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1 Introduction
Membrane transporters play a crucial role in the absorption, 

distribution and elimination of endogenous and xenobiotics. Lack 
of transporter function can result in altered drug disposition, 
including loss of efficacy or toxicity (Teng & Piquette-Miller, 
2008). Organic anion transporting polypeptides (OATPs) are 
membrane transporters belonging to the solute carrier (SLC) 
family that mediate the uptake of an extensive array of substrates, 
including bile acids, hormones, many drugs and imaging 
agents, in a manner independent of Na+ and ATP manner 
(Hagenbuch & Stieger, 2013). In the past decades, OATPs have 
been identified in some human organs such as liver, kidney, brain 
and intestine (Gong et al., 2011; Hagenbuch & Stieger, 2013). 
A clinically relevant aspect of OATPs is that their expression 
levels vary extensively in various disease states. On the other 
hand, OATPs proteins often act as critical transporters for 
unfavorable drug-drug interactions or adverse drug reactions 
(Kim, 2003; Shitara et al., 2003). In recent years, great progress 
has been made in identifying the endogenous substrates of 
OATPs, clarifying the role of OATPs in drug disposal and toxin 
transport, and describing genetic variants. Among the OATPs 
family members, OATP1A1 (Figure 1) is the first and founding 
member of the organic anion transporter SLCO superfamily 
and was isolated by expression cloning (Hagenbuch & Meier, 
2004; Jacquemin  et  al., 1994). Functional characteristics of 
OATP1A1 in a heterologous expression system suggested that it 
can transport bile acids (e.g., CA) and bile acid conjugates (e.g., 
TCA) in a sodium-independent manner (Eckhardt et al., 1999; 
Hagenbuch & Stieger, 2013; Jacquemin et al., 1994). Therefore, 
bile acids can be considered as the first identified endogenous 
substrate of OATP1A1. However, in some cases of cholestasis, 
such as drug-induced cholestatic liver injury (Chen et al., 2016), 

bile duct ligation surgery model (Horiuchi  et  al., 2009) and 
Oatp1a1-null mice (Zhang et al., 2012a), Oatp1a1 expression is 
frequently reduced. These suggest that Oatp1a1 does not simply 
transport bile acids to hepatocytes, as is commonly believed.

In this review, we discussed the expression of Oatp1a1 in 
drug induced toxicity, cholestasis and other pathological states 
as well as the differences of Oatp1a1 in different gender and age. 
The aim is to draw more attention to the precise of drug dosing 
and drug-drug interactions of Oatp1a1-regulated medicines in 
the clinic.

2 Main text
2.1 OATP1A1 in physiological state

Organic anion transport protein 1a1 (Oatp1a1) is the 
prototypical member of the Oatp family of highly homologous 
transport proteins that are highly expressed in the liver and kidney 
(Cheng et al., 2005; Imai et al., 2013). In the liver, Oatp1a1 is 
expressed in all hepatocytes, and uniformly distributed on the 
basolateral (sinusoidal) surface of hepatocytes (Wang et al., 2008). 
Oatp1a1 expression is influenced by gender. Oatp1a1 expression 
in rat liver is predominantly male (Hou et al., 2014). In contrast, 
Oatp1a1 in kidney is predominantly female (Cheng et al., 2006). 
However, it is also believed that the expression of Oatp1a1 is 
higher in kidney of males than that of females (Cheng et al., 
2005). The expression of Oatp1a1 tends to be up-regulated and 
then down-regulated with increasing age. Oatp1a1 is barely 
detectable in the liver of fetal rats, and its expression is low at 
birth, and increase rapidly after weaning, reaching a peak at 
60 days. It then remains stable from 60 to 180 days of age, and 
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decreases at elder age (540 days) (Cheng et al., 2005; Fu et al., 
2012; Hou et al., 2014; St-Pierre et al., 2004). In aged rat liver, 
Oatp1a1 expression has a consistent ontogenetic pattern at the 
mRNA and protein levels (Cheng et al., 2005). Further studies 
showed that androgens and growth hormone secretion patterns are 
responsible for Oatp1a1 expression in mice. Androgens increase 
Oatp1a1 mRNA in liver and kidney, whereas growth hormone 
increase Oatp1a1 mRNA in the liver only (Cheng et al., 2006).

Previous studies showed that the four amino acids at the 
C-terminal of Oatp1a1 in rat and mouse hepatocytes constitute a 
consensus binding site for PDZK1. PDZK1 mediates intracellular 
trafficking of Oatp1a1 by recruiting motor proteins to endocytic 
vesicles containing Oatp1a1 (Wang et al., 2005; Wang et al., 2019; 
Wang et al., 2014). Oatp1a1 appears to surface localize only when 
co-expressed with PDZK1(Wang et al., 2019). In the absence of 
PDZK1, Oatp1a1-containing vesicles fail to recruit kinesin-1 and 
instead bind dynein, which becomes the predominant end-directed 
motor (Wang  et  al., 2014). Oatp1a1 can be singly or doubly 
phosphorylated on serine or threonine residues in the C-terminal 
sequence SSATDHT (aa 634-640), and serine phosphorylation 
can inhibit the transport activity of Oatp1a1 without altering its 
cell surface content (Xiao et al., 2006). Although perturbations of 
in the cell surface expression of Oatps can lead to drug toxicity, 
little is known about mechanisms regulating their subcellular 
distribution. Many members of Oatps, including Oatp1a1, have 
a COOH-terminal PDZ consensus binding motif that interacts 
with PDZK1, while serines upstream of this site (S634 and S635) 
can be phosphorylated. Thus, PDZK1 binding is necessary for 
optimal Oatp1a1 expression at the cell surface, phosphorylation 
provides a mechanism to rapidly regulate the distribution of 
Oatp1a1 between the cell surface and intracellular vesicular 
pool (Choi et al., 2011).

2.2 OATP1A1 in pathological state

The liver plays important roles in the detoxification of 
xenobiotics. Hepatic Oatp1a1 contributes to the uptake and 

elimination processes of xenobiotics. Oatp1a1 expression can 
be regulated under many pathological conditions (Chiba et al., 
2007). Inflammation is a host response to infection and injury, 
which is associated with altered expression of genes for metabolic 
enzymes, transporters, receptors and plasma proteins (Hanafy et al., 
2012). In Long-Evans cinnamon (hepatitis model) rats, hepatic 
expression of Oatp1a1 was found to be decreased (Chiba et al., 
2007). TNF-α and IL-1β are pro-inflammatory cytokines. TNF-α 
and IL-1β lead to down-regulation of Oatp1a1 and other hepatic 
organic anion transporters in cholestasis or high-fat diet induced 
hepatitis (Fisher et al., 2009; Geier et al., 2005).

Alcohol-related liver disease accounts for half of all cirrhosis-
related deaths worldwide. The spectrum of disease varies from 
simple steatosis to fibrosis, cirrhosis and ultimately hepatocellular 
carcinoma. In chronic