intake of Cd by human individuals112. In 

addition, as another important route of Cd exposure for the general population113,114, the 

increasing number of tobacco smokers worldwide makes Cd exposure an even 

unneglectable issue115.  

Although intoxication by high levels of Cd exposure is rarely seen nowadays, low 

levels of daily Cd exposure remain a major health concern as Cd is a cumulative toxicant 

with an extremely long biological half-life of 10-30 years in human body63,112. Cd 

exposure may alter multiple cellular signaling pathways, induce mitochondrial damage, 

and culminate in cell death by apoptosis or necrosis80,81. Mounting evidence has linked 

chronic low levels of Cd exposure to the cause of various diseases, including cancer116,117, 

cardiovascular diseases118,119, diabetes120,121, bone damage122,123, renal tubular 

disease124,125, and obstructive pulmonary disease126,127. By contrast, little is known 

whether Cd exposure affects drug disposition and response in patients, for instance, by 
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interfering with the drug transporter proteins expressed in the kidney where drugs are 

eliminated and the highest Cd accumulation is seen128.  

 

Membrane transporters play a critical role in disposition of drugs36,37,66-68. The 

International Transporter Consortium, in collaboration with US FDA, has therefore issued 

recommendations on transporter function assessment during drug development36,69-72. 

Among the recommended transporters are organic cation transporters 2 (OCT2) and 

multidrug and toxin extrusion transporters (MATEs) in the kidney. The basal uptake via 

OCT2 and the apical efflux via MATEs in human renal proximal tubular cells is believed 

to be essential for urinary elimination of many cationic drugs129,130, such as cisplatin, a 

potent and economic anti-cancer drug, which clinical application is dose-limited by its 

nephrotoxicity44,49,131-133. Both animal and human studies have demonstrated that 

cisplatin-induced renal damage is causatively related to the function of 

OCT2/MATEs44,49,134.  

In this study, we report, for the first time, that Cd exposure could significantly 

increase the activity of OCT2 by enhancing its trafficking to cell membrane both in vitro 

and in vivo. We mechanistically revealed that Cd exposure could trigger the formation of 

a protein complex consisting of AKT2, Ca/calmodulin (Ca/CaM) and AS160, which 

selectively facilitate the phosphorylation of AKT2 at T309 to stimulate the translocation 

of OCT2 to plasma membrane. Moreover, Cd exposure was found to significantly 

increase the accumulation of cisplatin in mouse kidney, and dramatically exacerbate 

cisplatin-induced nephrotoxicity. Importantly, we observed a significant correlation 

between plasma Cd level and alteration of renal function in cervical cancer patients who 
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were administrated with chemotherapeutic cisplatin. Our results demonstrate that Cd 

exposure, through drug transporter regulation, affects drug disposition and response.
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Results 

Cd exposure increased OCT2 activity and its membrane expression 

In renal proximal tubules, coordinated transcellular transport by the uptake via 

OCT2 in concert with the efflux via MATEs is critical to the elimination of cationic 

drugs129,130. Cd has been reported to be a moderate substrate of OCTs30,60 and 

MATEs86,135. Our initial intention was to examine the potential of Cd to inhibit 

OCT/MATE-mediated drug disposition. With stable HEK293 cells expressing human 

OCT2 (HEK-hOCT2), we unexpectedly found that Cd pre-treatment significantly 

increased the activities of hOCT2, as functionally determined by cellular uptake of 

metformin, a classical OCT/MATE substrate (Fig. 3-1a; Supplementary Fig. 3-1a). In 

contrast, the activity of hMATE1 was not influenced by Cd pre-exposure 

(Supplementary Fig. 3-1b). Of note, hOCT2 induction by Cd was time- and 

concentration-dependent: we observed cellular increase of hOCT2 activities in the 

presence of as low as 100 nM Cd for 4 days or at 50 µM Cd for as short as 10 min (Fig. 

3-1a; Supplementary Fig. 3-1a). For convenience, we conducted most of our cellular 

studies in vitro at relatively high concentrations (albeit ≤ 100 µM) with a short exposure 

time (20 min) to quickly achieve an effective intracellular free Cd level. We showed that 

the induction of hOCT2 by Cd exposure was accompanied by a significant increase of the 

maximal transport rate (Vmax), while a minor change in the kinetic affinity constant (Km) 

of the probe substrate metformin (Fig. 3-1b; Table 3-1), suggesting a regulatory effect by 

Cd exposure on the abundance of functional hOCT2 protein. To support this, we isolated 

the membrane protein of Cd-exposed HEK-hOCT2 cells and examined the level of 
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hOCT2. With immunoblotting analysis, the abundance of hOCT2 protein in cell 

membrane was found to be time- and dose-dependently dependently  
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increased by Cd exposure while no changes in total cellular hOCT2 proteins detected 

(Fig. 3-1c; Supplementary Fig. 3-1c). The immunocytochemistry assay confirmed this 

finding by showing a more intense and clear staining of hOCT2 in cell membrane after 

Cd exposure (Fig. 3-1d).  

The induction of OCT2 by Cd exposure in the cells was verified in our mouse 

studies. In the ex vivo studies, the accumulation of metformin was increased significantly 

after slices of mouse kidney were pre-incubated with Cd for 20 min (Fig. 3-1e), which 

was accompanied with an increased abundance of membrane fraction of mouse (m) Oct2 

(Fig. 3-1f). Next, we examined the in vivo effect of Cd exposure on renal Oct activity by 

injecting Cd-Metallothionein (CdMT) complex to mice. Due to its unique toxicokinetics, 

injection of inorganic Cd is firstly and mainly distributed into the liver4,63,80,136 where it is 

stored as bound Cd to organic molecules. In contrast, direct CdMT administration has 

Figure 3-1. Cd exposure increases OCT2 activity by enhancing its membrane 

expression. (a) Cellular uptake of metformin in HEK-human (h) OCT2 cells with and 

without exposure to different concentrations of Cd at varied times. (b) Dose-dependent 

cellular uptake of metformin in HEK-hOCT2 cells with and without exposure to Cd (50 µM) 

for 20 min. (c) Immunoblotting (IB) analysis of total and membrane fraction of hOCT2 for 

HEK-hOCT2 cells with and without exposure to Cd for 20 min. (d)  Confocal images of 

immunostaining of hOCT2 (red) and DAPI (blue) staining of nuclei for HEK-hOCT2 with 

and without exposure to Cd for 20 min. The white arrows indicate membrane expression of 

hOCT2. Scale bar, 20 µm. (e) Ex-vivo accumulation of metformin (n = 3 per group) and (f) 

IB analysis of total and membrane fraction of mouse (m) Oct2 with the slices of mouse 

kidney being exposed with and without Cd (50 µM) for 20 min. (g) Renal accumulation of 

metformin (n = 4 per group) and (h) IB analysis of total and membrane fraction of mOct2 in 

the kidney tissues isolated from the mice treated with and without Cd-Metallothionein 

(CdMT) complex (100 µg Cd/Kg, i.p) for 6 hour. For a, b, c, d, f and h, figures are 

representatives of three independent experiments. For c, f and h, pan-cadherin and Na+/K+ 

ATPase are served as the positive control and β-Actin as negative control for membrane 

proteins. For a, b and e, data presented as mean ± s.d.; for g, data presented as mean ± s.e.m.  

*P < 0.05, **P < 0.01, ***P < 0.001 (a, ANOVA followed by post hoc Tukey analysis; e & 

g, two-tailed Student’s t-test). 
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been widely employed to achieve quick Cd exposure in the kidney137. Consistently, our 

data showed that nearly 50% of total Cd accumulated in liver and 2.5% in kidney by 

injection of inorganic Cd, while nearly 70% of Cd was found in kidney by CdMT 

injection (Supplementary Fig. 3-2). Similar to the in vitro and ex vivo results, CdMT 

injection could significantly enhance the accumulation of metformin in mouse kidney 

(Fig. 3-1g) and increase the abundance of mOct2 protein in the plasma membrane 

isolated from the kidney tissues (Fig. 3-1h). Altogether, our observations from the in 

vitro, ex vivo, to in vivo studies have demonstrated an inductive effect of Cd exposure on 

OCT2 activity and membrane translocation.  

 

Table 3-1. Effect of cadmium (Cd) exposure on the kinetics of OCT2-mediated 

metformin uptake in HEK293 cellsA. 
 
 Vmax 

(µM/g Protein/min) 

Km 
(mM) 

Control 0.54 ± 0.08 2.9 ± 1.3 

Cd2+ (50 µM) 1.16 ± 0.07 1.9 ± 0.3 

 
AThe apparent Vmax and Km values were calculated by fitting the data of Fig. 1b to the Michaelis-Menten 

equation.  

Data were shown as mean ± s.d. 

 

Selective phosphorylation of AKT2 at T309 was essentially involved in OCT2 

induction by Cd exposure  

Consistent with previous reports138,139, we observed that Cd could dramatically 

increase the phosphorylation of AKT at T308/309 both in cell and mouse kidney (Fig. 3-

2a, Supplementary Fig. 3-3). Intriguingly, the extent of AKT phosphorylation was 

aligned well with that of OCT2 induction by Cd (Fig. 3-1a). The phosphorylation of AKT 
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at T308/309 has been well-proved as a key step for insulin-induced translocation of 

glucose transporter 4 (GLUT4) in muscle and adipose cells140,141. Thus, we hypothesized 

that the phosphorylation of AKT at T308/309 might be also involved in Cd-induced 

membrane translocation of hOCT2 and its activity induction. To support this, we blocked 

Cd-induced AKT phosphorylation at T308/309 (Fig. 3-2b) by pre-treating cells with a 

selective inhibitor of AKT phosphorylation, MK-2206, which could significantly reduce 

Cd-induced hOCT2 activity (Fig. 3-2c) and its membrane expression of hOCT2 (Fig. 3-

2d). AKT1 and AKT2 are the two major AKT isoforms expressed in various tissues, the 

latter  
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of which has been explicitly proved to be the crucial one involved in insulin-stimulated 

GLUT4 translocation142,143. Interestingly, our data showed that Cd-induced AKT 

phosphorylation was likely isoform-dependent as well. Knockdown of AKT2, but not 

AKT1 could dramatically reduce the level of Cd-induced AKT phosphorylation (Fig. 3-

2e), and abolished the induction of hOCT2 activity by Cd exposure (Fig. 3-2f). This 

finding was further validated by introducing the AKT2 T309A, a mutant that could not be 

phosphorylated at T309 (Supplementary Fig. 3-4). The overexpression of AKT2 T309A 

as a dominant negative mutant could eliminate the inductive effect of Cd exposure on 

hOCT2 activity, as compared to the wild type AKT2 (Fig. 3-2g). While we noticed that 

the major AKT isoform in HEK293 cells seemed to be AKT2 (Fig. 3-2e) and a potential 

importance of AKT1 might exist in other cells, our results indicated that AKT2 

Figure 3-2. Selective phosphorylation of AKT2 at T309 is involved in Cd-induced OCT2 

activation. (a) IB analysis of phosphorylated and total AKT in HEK-hOCT2 cells with and 

without exposure to different concentrations of Cd at varied times. (b) IB analysis of 

phosphorylated and total AKT in HEK-hOCT2 cells with and without Cd exposure in the 

presence and absence of AKT phosphorylation inhibitor MK-2206. (c) Cellular uptake of 

metformin in HEK-hOCT2 cells after being treated with or without MK-2206 (4 µM) for 10 

min, followed by exposure with and with Cd for 20 min. (d) IB analysis of total and 

membrane fraction of hOCT2. The HEK-hOCT2 cells were treated with or without MK-

2206, followed by exposure with and without Cd for 20 min. (e) IB analysis of 

phosphorylated and total AKT, AKT1 and AKT2 in HEK-hOCT2 cells, and (f) cellular 

uptake of metformin in HEK-hOCT2 cells. (e, f) The cells were transfected with scrambled 

siRNA, AKT1 siRNA or AKT2 siRNA, followed by exposure with and without Cd for 20 

min. (g) Cellular uptake of metformin in HEK-hOCT2 cells. The cells were overexpressed 

with either wild-type (WT) or mutant AKT2 T309A, followed by exposure with and without 

Cd for 20 min. All figures are representatives of three independent experiments. For b and e, 

β-actin as loading control. For d, Pan-cadherin served as positive control and β-actin as 

negative control for membrane proteins. For c, f and g, data shown as mean ± s.d. *P < 0.05, 

**P < 0.01, ## P < 0.01, ***P < 0.001, n.s., not significant. (f, ANOVA followed by post hoc 

Tukey analysis; c & g: two-tailed Student’s t-test). 
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phosphorylation at T309 in HEK293 cells could be a key molecular regulator involved in 

Cd-induced hOCT2 membrane translocation. 

 

AS160 and Ca/CaM were involved in OCT2 induction by Cd exposure  

As a member of the Tre-2/Bub2/Cdc16 (TBC) protein with the GTPase-activating 

protein (GAP) domain144, AS160 has been recognized as the downstream effector of 

AKT2 in the signal cascade of insulin-induced GLUT4 translocation145. Herein we 

examined whether AS160 was also involved in Cd-induced hOCT2 translocation. The 

expression of AS160 in HEK-hOCT2 cells was knocked down by siRNA (Fig. 3-3a). 

Knockdown of AS160 could significantly decrease the inductive effect of Cd exposure on 

hOCT2 activity (Fig. 3-3b) and membrane expression (Fig. 3-3c), indicating an 

involvement of AS160. Whereas the phosphorylation of AS160 is essential to 

translocation of GLUT4145,146, we observed that neither the phosphorylation of AS160 at 

T642 was enhanced by Cd exposure (Fig. 3-3d), nor the overexpression of AS160 4P, a 

mutant that loses four major phosphorylation sites (Supplementary Fig. 3-5) important 

for GLUT4 translocation, affected Cd-induced hOCT2 activity (Fig. 3-3e). Thus, our data 

suggested that AS160 was involved in Cd-induced hOCT2 membrane translocation in a 

manner different from that in insulin-induced GLUT4 translocation. Cd exposure has an 

impact on Ca/CaM signaling pathway147 and that there is a known CaM-binding site in 

AS160148,149, leading us to investigate whether Ca/CaM was involved in Cd-induced 

AKT-AS160 signaling and hOCT2 induction. To explore this, we firstly examined the 

effect of calmidazolium (CMZ), a known CaM inhibitor, on Cd-induced hOCT2 activity 

in HEK-hOCT2 cells. CMZ treatment was found to cause a significant decrease in the 
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induction of activity and membrane expression of hOCT2 by Cd exposure (Fig. 3-3f, g). 

The involvement of CaM in HEK-hOCT2 cells was further verified by knockdown of 

CaM (Fig. 3-3h), which nearly abolished the inductive effect of Cd exposure on hOCT2 

activity (Fig. 3-3i). The involvement of Ca was also evidenced. We showed that depletion 

of Ca could abolish Cd-induced hOCT2, which could be effectively restored by extra Ca 

supplement (Supplementary Fig. 3-6a). Besides, the effect of CaM knockdown could be 

rescued by overexpression of wild-type CaM protein, but not by the mutant CaM 1234, 

which loses its capacity of binding to Ca150 (Fig. 3-3j). Furthermore, we mutated the 

CaM-binding sites148 (L842G/W843G, LW/GG) in both wild-type AS160 and the mutant 

AS160 4P proteins (Supplementary Fig. 3-7) to test a role by the interaction between 

AS160 and CaM in Cd-induced OCT2 induction. Overexpression of both AS160 mutants 

LW/GG and 4P+LW/GG in HEK-hOCT2 cells resulted in significant, similar decreases 

in the inductive effect of Cd exposure on hOCT2 activity (Fig. 3-3k). Altogether, our 

results demonstrated that an interaction between AS160 and Ca/CaM played an essential 

role in Cd-induced hOCT2 activity.  

 

Cd-induced AKT phosphorylation at T308/T309 was both Ca/CaM and AS160 

dependent 

AKT2, AS160 and Ca/CaM were indicated as the key molecular regulators 

involved in Cd-induced hOCT2 membrane translocation from our above studies. As the 

phosphorylation of AKT, in particular AKT2 at T309, was required in the process, we 

further investigated whether and how it would be affected by the other two proteins. 

Intriguingly, we found that Cd-induced AKT phosphorylation at T308/T309 could be 
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dose-dependently decreased by the inhibition of CaM with CMZ (Fig. 3-4a) and by the 

treatment of BAPTA-AM, an intracellular Ca2+ chelator (Supplementary Fig. 3-6b) in 

HEK-hOCT2 cells, indicating a regulatory effect by Ca/CaM on AKT phosphorylation.  
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The role of Ca/CaM was further evidenced by knockdown of CaM or 

overexpression of CaM 1234, in which Cd-induced AKT phosphorylation at T308/T309 

was significantly less than the scrambled siRNA control or overexpression of wild-type 

CaM respectively (Fig. 3-4b; Supplementary Fig. 3-6c). On the other hand, AS160 was 

also required for the full Cd-induced AKT phosphorylation at T308/T309 since we found 

that knockdown of AS160 significantly reduced AKT phosphorylation as compared to the 

scrambled siRNA control (Fig. 3-4c). In particular, we observed that overexpression of 

the AS160 mutant (LW/GG, Supplementary Fig. 3-7) that was deficient of the CaM-

binding site could significantly reduce AKT phosphorylation at T308/309 as well (Fig. 3-

4d), suggesting an important role of CaM-AS160 interaction in Cd-induced AKT 

phosphorylation and confirming its involvement in Cd-induced hOCT2 activity (Fig. 3-

Figure 3-3. Calmodulin (CaM) and AS160 are key regulators involved in Cd-induced 

hOCT2. (a) IB analysis of AS160, (b) cellular uptake of metformin, and (c) IB analysis of 

total and membrane fraction of hOCT2, after HEK-hOCT2 cells being transfected with 

scrambled and AS160 siRNA. (b, c) The cells were exposed with and without Cd for 20 min 

after treatment with AS160 siRNA. (d) IB analysis of total and phosphorylated AS160 after 

HEK-hOCT2 cells being exposed to Cd for 20 min. (e) Cellular uptake of metformin after 

HEK-hOCT2 cells being overexpressed with WT and 4P mutant of AS160, followed by Cd 

exposure for 20 min. (f) Cellular uptake of metformin, and (g) IB analysis of total and 

membrane fraction of hOCT2, in HEK-HOCT2 cells after treatment with or without CaM 

inhibitor calmidazolium (CMZ, 5 µM) for 10 min, followed by Cd exposure for 20 min. (h) 

IB analysis of CaM, and (i) cellular uptake of metformin, after HEK-hOCT2 cells being 

transfected with scrambled and CaM siRNA, followed by Cd exposure for 20 min. (j) 

Cellular uptake of metformin in HEK-hOCT2 cells after transfection with CaM siRNA, then 

rescue by overexpression of vector, WT and 1234 mutant of CaM, followed by Cd exposure 

for 20 min. (k) Cellular uptake of metformin in HEK-hOCT2 cells after overexpression with 

WT and three mutants (LW/GG, 4P and 4P+LW/GG) of AS160, followed by Cd exposure for 

20 min. For a and h, β-Actin as loading control. For c and g, pan-cadherin served as positive 

control and β-actin as negative control for membrane proteins. All figures in this panel are 

representatives of three independent experiments. For b, e, f, i, j and k, data shown as mean ± 

s.d. *P < 0.05, # P < 0.05, **P < 0.01, ## P < 0.01, ***P < 0.001, n.s., not significant (two-

tailed Student’s t-test). 
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3). To gain direct evidence of interaction between AKT, AS160, and CaM, we conducted 

co-immunoprecipitation assay with the lysates from HEK-hOCT2 cells treated with and 

without Cd. We found that Cd exposure could substantially enhance the binding of both 

AKT and CaM to AS160, which was abolished by overexpression of AS160 LW/GG 

mutant (Fig. 3-4e; Supplementary Fig. 3-8) and by the CaM inhibitor CMZ (Fig. 3-4f). 

Thus, Cd-induced binding of AKT with AS160 was proved to be dependent on the 

binding of CaM with AS160. Taken together, our results supported a mechanistic model 

that Cd exposure could increase the binding of CaM to AS160, which could then enhance 

the binding of AKT to AS160. The formed complex could facilitate the phosphorylation 

of AKT at T308/309, which might serve as a switch for the release of vesicles containing 

membrane proteins such as OCT2 from AS160 (Fig. 3-4g, see discussion). 

 

Cd exposure exacerbated the nephrotoxicity of cisplatin by increasing its 

accumulation in mouse kidney 

As a well characterized uptake transporter for cisplatin, OCT2 is a critical 

determinant of intracellular concentration of cisplatin and its nephrotoxicity in both mice 

and humans44,134. Thus, we examined whether Cd exposure would exacerbate the 

nephrotoxicity of cisplatin by increasing OCT activity and enhancing cisplatin 

accumulation in mouse kidney. As shown above, renal Cd exposure via CdMT injection 

could significantly increase Oct activity in mouse kidney as determined from increased 

accumulation of metformin (Fig. 3-1g) and enhanced mOct2 membrane translocation 

(Fig. 3-1h). Administration of CdMT could also dose-dependently enhance the 

phosphorylation of Akt at T308/309 (Fig. 3-5a) and significantly increase the 



56 

 

accumulation of cisplatin in mouse kidney (Fig. 3-5b). The inductive effect of Cd 

exposure on hOCT2-mediated cisplatin uptake was also confirmed in vitro in HEK-

hOCT2 cells (Fig. 3-5c). To examine the interaction between Cd and cisplatin in causing 

nephrotoxicity, wild type mice (C57BL/6J) were randomized into four groups to receive 

CdMT (100 µg Cd/kg, i.p.) injection alone, cisplatin (10 mg/kg, i.p.) treatment alone, 

their combined treatment, or vehicles. Both CdMT and cisplatin alone caused no obvious 

renal damage histologically, similar to the vehicle control group (Fig. 3-5d). In contrast, 

necrosis containing eosinophilic amorphous material and pyknotic debris was found in 

the group received the combined treatment of CdMT plus cisplatin (Fig. 3-5d). In our 

studies, both CdMT and cisplatin alone did result in minor renal injury as the levels of 

transcripts for Kim-1 and Lcn2, two sensitive molecular biomarkers of renal injury151,152, 

were significantly higher in the kidney tissues from the mice received the respective 

treatment. However, the kidney tissues from the mice received the combined treatment 

had dramatically higher levels of transcripts for Kim-1 and Lcn2, when compared to the 

other three groups of mice (Fig. 3-5e).  

To further mimic Cd exposure in general human population, mice were also 

exposed chronically with and without Cd (10 ppm) in drinking water for 10 weeks. These 

mice were then received a single dose of cisplatin (10 mg/kg, i.p.) or vehicle control 

treatment. Similar to the above study with CdMT treatment, both Cd (10 ppm) exposure 

and cisplatin treatment alone caused no renal damage histologically while apparent 

necrosis was found in the kidney of Cd-exposed mice received cisplatin treatment (Fig. 

5f). Likewise, the level of Cd (10 ppm) exposure alone had no effect on the expression of 

Kim-1 and Lcn2; in contrast, it substantially increased the expression of the two kidney 
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injury biomarker genes when co-treated with cisplatin (Fig. 3-5g). Similar to CdMT 

study, a significant increase of cisplatin accumulation in mouse kidney was observed as 

well (Fig. 3-5h). Altogether, our results indicate that Cd exposure could exacerbate the 

nephrotoxicity of cisplatin by enhancing its accumulation in mouse kidney. 
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The nephrotoxicity of cisplatin was correlated with the plasma level of Cd in 

cervical cancer patients 

To extend the cellular and mouse studies further, we conducted a clinical study to 

examine the correlation between Cd exposure and cisplatin nephrotoxicity in cervical 

cancer patients who were received chemotherapeutic cisplatin. We analyzed the plasma 

Cd levels and renal function in 43 non-smoking cervical cancer patients who had 

completed 5-8 cycles of cisplatin treatment at Xiangya Hospital, Central South 

University, China. We found that the Cd level in the plasma was significantly correlated 

with the change of creatinine after cisplatin chemotherapy (R = 0.2978, P = 0.0496, Fig. 

3-6a). A median plasma Cd level of 0.099 ppb with the interquartile range of 0.094-0.124 

ppb has been reported for a general population153. We thus divided our patients into three 

groups according to their plasma Cd levels (ppb): low (≤ 0.080), medium (0.080-0.12), 

and high (≥ 0.12). As determined from blood creatinine level, there were significant 

differences in the change of renal function by cisplatin treatment among the three groups 

(Fig. 3-6b). Cisplatin treatment reduced renal function (i.e., increase of plasma 

Figure 3-4. Cd-induced AKT phosphorylation at T309 is both Calmodulin and AS160 

dependent. (a) IB analysis of total and phosphorylated AKT in HEK-hOCT2 cells after being 

treated with and without CMZ for 10 min, followed by exposure with and without Cd for 20 

min. (b-d) IB analysis (left) and quantification (right) of total and phosphorylated AKT in 

HEK-hOCT2 cells, after being (b) transfected with scrambled and AS160 siRNA, or (c) 

transfected with scrambled and CaM siRNA, or (d) transfected with WT and LW/GG mutant 

of AS160, followed by exposure with and without Cd for 20 min. β-Actin as loading control. 

(e, f) Co-immunoprecipitation (co-IP) analysis (left) and quantification (right) of the 

interaction between AKT, CaM and AS160 in HEK-hOCT2 cells (e) overexpressed with WT 

and LW/GG mutant of AS160, followed by treatment with and without Cd for 20 min, or (f) 

overexpressed with WT of AS160, then treated with and without CMZ, followed by exposure 

with and without Cd for 20 min. (g) Model of Cd-induced translocation of hOCT2 into 

membrane for expression. All figures in this panel are representatives of three independent 

experiments. For b to f, data shown as mean ± s.d. *P < 0.05, **P < 0.01, ***P < 0.001, 

(two-tailed Student’s t-test). 
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creatinine) in most patients of the high Cd group. When the actual level of creatinine was 

compared between pre- and post-cisplatin treatment within each group, the trend of renal 

function loss became more clear as the plasma level of Cd increased (Fig. 3-6c). Of note, 

no differences in demographic and other clinical profiles including the dose of cisplatin 

were found among the three patient groups of different plasma Cd levels (Table 3-2).  

Another important route of Cd exposure for general population is tobacco 

smoking114,154. Herein we also shared another clinical finding that smoking was a 

significant risk factor of renal function loss associated with cisplatin chemotherapy in 

lung cancer patients. We compared the renal function, as determined by the level of 

plasma creatinine and the estimated glomerular filtration rate (eGFR), between 34 

smoking and 14 non-smoking lung cancer patients who had completed 1 to 2 cycles of 

cisplatin treatment at the Affiliated Cancer Hospital of Xiangya School of Medicine, 

Central South University. The smoking patients showed a significant increase of plasma 

creatinine and decrease of eGFR after cisplatin treatment, while the non-smoking 

exhibiting no difference (Supplementary Fig. 3-9; Supplementary table 3-1).  
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Discussion 

Environmental factors contribute significantly to inter-individual differences in 

response to drugs. Cd is currently listed as one of Priority Pollutants by US 

Environmental Protection Agency (EPA). However, little is known about the effect of 

this environmentally prevalent toxic metal on drug disposition and response. In this study, 

we conducted a comprehensive examination of the effect of Cd exposure on the function 

of the drug transporter OCT2, and thus the disposition and response of OCT2 substrates. 

We established Cd as an activator of OCT2 translocation to the membrane both in vitro in 

cells and in vivo in mice. We mechanistically unraveled that the Cd-induced hOCT2 

translocation was dependent on the formation of a protein complex consisting of AKT2, 

Ca/CaM and AS160. For the first time, the clinical implication of Cd exposure in drug 

disposition and response was exemplified by our findings that Cd exposure led to the 

increased accumulation and aggravated nephrotoxicity of the OCT2 substrate cisplatin in 

mice. Furthermore, a significant correlation between Cd exposure and cisplatin 

nephrotoxicity was found in cervical cancer patients. Collectively, our studies have 

demonstrated that Cd exposure may increase the activity of OCT2 by enhancing its 

trafficking to cell membrane, leading to altered drug disposition and response mediated 

by this transporter protein. 

While being much different, the mechanism underlying Cd-induced OCT2 

activation is reminiscent of that for insulin-stimulated GLUT4 translocation to the 

membrane. We demonstrated that Cd-induced AKT2 phosphorylation at T309 was an 

essential step involved in Cd-induced OCT2 translocation. AKT2 phosphorylation at 

T309 is critical to insulin-stimulated GLUT4 translocation in adipose and muscle cells as 
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well. However, in contrast to the selective phosphorylation of AKT2 at T309 by Cd 

exposure, insulin-mediated increase of the secondary messenger PIP3 in cell membrane 

non-selectively activates both of AKT isoforms, AKT1 and AKT2, at both S473/474 and 

T308/309155-157. 
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We found that AS160, a critical downstream effector of insulin-AKT2-GLUT4 

pathway, was also involved in Cd-induced OCT2 activation. In insulin signaling 

transduction, the phosphorylated AKT2 could further phosphorylate AS160 at its 

phospho-Akt substrate (PAS) motifs, leading to disassociation of AS160 from Rab 

proteins residing in vesicles containing GLUT4 145,158,159. The released Rab protein would 

be activated to bring the vesicles of GLUT4 to the cell membrane. Nevertheless, the 

specific role of AS160 in Cd-induced OCT2 activation seemed to be different. Neither Cd 

exposure did enhance the phosphorylation of AS160 at PAS motif, nor Cd-induced 

hOCT2 translocation could be abolished by overexpression of the PAS mutant (AS160 

4P). Subsequently, we found that the binding of CaM to AS160 was crucial in Cd-

Figure 3-5. Cd exposure exacerbates cisplatin nephrotoxicity by increasing its 

accumulation in mice kidney. (a) IB analysis of total and phosphorylated Akt in kidney 

after mice being administrated with CdMT (i.p.) for 6 hours. (b) Quantification of cisplatin in 

kidney after mice being treated with CdMT (100 µg Cd/Kg, i.p.) for 6 hours, then a single 

dose of cisplatin (4 mg/kg, i.p.) for 3 hours. n = 5 per group. (c) Cellular accumulation assays 

for cisplatin in HEK-hOCT2 cells after exposure with and without Cd for 20 min. Data are 

representative of three independent experiments. (d) Representative images of H&E stained 

kidney sections from mice in the following groups. Control, CdMT (100 µg Cd/Kg, i.p.), 

Cisplatin (10 mg/kg, i.p.), CdMT (100 µg Cd/Kg, i.p.) + Cisplatin (10 mg/kg, i.p.). Mice were 

treated with CdMT, then cisplatin 6 hours later, and sacrificed 72 hours after administration 

of cisplatin. (e) qPCR analysis for the expression of the Kim-1 and Lcn2 in mice kidney from 

the indicated groups shown in (d). (f) Representative Images of H&E stained kidney sections 

from mice in the following groups. Control, Cd (10 ppm for 10 weeks in drinking water), 

Cisplatin (10 mg/kg, i.p.), Cd (10 ppm for 10 weeks in drinking water) + Cisplatin (10 mg/kg, 

i.p.). Mice were treated with Cd (10 ppm) in drinking water for 10 weeks, then with a single 

i.p. dose of cisplatin, and sacrificed 72 hours after administration of cisplatin. n = 4 or 5 per 

group (g) qPCR analysis for the expression of the Kim-1 and Lcn2 in mouse kidney from the 

indicated groups shown in (f). (h) Quantification of cisplatin concentrations in the kidney of 

mice from the indicated groups shown in (f). For d and f, black arrows indicate necrosis 

containing eosinophilic amorphous material and pyknotic debris. Enlargement views are 

shown in every single image. Scale bar, 200 µm. For e and g, gene expression was normalized 

to Gapdh mRNA levels. For c, data presented as mean ± s.d.  For b, e, g and h, data shown as 

mean ± s.e.m. **P < 0.01, ***P < 0.001, (e and g, ANOVA with Tukey post hoc analysis; b, 

c, h, two-tailed Student’s t-test). 
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induced OCT2. Notably, the involvement of CaM has been implicated in the contraction-

stimulated GLUT4 translocation in skeletal muscle cells148,149. However, the PAS motifs 

remain necessary for the full activation of contraction-stimulated GLUT4 translocation, 

but are not required in Cd-induced OCT2 translocation. More than 60 Rab protein 

members have been discovered in humans160, many of which have been confirmed with 

an interaction with AS160144. Thus, it is possible that different Rab proteins are present in 

the vesicles of GLUT4 and OCT2, and that the PAS phosphorylation and/or Ca/CaM 

binding would be required for activation of Rab proteins associated to GLUT4 

vesicles149. In contrast, a binding of Ca/CaM to AS160 might be crucial for the activation 

of Rab proteins associated to OCT2 vesicles. On the other hand, our data indicated that 

AS160 might not be the only TBC protein involved, since both knockdown of AS160 and 

overexpression of its mutants, the LW/GG and 4P+LW/GG, could not fully abolish Cd-

induced OCT2 activation. Actually, more than 40 different TBC proteins are present in 

humans and mice144, many of which could function as a specific Rab GAP protein. 

Further characterization of the specific TBC/Rab proteins involved in Cd-induced OCT2 

protein trafficking is thus warranted. 

We found that Cd exposure could enhance the binding of AKT2 and CaM to 

AS160, and that Cd-induced phosphorylation of AKT2 at T309 was both Ca/CaM- and 

AS160-dependent. Our data indicated AKT2 as the major AKT isoform involved, 

although we could not fully rule out AKT1. The role of CaM in facilitating AKT 

phosphorylation was consistent with the results of previous studies161,162, in which CaM 

was proposed to bind to AKT proteins in the conserved CaM-binding motif and to direct 

the complex to plasma membrane for AKT phosphorylation. Based on our findings, we 
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proposed that AS160, Ca/CaM and AKT2 formed a protein complex after Cd exposure. 

The formed complex might move to an area adjacent to PIP3-enriched cell membrane, 

where AKT2 was phosphorylated. Thereafter the phosphorylation of AKT2 probably 

resulted in critical conformation change in the complex, leading to disassociation between 

AS160 and a Rab protein, which eventually initiated the translocation of OCT2 vesicles 

to cell membrane (Fig. 3-4g). Further work is needed to delineate the details of our 

model. In particular, it is of great interest to determine how the complex formation is 

initiated by Cd exposure. Although Ca was required in Cd-induced OCT2 activation, 

artificially increased levels of Ca in the cytoplasm did not have any effect on OCT2 

activity (Supplementary Fig. 3-6d). Intriguingly, it has been reported that Cd ion could 

displace and bind to Ca ion at the Ca-binding pockets of CaM163,164. Hence, it is quite 

possible that the formed Ca-CaM-Cd complex has a high affinity to AKT2, and initiate 

the formation of the protein complex consisting of CaM, AKT2 and AS160, and lead to 

the selective phosphorylation of AKT2.  

Cd exposure has been reported in the range from 10-60 μg/day (in 

“uncontaminated” European areas) through 150–200 μg/day (in contaminated areas in 

Japan) to 1850 μg/day (in China, mainly from rice with high Cd levels)165,166. Albeit 90-

95% of ingested Cd remains unabsorbed167, unfortunately, Cd is cumulative with an 

extremely long biological half-life of 10-30 years in humans62,63,112. More than a dozen of 

studies with autopsy tissues have reported that non-occupationally exposed individuals 

may accumulate a significant amount of Cd in the kidney (e.g., 0.62 - 61.3 μg/g tissue, or 

~5.5 - 545 μM)  
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Figure 3-6. Cd exposure is correlated with cisplatin nephrotoxicity in cervical cancer 

patients. (a) Linear regression analysis of the correlation between the Cd level and the 

change of creatinine in cervical patients’ plasma pre- and post-cisplatin chemotherapy. (b) 

The change of creatinine and (c) actual creatinine level pre- and post-cisplatin chemotherapy 

in low (≤ 0.08 µg/L), medium (0.08 ~ 0.12 µg/L) and high (≥ 0.12 µg/L) Cd exposure group. 

For a, and c, actual P values are given to each figure in this panel. Each circle/square/triangle 

represents an individual patient. For b and c, data shown as mean ± s.e.m. *P < 0.05, n.s., not 

significant, NA, not applicable (b, ANOVA with Tukey post hoc analysis; c, two-tailed 

Student’s t-test). 
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and the liver (e.g., 0.015 - 9.65 μg/g tissue, or ~0.13 - 86 μM) 166. Our Cd concentrations 

used in the cellular studies and animal studies (Supplementary Fig. 3-10) were clinically 

relevant to those reported for human kidney and liver 166, the two organs highly involved 

in drug disposition. With a quickly targeting delivery of Cd to the kidney via CdMT 

administration137 we found that Cd exposure could significantly increase metformin 

accumulation, AKT phosphorylation at T309, and the membrane translocation of Oct2 in 

mouse kidney.  

Our studies in mice have clearly demonstrated that the nephrotoxicity of cisplatin 

could be dramatically exacerbated by Cd exposure. Although it is a known caveat that Cd 

itself can cause injury to renal tubular cells, we only observed limited damage under the 

current dose of CdMT alone, which is consistent with others32,168. The profound 

deterioration in histology and the dramatic increase in expression of the molecular 

biomarkers of renal injury observed in the mice received both CdMT and cisplatin 

treatment might be largely attributed to the significantly increased uptake of cisplatin 

mediated by Oct transporters in the kidney. Our animal findings also support the observed 

correlation between cisplatin-induced renal function loss and a higher plasma Cd level in 

cervical cancer patients. Of note, the small sample size of this retrospective clinical study 

might limit the power to detect the difference, as shown by a marginal significance (P = 

0.0495, Fig. 3-6a) for the correlation analysis and by a non-significance when actual level 

of creatinine was compared between pre- and post-cisplatin treatment (however, P value 

drops from 0.99 in the low plasma Cd group to 0.09 in the high Cd group, Fig. 3-6c). In 

addition, we found that the lung cancer patients with smoking history exhibited more 

renal function loss than those non-smoking patients received cisplatin chemotherapy. The 
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results are consistent with previous reports showing cigarette smoking as a risk factor of 

cisplatin nephrotoxicity in solid tumor patients169,170, although the mechanism is elusive. 

Cd is present in high levels in cigarette smoke, and the absorption rate of the inhaled Cd 

is between 10 and 50%102. There are significant differences in blood Cd levels between 

smokers and non-smokers. Our cellular, animal, and clinical findings suggest that Cd 

exposure would be one important contributing, if not the predominant, mechanism for 

nephrotoxicity associated with the use of cisplatin in smoking patients.  

 

Table 3-2. Demographic profiles of cervical cancer patients of different blood Cd levels. 

Data were shown as mean ± s.d.; NA, not applicable. 
ATwo-tailed Student’s t-test, actual P values were given.  

 

Interestingly, Cd exposure did not enhance the activity of MATE transporters, 

which share a wide spectrum of substrates and collaborate with OCTs for transcellular 

drug transport in the kidney. Actually because Cd is a substrate of MATEs135, 

intracellular Cd can competitively inhibit MATE-mediated drug efflux, further leading to 

 

 

Cadmium concentration in plasma (ppb)  

≤ 0.08 0.08 ~ 0.12 ≥ 0.12 P valueA 

No. of patients 7 21 15 NA 

Sex Female Female Female NA 

Age (year) 53.0 ± 6.6 55.0 ± 9.1 52.8 ± 10.8 0.7411 

Body weight (kg) 58.1 ± 8.6 56.6 ± 9.1 57.6 ± 6.6 0.8698 

Height (cm) 158.1 ± 2.8 156.4 ± 5.2 157.1 ± 4.1 0.6661 

Smoking history 0/7 0/21 0/15 NA 

Dose of cisplatin 

(mg/m2) 
52.4 ± 13.9 58.4 ± 9.9 52.6 ± 12.3 0.2422 

Chemotherapy 

regimen 
n (%) n (%) n (%)  

cisplatin 6 (85.7) 17 (81.0) 12 (80.0) NA 

cisplatin + paclitaxel  0 (0.0) 4 (19.0) 3 (20.0) NA 

cisplatin + docetaxel 1 (14.3) 0 (0.0) 0 (0.0) NA 



68 

 

renal accumulation of OCT/MATE substrates such as cisplatin and metformin. By 

focusing on these two substrates, our findings have implicated an impact of Cd exposure 

on cationic drug disposition and response via modulation of OCTs and possibly MATEs. 

Future studies are needed to extensively assess the impact of Cd exposure on drug 

disposition and response mediated by other drug transporters.  

In conclusion, the present study have demonstrated that Cd exposure may increase 

the activity of OCT2 by enhancing its trafficking to membrane, and exacerbate cisplatin 

nephrotoxicity via increasing its renal accumulation mediated by the transporter proteins. 

Our findings provide a foundation to uncover Cd exposure as a potential determinant for 

the broad variation in drug disposition and response.  
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Materials and Methods 

Antibodies and reagents. Primary antibodies were from Cell Signaling: 

Phospho-Akt-Thr308 (#9275), Phospho-Akt-Ser473 (#9271), pan-Akt (#4691), AS160 

(#2670), Phospho-AS160-Thr642 (#4288) and Na, K-ATPase (#3010); Santa Cruz 

Biotech: Akt1 (sc-5298), Akt2 (sc-5270), pan-Cadherin (sc-515872); Thermo Fisher 

Scientific: SLC22A2 (PA5-37290); Abcam: Calmodulin (ab45689); Sigma: SLC22A2 

(AMAB90791), Flag (F-1804), beta-Actin (A3854). Reagents were from Sigma: 

cadmium chloride (202908), BAPTA-AM (16609); Biovision: MK2206 (1888-500); 

EMD Milipore: calmidazolium chloride (208665), cisplatin (232120); Moravek: [14C]-

labeled metformin hydrochloride (MC2043); Thermo Fisher Scientific: streptavidin 

agarose (20349), sulfo-NHS-SS-biotin (21217), lipofectamine RNAiMAX (13778), 

lipofectamine 2000 (11668); Santa Cruz Biotech: protein G PLUS-agarose (sc-2002). 

Trace grade reagents were used for metal quantification on Inductively Coupled Plasma 

mass Spectrometry (ICP-MS). All other reagents were commercial available. 

Cell culture and transfection. HEK-293 cell lines stably expressing human 

OCT2 (HEK-hOCT2) and human MATE1 (HEK-hMATE1) were generated by using the 

Flp-In system (Invitrogen). In brief, the cDNAs of hOCT2 and hMATE1 were 

constructed into Flip-in vector, and transfected into HEK293 cells, and the stable cell 

lines were established by selecting against hygromycin. The cells were cultured in 

DMEM supplemented with 10% FBS, streptomycin (100 µg/ml) and penicillin (100 

U/ml), and maintained in at 37 °C in a humidified atmosphere with 5% CO2. 

Overexpression was achieved with either lipofectamine 2000 or a calcium-based 

transfection which has been described elsewhere171. Gene knockdown was achieved by 



70 

 

transfecting cells with MISSION® siRNA predesigned by Sigma. In a typical experiment, 

siRNA was delivered by lipofectamine RNAiMAX within 24 hours after cell seeding. 

Generally, effective gene knockdown could be achieved 48 to 60 hours after transfection.  

Constructs and DNA cloning. The p3XFLAG-CMV-10 plasmid encoding the 

wild type (WT) human AS160 (AS160 WT) and human AS160 with phosphorylation 

sites Ser318, Ser588, Thr642, and Ser751 mutated to alanine (AS160 4P) were kindly 

provided by Dr. Gustav E. Lienhard (Dartmouth Medical School, Hanover, NH). The 

LW/GG and 4P+LW/GG with mutations on calmodulin binding sites (Leu842/Trp843 

mutated to Gly842/Gly843) was generated in AS160 WT and AS160 4P plasmids 

respectively, with the QuickChange XL site-directed mutagenesis kit from Stratagene, 

and the accuracy was verified by DNA sequencing. The WT human AKT2 (AKT2 WT) 

and AKT2 with phosphorylation sites Thr309 mutated to alanine (AKT2 T309A) were 

purchased from Addgene (#86593 and #86652). cDNA of WT human calmodulin (CaM 

WT) and mutant with Ca binding sites (CaM 1234) were synthesized from Genescript 

Inc.. They were amplified by PCR with a 5’ primer containing a NheI site and 3’ primer 

with a Xhol site and then spliced into pcDNA 3.1 (-) vector. The accuracy was verified by 

DNA sequencing. 

Cell surface biotinylation. Cell surface expression of membrane proteins was 

examined using the membrane-impermeable biotinylation reagent, sulfo-NHS-SS-biotin, 

as described previously78. Cells were seeded in 24-well plates. Each well of cells was 

incubated with 0.3 ml of sulfo-NHS-SS-biotin (1 mg/ml) in phosphate-buffered saline 

(PBS)/CM (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.1 mM 

CaCl2, and 1 mM MgCl2, pH 7.3) for 1 hour on ice with gentle shaking. After 
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biotinylation, sulfo-NHS-SS-biotin was completely quenched by adding 0.5 ml Tris 

buffer (1.0 mM, pH = 8.0) shortly into each well, and was briefly rinsed with 1 ml of ice-

cold PBS-CM. The cells were then lysed on ice for 1 h in 100 µl of lysis buffer (10 mM 

Tris, 150 mM NaCl, 1% NP-40 with protease inhibitor mixture). The cell lysates were 

cleared by centrifugation at 13,000 g at 4 °C. 50 µl of streptavidin-agarose beads was then 

added to 100 µg of the supernatant to isolate cell membrane proteins, and was incubated 

on a rocker at 4 °C overnight. After being washed by 3 times with the same lysis buffer, 

the beads would be incubated in 100 µl urea sample buffer (10 mM Tris, 8M urea, 10% 

glycerol, 1% SDS and 1/20 beta-mercaptoethanol) for 1 hour. The supernatants enriching 

with the membrane proteins would then be detected by western blot. 

Immunocytochemistry assay. The HEK-hOCT2 cells were seeded on poly-D-

lysine coated glass cover slips for 24 hours. After treatment, HEK-hOCT2 cells were 

fixed and permeabilized with pre-cooled methanol for 15 min and washed twice in PBS. 

The cells were then blocked by 2% BSA for 1 hour at room temperature, followed by 

incubation with hOCT2 primary antibodies (1:500, AMAB90791, Sigma) in blocking 

buffer overnight at 4°C. After being washed for three times with PBS, the cells were 

incubated with goat anti–rabbit secondary antibody (Alexa 647, 1:500; ab150115, abcam) 

in blocking buffer for 60 min at room temperature (in the dark). Cells were washed twice 

with PBS before counterstaining with DAPI  (300 nmol/L; Thermo Fisher) for 15 min at 

room temperature. The cover slip were mounted with fluorescence mounting media 

(SeraCare) after three times washing. Images were acquired with a confocal microscope 

(Ti-E; Nikon) at room temperature using a 60× oil objective with Nis-Elements AR 
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software (Nikon). Image channels were merged and converted to TIFF using ImageJ 

(1.51K) software. 

Immunoprecipitation of Flag-tagged AS160. HEK-hOCT2 cells overexpressed 

with AS160 constructs were lysed in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris-

HCl, pH7.4, 1% NP-40, protease inhibitors and phosphatase inhibitors) on ice. The 

insoluble fraction was removed by centrifugation at 10,000 g for 5 min at 4°C. After the 

centrifugation, the supernatants of cell lysate (500 µg) was pre-cleared with 20 µl protein 

G beads for 1 hour at 4°C. After removing the protein G beads, 2 µg of mouse IgG or 

anti-Flag antibody was added to the cell lysate, and incubated at 4 °C overnight. 20 µl 

protein G beads was added the next day, and the mixture was incubated at 4 °C for at 

least 8 hours. After washing the beads for three times with NP-40 lysis buffer, proteins 

were eluted by boiling the beads for 10 min in Laemmli sample buffer. Then the protein 

samples were separated by SDS-PAGE and analyzed by Western blotting. 

Immunoblotting analysis.  Samples from cell lysate and tissues were analyzed by 

western blot analysis. To avoid protein aggregation, all membrane proteins were prepared 

in urea sample buffer described above, and incubated for 30 min at room temperature 

before electrophoresis172, while a standard boiling of 10 min in Laemmli sample buffer 

was used to prepare all the other proteins samples. All proteins were transferred into a 

nitrocellulose membrane (0.45 µm), except calmodulin (PVDF membrane, 0.2 µm). 

Membranes were blocked in 5% BSA for detection of phospho-protein, while 5% milk 

for all the others. After incubation with primary antibodies over night at 4 °C, membranes 

were incubated with HRP-conjugated second antibodies at room temperature for 1 hour, 

then visualized by adding Western Lightning Plus-ECL (PerkinElmer). The images were 
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captured by Odyssey Fc imaging system (Li-cor, NE), and analyzed with ImageJ (1.51K) 

software. 

Cellular accumulation assay. Metformin (50 µM, with 1/5 of [14C]-metformin) 

and cisplatin (100 µM) was used in the cellular accumulation (uptake) studies in HEK-

hOCT2 and HEK-hMATE1 cell lines. The uptake time of metformin and cisplatin in 

HEK-hOCT2 were set to 20 seconds and 30 min respectively according to 

literatures173,174, and the uptake was performed in Krebs-Ringer HEPES (KRH) buffer 

(125 mM NaCl, 4.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM 

HEPES, 5.6 mM glucose, pH 7.4). Uptake was stopped by adding ice-cold KRH and the 

cells were washed 3 times with KRH. For radioactive substrates, the cells were lysed by 

300 µl of cell lysis buffer (PBS with 1% triton X-100). Then 250 µl of cell lysate was 

added to 3 ml of Biodegradable Counting Cocktail buffer (Fisher Scientific Inc., 

Pittsburgh, PA), with the radioactivity measured by a liquid scintillation analyzer 

(PerkinElmer, Tri-Carb 2910 TR).  For cisplatin, after cells being lysed by 200 µl of nitric 

oxide (67-70%, Sigma-Aldrich, St. Louis, MO), 100 µl of cell lysate with 20 µl internal 

standard (Iridium, 50 µg/mL) and 1880 µl 2% nitric oxide was transferred to a 2 ml tube 

which was ready for quantification by ICP-MS (Agilent 7700). All the uptake data will be 

further normalized by the protein level in the lysate, which was determined by a 

bicinchoninic acid (BCA) protein assay kit (Bio-Rad, Hercules, CA). The same protocol 

of metformin uptake in HEK-hMATE1 was used as described in our previous 

publication135.   
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Animal studies. The wild type mice (C57BL/6J background) were used at 10-16 

weeks of age. For ex vivo accumulation studies, mice kidneys were separated immediately 

after euthanization. The isolated kidneys were then carefully cut into slices, and incubated 

in KRH buffer with and without Cd (50 µM) at 37 °C for 30 min. The slices were then 

transferred into metformin (50 µM, with 1/5 of 14C-metformin) for uptake, which was 

stopped at 5 min by adding ice-cold KRH. After being washed 3 times with KRH, the 

slices were homogenized in PBS buffer (500 µl). Supernatant (300 µl) was added to the 

same Biodegradable Counting Cocktail buffer (3 ml) after centrifuge, with the 

radioactivity measured by the liquid scintillation analyzer and normalized by the weight 

of each slice. For in vivo pharmacokinetics studies, the mice were given a single dose of 

CdMT (100 µg Cd/Kg, i.p.) or vehicle, then a single dose of metformin (7.5 mg/kg, i.p, 

with 1/20 [14C]-metformin)  or cisplatin (4 mg/kg, i.p.) 6 hours after CdMT 

administration. To determine the tissue accumulation of metformin, mice were sacrificed 

30 min after administration of metformin, with kidney being separated, cut and weighted, 

then homogenized in PBS buffer (500 µl). Supernatant (300 µl) was used for radioactivity 

counting as described above. Mice were sacrificed 3 hours after administration of 

cisplatin, with kidney sample being digested in 500 µl of nitric oxide (67-70%, Sigma-

Aldrich, St. Louis, MO). Then a 100 µl lysate with 20 µl internal standard (Iridium, 50 

µg/mL) and 1880 µl 2% nitric oxide was transferred to a 2 ml tube which was ready for 

quantification of cisplatin by ICP-MS (Agilent 7700). For in vivo pharmacological and 

toxicological studies, mice were either given a single dose of CdMT (100 µg Cd/Kg, i.p.) 

or vehicle, or exposed with and without Cd (10 ppm) in drinking water for 10 weeks. 

Cisplatin (10 mg/kg, i.p.) or vehicle was administrated 6 hours after CdMT injection or 
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right after 10 weeks of Cd (10 ppm) exposure. Mice were sacrificed 72 hours post-

cisplatin treatment, with kidney sample harvested for histology, protein and mRNA 

analysis. 

Clinical Studies. The cervical cancer patients were confirmed with cytological 

and histological diagnosis, and treated with chemotherapeutic cisplatin for 5 to 8 cycles, 

alone or along with paclitaxel/docetaxel. The patients who were concomitantly 

administrated with other nephrotoxic drugs were excluded. The patient charts were 

reviewed retrospectively to collect creatinine data pre- and post-cisplatin chemotherapy. 

One venous blood sample (~ 2 ml) was collected for each patient by a 23 G needle, and 

stabilized in a heparin tube. The blood samples were stored at 4 °C no more than 24 hours 

before centrifuged to collect the plasma. The plasma samples were stored at – 80 °C until 

quantification of Cd by ICP-MS.  

For the study protocol involving lung cancer patients, all the patients were 

clinically diagnosed with lung cancer, and treated with cisplatin for 1 to 2 cycles, along 

with other chemotherapeutic drugs (pemetrexed, docetaxel, paclitaxel, gemcitabine, etc.). 

The patients who were concomitantly administrated with other nephrotoxic drugs were 

excluded. All the eligible patients were divided into two groups according to their 

smoking status. The patients who never smoke were defined as non-smoking. While 

smoking was defined by the following criteria: former and current smokers with a 

smoking history longer than 20 years, at least 20 cigarettes per day. Creatinine data pre- 

and post-cisplatin chemotherapy were collected retrospectively, with creatinine clearance 

being estimated by glomerular filtration rate (eGFR) calculated from the Cockroft-Gault 

(CG) equation.  
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Statistics. GraphPad Prism (version 6.01, GraphPad Software, San Diego, CA) 

was used to perform the statistical analysis. Data are mean ± s.d., with error bar equaling 

to one s.d, of a representative of three independent experiments. For transport kinetics 

studies, the apparent Vmax and Km values were calculated by fitting data to the Michaelis-

Menten equation. For animal studies, three to five mice in each group were used in all 

experiments. A two-tail Student’s t-test was used for statistical comparison between two 

groups, while one-way analysis of variance (ANOVA) followed by post hoc Turkey was 

adopted in comparison among more than two different groups. P < 0.05 was considered 

as the threshold of statistical significance. 

Study approval. All animals handling procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Maryland, 

Baltimore (Approval No. 0617011), and performed in accordance with NIH guidelines 

for animal experimentation. The study protocol involving cervical cancer patients was 

reviewed and approved by the Ethics Committee of Xiangya Hospital, Central South 

University (Approval No.: 201806938). All subjects provided signed informed consent 

before recruitment to the trials. The study protocol involving lung cancer patients was 

reviewed and approved by the Ethics Committee of Xiangya School of Medicine, Central 

South University (Approval No.: CTXY-110008-2). 
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Chapter 4: Dual Effects of OCTs induction and MATEs inhibition 

by xenobiotics enhance substrate accumulation 

Introduction 

The human genome encodes more than 400 membrane transporters which 

function as gatekeepers in determining the selective permeability of cell membrane 36. 

Notably, the hepatocytes and the proximal tubular cells in the renal cortex are highly 

equipped with a variety of membrane transporters that are essential for hepatic and 

tubular uptake and secretion of numerous endogenous and exogenous chemicals, 

including therapeutic drugs 38,175. For instance, nearly one third of the top 200 prescribed 

drugs in the U.S (2010) are predominantly eliminated via urine 29, many of which 

undergo net renal secretion mediated by the membrane transporters expressed in the 

kidney 38,176. 

The organic cation transporters and multidrug and toxin extrusion proteins 

(OCTs/MATEs) are pairs of the solute carrier (SLC) transporter families highly expressed 

in the basolateral and apical membrane of both hepatocytes and renal proximal tubules 

cells, respectively 93. Due to the large overlap in their substrates, OCTs and MATEs often 

function in tandem to vectorially transport chemicals from blood into  bile or urine. Many 

endogenous and exogenous chemicals have been identified as their substrates, such as 

creatinine, metformin, and cisplatin. The distribution, elimination, therapeutic response 

and toxicity of a clinical drug can be mainly determined by the activities of 

OCTs/MATEs 43,44,49,55,177. Hence, it is recommended by US FDA for pharmaceutical 

companies to examine the potential of their new molecular entities (NMEs) as the 
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substrates or the inhibitors of OCTs/MATEs in order to avoid future drug-drug 

interaction mediated by these transporters 36,70. 

Despite of their crucial importance in drug disposition and response, the regulation of 

OCTs/MATEs is still poorly characterized. Protein kinase A (PKA), protein kinase C 

(PKC), Yes1 kinase, phosphatidylinositol 3-kinase (PI3K)- and calmodulin-dependent 

kinases have been reported to regulate the function of OCT2 at the post-translational level 

73-77. However, the detail molecular mechanism remains to be depicted, and the regulation 

has yet to be further verified in vivo for most of these findings. Besides, the exact role of 

protein trafficking, a process that is vital in determining the membrane expression and 

activity of transporters 78,79, in the regulation of OCTs and MATEs has yet to be 

comprehensively examined.  

Previously, the heavy metal cadmium (Cd) has been reported to be a substrate of 

OCTs30,60. We have also recently demonstrated Cd as a substrate of MATEs86,135. 

Although with no physiological benefit, Cd exposure can alter multiple molecular 

signaling pathways, some of which have been indicated in the regulation of OCTs and 

MATEs as described above. These findings have suggested a potential direct Cd-drug 

interaction mediated by OCTs/MATEs. Thus, we hypothesized that Cd exposure would 

have a regulatory effect on the activity of drug transporters such as OCTs/MATEs, 

leading to variation in drug disposition and response.  

In this study, we firstly confirmed that Cd exposure led to an increased activity of 

OCTs, while an inhibitory effect on MATEs in cells. The regulatory mechanism 

underlying these divergent effects of Cd exposure on transporter activities was then 
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explored. Moreover, we examined the effects of Cd exposure on the pharmacokinetics 

and tissue accumulation of the OCT/MATE substrate metformin in mice. In addition, 

with a small scale of screening, we identified candesartan, a clinically used drug, behaved 

similarly towards OCTs/MATEs as Cd did. Our results indicated that drug disposition 

could be affected by certain xenobiotics, such as Cd and candesartan, through their 

divergent regulation on the activities of OCTs and MATEs.  
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Results 

Characterization of Cd as an inducer of OCTs while an inhibitor of MATEs 

OCTs/MATEs have been implicated in the accumulation and detoxification of Cd 

in renal tubular cells by facilitating its entry and elimination 30,60,135. Here we further 

examined the effects of constant presence of Cd on the activities of different 

OCTs/MATEs for several substrates. The HEK293 cells overexpressing transporter 

proteins were pre-incubated with Cd, and the transporter activities were assessed with and 

without the presence of Cd. Our data showed that Cd was an inducer for human (h) 

OCT1, hOCT2, mouse (m) Oct1, mOct2 (Fig. 1a). Interestingly, Cd behaved as an 

inhibitor to human and mouse MATEs in the in vitro co-incubation conditions. We also 

verified the inductive effect of Cd on hOCT2 by testing different substrates, including 

metformin, TEA, MPP+ and cisplatin. A similar magnitude of increase in cellular uptake 

was observed for these substrates in the presence of Cd as compared to the vehicle control 

(Fig. 1b). Taken together, our results indicated that Cd could behave as an inducer of 

OCTs while an inhibitor of MATEs. 

hOCT2 was more active in cellular trafficking than hMATE1 

The divergent effects of Cd exposure on the activities of OCTs and MATEs impelled us 

to explore the underlying mechanism. We found that Cd could significantly increase the 

membrane expression, but not cellular total protein, of hOCT2  (Fig. 2a). As described 

previously 172, both hOCT2 monomer (~75 KD) and oligomer (~200 KD) bands were 

shown in the typical western blot analysis. Here, our data indicated that Cd could also 

increase the membrane expression of hOCT1 (Fig. 2b). This was further verified by live 

cell image that the membrane signal of hOCT1 tagged with GFP gradually became clearer 
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under Cd treatment, as compared with vehicle treatment that caused no signal change 

(Fig. 2c). In contrast, Cd exposure had no impact on the membrane expression of 

hMATE1 (Fig. 2d). Therefore, it was likely that the protein trafficking of OCTs and 

MATEs to the membrane was differentially regulated in response to Cd treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

We then investigated the role of different protein trafficking pathways in the 

membrane expression and activity for hOCT2 and hMATE1, by using several well-

known perpetrators of protein trafficking, including potassium (K+) depletion 178, 

brefeldin A (BFA) 179 and filipin 180 (Fig. 3a). Potassium depletion, a selective blocker of 

the clathrin-dependent endocytosis, could time-dependently increase the activity of 

hOCT2 as determined from metformin uptake (Fig. 3b), and the abundance of hOCT2 

oligomers (Fig. 3c). In contrast, potassium depletion up to 60 minutes had little effect on 

Figure 4-1. Characterization of Cd as an inducer of OCTs, while an inhibitor of 

MATEs. (a) Cellular uptake of metformin in HEK293 cells stably expressed with human (h) 

OCT1, hOCT2, hMATE1 and hMATE2-K; transiently expressed with mOct1, mOct2 and 

mMate1 after pre-incubation with Cd for 20 min. Uptake of metformin was then performed 

with (Pre-incubation + Co-incubation) and without Cd (Pre-incubation only). Uptake without 

Cd during pre-incubation and co-inhibition served as control. Uptake values are shown as 

percentage of control. (b) Cellular uptake of metformin, TEA, MPP+ and cisplatin in HEK-

hOCT2 cells with and without exposure to Cd for 20 min. Data are presented as mean ± s.d.; 

**P < 0.01, ***P < 0.001 (two-tailed Student’s t-test). 
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the activity and membrane protein expression of hMATE1 (Fig. 3b, d). In addition, we 

found that the inductive effect of Cd on hOCT2 could be abolished by potassium 

depletion (Fig. 3e), probably due to a depletion of cytosol hOCT2 pool. Likewise, the 

treatment of BFA, a chemical that could inhibit protein transport from the endoplasmic 

reticulum (ER) to the Golgi apparatus, could significantly reduce the activity and 

membrane protein expression of hOCT2 (Fig. 4a, b), but showed no impact on hMATE1 

(Fig. 4a, c). However, blocking of caveolin-dependent endocytosis by filipin had no 

influence on the activity of both hOCT2 and hMATE1 (Fig. 5).  

The degradation half-life of a membrane protein may reflect how active it is 

synthesized and in the trafficking between the cytosol pool and the membrane. The 

protein half-life for hOCT2 and hMATE1 was thus examined by using the translation 

inhibitor cycloheximide (CHX) and proteasome inhibitor MG-132 (Fig. 6a, b) as 

described previously 181,182. The oligomer and the monomer of hOCT2 exhibited a similar 

half-life (~6 hours and ~8 hours respectively), which were much shorter than that of 

hMATE1 (~36 hours).  

Together, our findings suggested that hOCT2 was a short-lived protein under 

active trafficking between plasma membrane and cytoplasmic storage pool, and hence 

was susceptible to the translocation regulation by Cd exposure. On the contrary, hMATE1 

was a more static and long-lived protein in the cell membrane, being insusceptible to such 

a regulation by Cd exposure.   
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Cd exposure altered the pharmacokinetics (PK) of metformin in mice  

To further obtain the clinical implication of our findings, we examined the effect 

of Cd exposure on the PK of metformin in wild type (Wt) and Mate1 knockout (-/-) mice. 

Of note, Mate1 (-/-) mice might enable us to determine the effect via alteration of Oct 

activity alone, while the effect via both Oct and Mate activities would be observed in Wt 

mice. Our data showed that Cd exposure could increase the accumulation of metformin 

by nearly 2.5 fold in the liver of Wt mice, as compared with 1.5-fold increase in Mate1 (-

/-) mice, supporting a combined effect of Oct induction and Mate inhibition by Cd 

Figure 4-2. Cd exposure increases membrane expression of hOCT1 and hOCT2 but not 

hMATE1. (a) Immunoblotting (IB) analysis of total and membrane fraction of hOCT2 in 

HEK-hOCT2 cells with and without exposure to different concentrations of Cd for 20 min. 

(b) IB analysis of total and membrane fraction of hOCT1 in HEK-hOCT1 cells with and 

without exposure to Cd for 20 min. (c) Live cell image of hOCT1 expression after HEK-

hOCT1 cells being exposed with and without Cd from 1 min to 20 min. (d) IB analysis of 

total and membrane fraction of hMATE1 in HEK-hMATE1 cells with and without exposure 

to different concentrations of Cd for 20 min. All figures are representatives of three 

independent experiments. For a, b and d, pan-cadherin and Na+/K+ ATPase are served as the 

positive control and β-Actin as negative control for membrane proteins.  
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exposure in Wt mice (Fig. 7a, b). The accumulation of metformin was unchanged by Cd 

exposure in the kidney of both Wt and Mate1 (-/-) mice. Interestingly, we found that Cd 

exposure could significantly decrease the plasma concentration of metformin at 0.25 h 

after the drug treatment in Mate1 (-/-) mice, while having no impact on systemic 

metformin exposure in Wt mice (Fig. 7c). Collectively, our results demonstrated that Cd 

exposure could alter the PK of metformin in vivo probably through itseffects on Oct and 

Mate transporter activities. 

 

Identification of candesartan as a specific OCT2 inducer  

Previously, we have validated a collection of clinically used drugs for their 

inhibitory potency against hOCT2, hMATE1, and hMATE2-K 183. For the same set of 

drugs, we continued testing whether those non-hOCT2 inhibitors could be the inducers of 

hOCT2 instead. We have identified candesartan as such an inducer (Fig. 8a). At 10 µM, 

candesartan significantly increased metformin uptake mediated by hOCT2 and mOct2 in 

HEK293 cells but inhibited the uptake by hMATE1 and mMate1 under co-incubation 

conditions. Interestingly, candesartan was also an inhibitor towards hOCT1 but with a 

limited inhibition on mOct1 at the tested concentration (Fig. 8b).We then examined the 

effect of this specific OCT2 inducer on the PK of metformin in Wt and Mate1 (-/-) mice. 

Consistent with the results in vitro, candesartan (5 mg/kg, i.p.) could significantly 

increase renal metformin accumulation in both Wt and Mate1(-/-) mice, while slightly 

decrease the accumulation in the liver. A nearly 2-fold increase was seen in the kidney of 

Wt mice; in contrast, only 30% increase was observed in the kidney of Mate1(-/-) mice 

(Fig. 8c, d). Similar to the results by Cd above, we found that candesartan could 
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significantly decrease plasma metformin level in Mate1(-/-) mice at 0.25 h after 

metformin injection, while having no impact on the drug levels in Wt mouse plasma (Fig. 

8e). These results further proved the concept that OCT induction and/or MATE inhibition 

may lead to alteration in drug disposition. 

 

Figure 4-3. Effect of potassium (K+) depletion on the membrane expression and function 

of hOCT2 and hMATE1. (a) A schematic model of the cellular protein trafficking pathways, 

and the mechanisms of different protein trafficking pertetrators. (b) Cellular uptake of 

metformin in HEK-hOCT2 and HEK-hMATE1 cells after exposure to K+ depletion buffer at 

indicated times. (c) IB analysis of total and membrane fraction of hOCT2 in HEK-hOCT2 

cells after exposure to K+ depletion buffer at indicated times. (d) IB analysis of total and 

membrane fraction of hMATE1 in HEK-hMATE1 cells after exposure to K+ depletion buffer 

at indicated times. (d) Cellular uptake of metformin in HEK-hOCT2 cells with and without 

Cd treatment for 20 min after being exposed to K+ depletion buffer at indicated times. For c 

and d, pan-cadherin is served as the positive control and β-Actin as negative control for 

membrane proteins. For b and e, data are presented as mean ± s.d.; *P < 0.05, **P < 0.01, 

***P < 0.001 (b, ANOVA followed by post hoc Tukey analysis; e, two-tailed Student’s t-

test). 
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Discussion 

The understanding of regulation of OCTs/MATEs remains lagged far behind the 

extensive researches demonstrating the critical role of these transporters in drug 

disposition. In this study, we have depicted intriguing divergent effects of Cd exposure in 

regulation of the activities of OCTs and MATEs. Specifically, we have shown that 

hOCT2 protein, not hMATE1, was actively trafficking between plasma membrane and 

cytoplasmic storage pool, which was subject to the regulation by Cd exposure. Cd was an 

inducer of OCT function but served as an inhibitor of MATE transporters. In addition, we 

identified candesartan, a widely prescribed drug, as a specific OCT2 inducer and a 

MATEs inhibitor. With either Cd or candesartan, we have proved the concept that the 

induction of OCTs along with the inhibition of MATEs could significantly enhance the 

accumulation of the substrates of these transporters in the liver and/or kidney. Overall, 

our results have demonstrated that certain xenobiotics may affect drug disposition via 

their inductive effect on OCT membrane translocation as well as their inhibition towards 

MATEs.  

The divergent effects of Cd in regulation of OCTs and MATEs were likely related 

to the dynamic differences in protein trafficking between the two transporter families. We 

found that hOCT2 was a relatively short-lived protein under actively trafficking, while 

hMATE1 had a much longer half-life as a more static protein in the cell membrane. Our 

findings are consistent with previous reports in which the regulation of protein trafficking 

had been linked to the changes in the function and/or membrane expression of OCT2 

73,76,184. However, there has been no reports showing that MATE proteins are susceptible 

to any treatment by the regulators of protein trafficking. It is unclear why the cells 
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preserve such an instant adaptation mechanism for OCTs but not for MATEs. Notably, 

we only employed chemical regulators to characterize the role of protein trafficking 

pathways in determining the membrane expression and activity of the transporters. These  

 

 

 

 

 

 

 

 

 

 

 

chemical regulators may not be specific and could inevitably bring in off-target effects. 

For example, we found that dynasore and chlorpromazine, the inhibitors of dynamin and 

clathrin-mediated endocytosis respectively 185,186, were also potent inhibitors of OCTs 

(data not shown), making them inappropriate tools to study the role of dynamin and 

Figure 4-4. Effect of Brefeldin (BFA) on the membrane expression and function of 

hOCT2 and hMATE1. (a) Cellular uptake of metformin in HEK-hOCT2 and HEK-hMATE1 

cells after exposure to BFA at indicated times. (c) IB analysis of total and membrane fraction 

of hOCT2 in HEK-hOCT2 cells after exposure to BFA at indicated times. (d) IB analysis of 

total and membrane fraction of hMATE1 in HEK-hMATE1 cells after exposure to BFA at 

indicated times. (d) Cellular uptake of metformin in HEK-hOCT2 and HEK-hMATE1 cells 

after being exposed to filipin at indicated times. For b and c, pan-cadherin is served as the 

positive control and β-Actin as negative control for membrane proteins. For a and d, data are 

presented as mean ± s.d.; *P < 0.05 (a, ANOVA followed by post hoc Tukey analysis; d, two-

tailed Student’s t-test); n.s., no significance. 
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clathrin-dependent endocytosis in regulation of OCTs. Future studies with a genetic 

approach to knock down specifically those key regulators of protein trafficking, including 

clathrin, caveolin and dynamin, should consolidate our findings in the present study.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We did not observe an inductive effect in mouse kidney in comparison to hepatic 

induction when CdCl2 was acutely injected. We reasoned that this was due to the unique 

toxicokinetics of inorganic Cd which is firstly distributed into the liver4,63,80,136 where Cd 

stimulates the expression of, and is bound to, proteins such as metallothionein (MT). The 

Cd bound to MT (CdMT) and other proteins is then re-distributed, mainly into the kidney. 

We have confirmed that the Cd level in the kidney was much lower than that in the liver 

after acute CdCl2 administration in mice (Data not shown). On the other hand, we did not 

observe an inductive effect in mouse liver in comparison to renal induction when a single 

dose of candesartan was administrated. This was, at least partially, due to the fact that 

candesartan was a relatively specific inducer of OCT2, including mOct2, towards which 

Figure 4-5. Effect of filipin on the membrane expression and function of hOCT2 and 

hMATE1. Cellular uptake of metformin in HEK-hOCT2 and HEK-hMATE1 cells after being 

exposed to filipin at indicated times. Data are presented as mean ± s.d.; *P < 0.05 (two-tailed 

Student’s t-test); n.s., no significance. 
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the probe drug metformin is a preferred substrate 187. mOct1 is relatively specific 

transporter in the liver, while both mOct1 and mOct2 are highly expressed in the kidney 

188. It is unknown why candesartan was a specific inducer of OCT2 over OCT1. In the 

future, it would be interesting to characterize the mechanism underlying OCT2 induction 

by candesartan and compare it with that by Cd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6. hMATE1 has a much longer half-life than hOCT2. (a) IB analysis of hOCT2 

and hMATE1 after being exposed to translation inhibitor cycloheximide (CHX) or CHX plus 

MG-132 (proteasome inhibitor) at indicated times. β-Actin is used as the loading control. (b) 

Calculation of the protein degradation rate as half-life (t1⁄2), by fitting the data with a linear 

regression mode. Half-lives of hOCT2 and hMATE1 were determined as the time of 50% 

degradation achieved under CHX treatment. 
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It is important to know that Cd and candesartan did not induce the activity of 

MATE transporters, which share a wide spectrum of substrates and collaborate with 

OCTs for transcellular drug transport in the kidney and liver. Instead, because Cd is a 

substrate of MATEs135, a high concentration of intracellular Cd is expect to competitively 

Figure 4-7. Cd exposure alters pharmacokinetic (PK) profiles of metformin in mice. (a, 

b) Accumulation of metformin in liver and kidney after wild type (WT) and Mate1 knockout 

(-/-) mice being treated with and without Cd (2 mg/kg, i.v.) for 1 hour, then a single dose of 

metformin (7.5 mg/kg, i.p.). Tissues were collected 30 min after metformin administration. (c) 

Quantification of plasma level of metformin in WT and Mate1 (-/-) mice after being treated 

with and without Cd (2 mg/kg, i.v.) for 1 hour, then a single dose of metformin (7.5 mg/kg, 

i.p.). Blood samples were collected from tail vein at 0.25, 0.5, 0.75, 1.0 and 2.0 hours after 

metformin administration. For a and b, n = 4; for c, n = 3 or 4. Data are presented as mean ± 

s.e.m.; *P < 0.05, ***P < 0.001 (two-tailed Student’s t-test); n.s., no significance. 
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inhibit MATE-mediated drug efflux. Candesartan has also been characterized as a 

moderate inhibitor of MATEs previously183. In consistent with the dual effects of OCT 

induction and MATE inhibition by Cd and candesartan, we observed that the extent of 

increase in metformin accumulation in the liver or kidney after Cd or candesartan 

treatment was less in Mate1(-/-) mice as compared to that in Wt mice. Interestingly, while 

Cd and candesartan could increase metformin accumulation in the liver and kidney 

respectively, they had little impact on the systemic exposure of metformin in mice, 

particularly in Wt mice. We postulated that, as illustrated in Figure 9, it was probably 

because the effects of OCTs induction and MATEs inhibition by Cd and candesartan 

allowed the substrate kept in the liver or kidney, and cancelled out the impact of each 

other on the systemic exposure. Our data suggested that a significant drug-drug 

interaction (DDI) via PK may not necessarily lead to any changes in systemic exposure of 

the affected drug.   

Collectively, we have found that the activities of OCTs and MATEs could be 

divergently affected by Cd and candesartan, probably due to the distinct dynamics of 

protein trafficking between the two transporter families. The dual effects of OCT 

induction and MATE inhibition by certain xenobiotics such as Cd and candesartan may 

lead to significant accumulation of the substrate compounds of these transporters in the 

liver and kidney. Future studies are needed to understand the clinical implication of these 

complex OCT/MATE-based DDIs.  



92 

 

Materials and Methods 

Antibodies and reagents. Primary antibodies were from Cell Signaling: Na, K-

ATPase (#3010); Santa Cruz Biotech: pan-Cadherin (sc-515872), MATE1 (sc-133390); 

Thermo Fisher Scientific: SLC22A2 (PA5-37290), SLC22A1 (MA5-15730); Sigma: 

beta-Actin (A3854). Reagents were from Sigma: cadmium chloride (202908), Filipin 

(F4767), MG-132 (474790), cycloheximide (C1988); EMD Milipore: cisplatin (232120); 

Biolegend: brefeldin A (420601); Moravek: [14C]-labeled metformin hydrochloride 

(MC2043); PerkinElmer: [3H]-labeled MPP+ (NET914250UC), [14C]-labeled 

tetraethylammonium bromide (NEC298250UC); Thermo Fisher Scientific: streptavidin 

agarose (20349), sulfo-NHS-SS-biotin (21217). Trace grade reagents were used for metal 

quantification on Inductively Coupled Plasma mass Spectrometry (ICP-MS). All other 

reagents were commercial available. 

Cell culture and transfection. HEK-293 cell lines stably expressing human 

OCT2 (HEK-hOCT2), human MATE1 (HEK-hMATE1), human MATE2-K (HEK-

hMATE2-K) and human OCT1 (HEK-hOCT1) were generated by using the Flp-In 

system (Invitrogen) as described previously 183,189. The cells were cultured in DMEM 

supplemented with 10% FBS, streptomycin (100 µg/ml) and penicillin (100 U/ml), and 

maintained in at 37 °C in a humidified atmosphere with 5% CO2. Transient 

overexpression of mOct1, mOct2 and mMate1 were achieved with either lipofectamine 

2000 or a calcium-based transfection which has been described elsewhere171.  

Cell surface biotinylation. Membrane proteins on cell surface were labeled with 

membrane-impermeable biotinylation reagent, sulfo-NHS-SS-biotin, and pulled down by 

the streptavidin agarose beads as described previously 78. In brief, cells in a 24-well plate 
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were incubated with 0.3 ml of sulfo-NHS-SS-biotin (1 mg/ml) in calcium and magnesium 

enriched phosphate-buffered saline (PBS-CM) (137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.4 mM KH2PO4, 0.1 mM CaCl2, and 1 mM MgCl2, pH 7.3) for 1 hour at 4 °C 

with gentle shaking. Sulfo-NHS-SS-biotin was completely quenched by adding 0.5 ml 

Tris buffer (1.0 mM, pH = 8.0), and was briefly rinsed with ice-cold PBS-CM. The cells 

were then lysed with lysis buffer (1% NP-40 with protease inhibitor mixture, 100 µl). 

Streptavidin-agarose beads (50 µl) was then added to 100 µg of the crude membrane 

proteins, and was incubated on a rocker at 4 °C overnight. Membrane proteins were 

enriched by incubating the beads with urea sample buffer (10 mM Tris, 8M urea, 10% 

glycerol, 1% SDS and 1/20 beta-mercaptoethanol, 100 µl) for 1 hour, after being washed 

for 3 times with the same lysis buffer. 

Immunoblotting analysis.  Samples from cell lysate and tissues were analyzed by 

immunoblotting (western blot) analysis. To avoid protein aggregation 172, all membrane 

proteins were prepared in urea sample buffer (described above), and incubated for 30 min 

at room temperature before electrophoresis, while a standard boiling of 10 min in 

Laemmli sample buffer was used to prepare all the other proteins samples. All proteins 

were transferred into a nitrocellulose membrane (0.45 µm). Membranes were blocked in 

5% milk to reduce unspecific binding. After incubation with primary antibodies over 

night at 4 °C, membranes were incubated with HRP-conjugated second antibodies at 

room temperature for 1 hour, then visualized by adding Western Lightning Plus-ECL 

(PerkinElmer). The images were captured by Odyssey Fc imaging system (Li-cor, NE). 

 

 



94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of protein degradation half-life. HEK-hOCT2 and HEK-hMATE1 

cells were incubated with cycloheximide (CHX, 50 µg/ml) to inhibit further protein 

synthesis. The proteasome inhibitor MG-132 (10 µM) was added along with CHX as 

Figure 4-8. Screening and identification of candesartan as an OCT2 inducer and 

MATEs inhibitor. (a) Cellular uptake of metformin in HEK-hOCT2 and HEK-hMATE1 

cells after exposure to different drugs at indicated concentration for 30 min. (b) Cellular 

uptake of metformin in HEK293 cells stably expressed with human (h) OCT1, hOCT2, 

hMATE1 and hMATE2-K; transiently expressed with mOct1, mOct2 and mMate1 after 

exposure to candesartan for 30 min. (a, b) uptake of metformin was then performed with (Pre-

incubation + Co-incubation) and without drugs (Pre-incubation only). Uptake without drugs 

during pre-incubation and co-inhibition served as control. Uptake values are shown as 

percentage of control. (c, d) Accumulation of metformin in liver and kidney after wild type 

(WT) and Mate1 (-/-) mice being treated with and without candesartan (5 mg/kg, i.p.) for 1 

hour, then a single dose of metformin (7.5 mg/kg, i.p.). Tissues were collected 30 min after 

metformin administration. (e) Quantification of plasma level of metformin in WT and Mate1 

(-/-) mice after being treated with and without candesartan (5 mg/kg, i.p.) for 1 hour, then a 

single dose of metformin (7.5 mg/kg, i.p.). Blood samples were collected from tail vein at 

0.25, 0.5, 0.75, 1.0 and 2.0 hours after metformin administration. For c and d, n = 4; for e, n = 

3 or 4. For a and b, data are presented as mean ± s.d.; for c, d and e, data are presented as 

mean ± s.e.m.; *P < 0.05, ***P < 0.001 (two-tailed Student’s t-test); n.s., no significance. 
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control to inhibit protein degradation. Following incubation for varied times (0 to 10 hour 

for HEK-hOCT2, 0 to 32 hours for HEK-hMATE1), cells were harvested and lysed, and 

cell lysates were prepared as described above. Protein abundance was analyzed by 

western blotting as described above. Desired protein bands were quantified using the 

Image Studio Lite 5.2.5 (Licor, NE). Protein degradation rate is expressed as half-life 

(t1⁄2), the time for degradation of 50% of the protein. Each of the half-life data reported 

was calculated from three independent determinations and is expressed as mean ± s.e.m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cellular uptake assay. Metformin (50 µM, with 1/5 of [14C]-metformin), [14C]-

TEA (10 µM), MPP+ (10 µM, with 1/1000 of [3H]-MPP+) and cisplatin (100 µM) was 

used in the cellular uptake studies in cells stably and transiently expressed with hOCT1, 

hOCT2, hMATE1, hMATE2-K, mOct1, mOct2 and mMate1. The uptake time was set 

according to the literatures 43,133,190-192. In details, uptake of metformin, TEA, MPP+ and 

cisplatin in hOCT2 were set to 20 seconds, 5 min, 2 min and 30 min respectively; the 

uptake of metformin in hOCT1, mOct1, mOct2, hMATE1, hMATE2-K and mMate1 

Figure 4-9. A schematic model illustrating the effect of OCTs inducer/MATEs inhibitor 

on the disposition of substrate.  
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were set to 10 min, 1 min, 1 min, 2 min, 2 min and 2 min respectively. The uptake was 

performed in Krebs-Ringer HEPES (KRH) buffer for OCTs and in K+ based buffer 

(KBB) for MATEs as previously described 49,135. For radioactive substrates, radioactivity 

was measured by a liquid scintillation analyzer (PerkinElmer, Tri-Carb 2910 TR), while 

cisplatin was quantified by ICP-MS (Agilent 7700). All the uptake data were further 

normalized by the protein level in the lysate.  

Animal studies. Protocol involved animals study was approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Maryland, 

Baltimore (Approved No. 0617011). The wild type mice (C57BL/6J background) and 

Mate1 knockout mice previously established in our lab 95, were used at 10-16 weeks of 

age. For in vivo pharmacokinetics studies, the mice were given a single dose of cadmium 

chloride (2 mg/kg, i.v.) or candesartan (5 mg/kg, i.p.), then a single dose of metformin 

(7.5 mg/kg, i.p., with 1/40 [14C]-metformin) 60 min after Cd or candesartan 

administration. The blood samples were collected at 15, 30, 45, 60, 90, and 120 min after 

metformin administration, with a 20 µl of plasma being added into 2 mL scintillation 

buffer for radioactivity counting. To determine the tissue accumulation, mice were 

sacrificed 30 min after metformin administration, with liver and kidney being separated, 

cut and weighted, then homogenized in PBS buffer (500 µl). Supernatant (300 µl) was 

then added into 3 ml scintillation buffer for radioactivity quantification. 

Statistical analysis. GraphPad Prism (version 6.01, GraphPad Software, San 

Diego, CA) was used to perform the statistical analysis. For protein half-life 

determination, data are mean ± s.e.m. of three independent experiments, with error bar 

equaling to one s.e,m. Data were fit by linear regression with half-life being calculated at 
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50% of degradation. For animal studies, three to four mice in each group were used in all 

experiments, and data are mean ± s.e.m. Data are mean ± s.d for the rest, which is a 

representative of three independent experiments.  A two-tail Student’s t-test was used for 

statistical comparison between two groups, while one-way analysis of variance (ANOVA) 

followed by post hoc Turkey was adopted in comparison among more than two different 

groups. P < 0.05 was considered as the threshold of statistical significance. 
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Chapter 5: Summary and Conclusion 

 

The heavy metal cadmium (Cd) is currently ranked 7th on the 2017 Agency for 

Toxic Substances and Disease Registry (ATSDR) and listed as one of Priority Pollutants 

by US Environmental Protection Agency (EPA). Annually, approximate 30,000 tons of 

Cd is released to our environment, resulting in serious pollution. Of note, the Cd-polluted 

agricultural land is not only a prevalence in eastern and southern Asia but also seen in the 

rest of the world from Africa to Europe. Elevated Cd levels in the agricultural land, thus 

the food produced, may cause a significant daily intake of Cd by human individuals. In 

addition, as another important route of Cd exposure for the general population, the 

increasing number of tobacco smokers worldwide makes Cd exposure an even 

unneglectable issue. It is now well accepted that cadmium can accumulate in many 

organs, including liver, kidney, pancreas, and testis, and adversely affect the functions of 

these organs. Although intoxication by high levels of Cd exposure is rarely seen 

nowadays, low levels of daily Cd exposure remain a major health concern as Cd is a 

cumulative toxicant with an extremely long biological half-life of 10-30 years in human 

body. Cd exposure may alter multiple cellular signaling pathways, induce mitochondrial 

damage, and culminate in cell death by apoptosis or necrosis. Mounting evidence has 

linked chronic low levels of Cd exposure to the cause of various diseases, including 

cancer, cardiovascular diseases, diabetes, bone damage, renal tubular disease, and 

obstructive pulmonary disease. 

As compared to the extensive research in Cd tissue accumulation, little was 

known about the elimination of Cd, particularly its toxic form, Cd ion (Cd2+). In chapter 
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2, we provided the first evidence supporting that MATEs transport Cd2+ and may function 

as cellular elimination machinery in Cd intoxication. In this study, we used HEK-293 

cells overexpressing the human MATE1 (HEK-hMATE1), human MATE2-K (HEK-

hMATE2-K) and mouse Mate1 (HEK-mMate1) to study the cellular transport and 

toxicity of Cd2+. The cells overexpressing MATEs showed a 2 - 4 fold increase of Cd2+ 

uptake that could be blocked by the MATE inhibitor cimetidine. A saturable transport 

profile was observed with the Michaelis-Menten constant (Km) of 130 ± 15.8 μM for 

HEK-hMATE1; 139 ± 21.3 μM for HEK-hMATE2-K; and 88.7 ± 13.5 μM for HEK-

mMate1, respectively. Cd2+ could inhibit the uptake of metformin, a substrate of MATE 

transporters, with the half maximal inhibitory concentration (IC50) of 97.5 ± 6.0 μM, 20.2 

± 2.6 μM, and 49.9 ± 6.9 μM in HEK-hMATE1, HEK-hMATE2-K, and HEK-mMate1 

cells, respectively.  In addition, hMATE1 could transport preloaded Cd2+ out of the HEK-

hMATE1 cells, thus resulting in a significant decrease of Cd2+-induced cytotoxicity.  

Whereas Cd exposure has been correlated with increased incidence of a variety of 

kidney diseases, little is known pertaining to its effect on renal drug disposition and 

response in patients. In chapter 3, we reported that Cd exposure could significantly 

increase the activity of organic cation transporter 2 (OCT2), a critical renal drug 

transporter recommended in US FDA guidance for assessment during drug development, 

by enhancing its trafficking to cell membrane both in vitro and in vivo. We 

mechanistically revealed that Cd-induced OCT2 translocation involved protein-protein 

interaction among AKT2, Ca/calmodulin and AS160. The formed protein complex could 

selectively facilitate the phosphorylation of AKT2 at T309, which induced translocation 

of OCT2 to the plasma membrane. Moreover, we showed that Cd exposure could 
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remarkably exacerbate the nephrotoxicity induced by cisplatin, an OCT2 substrate, by 

increasing its accumulation in mouse kidney. Consistently, we observed a significant 

correlation between plasma Cd level and alteration of renal function in cervical cancer 

patients who underwent chemotherapy with cisplatin. Altogether, our studies have 

uncovered Cd exposure, via drug transporter regulation, as a previously unrecognized 

factor for the broad variation in renal drug disposition and response. 

In chapter 4, we gained new insights into the regulation of OCTs and MATEs 

from the effect of Cd. we reported divergent effects of cadmium (Cd) exposure on the 

activities of OCTs and MATEs. We found that Cd behaved as an inducer of OCTs while 

a competitive inhibitor of MATEs in cells. By focusing on human (h) OCT2 and 

hMATE1, we mechanistically revealed that hOCT2 protein was more active in trafficking 

between plasma membrane and cytoplasmic storage pool. Cd exposure could significantly 

enhance the translocation of hOCT2 protein to the plasma membrane. We further 

identified that candesartan, a widely prescribed angiotensin II receptor blocker, behaved 

similarly towards OCT2 and MATE1 as Cd. We consolidated our findings in vivo by 

showing that both Cd and candesartan treatments could lead to enhanced tissue 

accumulation of metformin, a widely used substrate of OCTs/MATEs, in mouse kidney 

and liver, while have limited effects on its systemic exposure. Altogether, our studies 

have uncovered divergent regulation between OCTs and MATEs by certain xenobiotics, 

such as Cd and candesartan, due to different cellular trafficking of these two families of 

transporter proteins, which might significantly affects the accumulation of transporter 

substrates in the liver and kidney. 
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Altogether, our current studies first delineated MATEs as the potential 

contributors for Cd elimination and detoxification, then unraveled environmental Cd 

exposure as a previously unappreciated factor contributing to the broad variation in renal 

drug disposition and response via transporters regulation, and finally described divergent 

effects of Cd exposure on OCTs and MATEs, which advanced our understanding in their 

regulation. 
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Appendix: Supplementary Figures and Tables for Chapter 3 
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Supplementary Figure 3-1. Effect of Cd exposure on hOCT2 and hMATE1. (a) Cellular 

uptake of metformin in HEK-hOCT2 cells after being exposed to Cd at varied times. (b) 

Representative IB analysis of total and membrane fraction of hOCT2 after HEK-hOCT2 cells 

being exposed to Cd at varied times. Pan-cadherin is served as positive control, and β-Actin 

as negative control for membrane proteins. (c) Cellular uptake of metformin in HEK-

hMATE1 cells after being exposed to different concentration of Cd for 20 min. All figure are 

representative of three independent experiments. Data shown as mean ± s.d. **P < 0.01, by 

two-tailed Student’s t-test. 
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Supplementary Figure 3-2. Cd accumulation in mice liver and kidney. Percentage of Cd 

accumulation in tissues. Wild type mice (n = 3) were treated with Cd (2 mg/kg, i.v.) or CdMT 

(0.15 mg Cd/kg, i.v.), and sacrificed 1 hour after Cd injection. Data shown as mean ± s.d. **P 

< 0.01, (two-tailed Student’s t-test). 
 

 

Supplementary Figure 3-3. Representative IB analysis of total and phosphorylated Akt after 

slices of mice kidney being exposed with and without Cd (50 µM) for 20 min.  
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Supplementary Figure 3-4. Representative IB analysis of total and phosphorylated AKT in 

HEK-hOCT2 cells after overexpression with WT and T309A mutant of AKT2, followed by 

exposure with and without Cd for 20 min. 
 

 

Supplementary Figure 3-5. Representative IB analysis of phosphorylated AS160 in HEK-

hOCT2 cells after overexpression with WT and 4P mutant of AS160, followed by exposure 

with and without Cd for 20 min. Flag is used as loading control.  
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Supplementary Figure 3-6. Calcium (Ca) is involved in Cd-induced hOCT2. (a) Cellular 

uptake of metformin in HEK-hOCT2 cells after culture in either Ca free or Ca (0.5 mM) for 

12 hours, followed by exposure with and without Cd for 20 min. (b) Representative IB 

analysis of total and phosphorylated AKT in HEK-hOCT2 cells being treated by Ca chelator 

BAPTA-AM, followed by exposure with and without Cd for 20 min. (c) Representative IB 

analysis of total and phosphorylated AKT in HEK-hOCT2 cells after overexpression with WT 

and 1234 mutant of CaM, followed by exposure with and without Cd for 20 min. (d) Cellular 

uptake of  metformin in HEK-hOCT2 cells after treatment with Ca ionophore A23187 for 30 

min. Cd treatment is used as positive control. All figure are representative of three 

independent experiments. For a and d, data shown as mean ± s.d. ***P < 0.001, (two-tailed 

Student’s t-test). 
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Supplementary Figure 3-8. Representative co-IP analysis of the interaction between AKT, 

CaM and AS160 in HEK-hOCT2 cells overexpressed with 4P and 4P+LW/GG mutant of 

AS160, followed by treatment with and without Cd for 20 min. 
 

 

Supplementary Figure 3-7. Representative IB analysis of AS160 in HEK-hOCT2 cells after 

overexpression with WT and three mutants (4P, LW/GG, 4P+LW/GG) of AS160.  
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Supplementary Figure 3-9. Smoking exacerbates cisplatin nephrotoxicity in lung cancer 

patients. (a) The creatinine and (b) estimated GFR (eGFR) level pre- and post-cisplatin 

chemotherapy in smoking and non-smoking lung cancer patients. (c) The change of creatinine 

pre- and post-cisplatin chemotherapy in smoking and non-smoking lung cancer patients. For a 

to c, each circle/square represents an individual patient. For c, data shown as mean ± s.d. *P < 

0.05, **P < 0.01, n, number, NA, not applicable, n.s., not significant  by two-tailed Student’s 

t-test. 
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a b 

Supplementary Figure 3-10. Cd concentration in mice kidney. (a) Mice were administrated 

with and without CdMT (100 µg Cd/Kg, i.p.), and sacrificed 6 hours after 

CdMT treatment. (b) Mice were exposed with and without Cd (10 ppm) in drinking 

water for 10 weeks. For a and b, Cd concentration were quantified by ICP-MS. 
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Supplementary Table 3-1. Demographic profiles of lung cancer patients 
 

 Smoking Status  

Non-smoking Smoking P valueA 

No. of patients 16 34 NA 

Sex Male Male NA 

Age (year) 51.4 ± 11.3 53.6 ± 7.9 0.4265 

Body weight (kg) 63.1 ± 10.4 62.1 ± 9.3 0.7190 

Height (cm) 164.8 ± 4.8 166.4 ± 6.5 0.3723 

Drinking history 0/16 0/34 NA 

Chemotherapy regimen n (%) n (%)  

platinum + pemetrexed 5 (31.3) 6 (17.6) NA 

platinum + docetaxel 2 (12.5) 6 (17.6) NA 

platinum + paclitaxel 2 (12.5) 2 (5.9) NA 

platinum + gemcitabine 6 (37.5) 16 (47.1) NA 

others 1 (6.3) 4 (11.8) NA 

 

Data were shown as mean ± s.d. NA, not applicable. 
ATwo-tailed Student’s t-test, actual P values were given.  
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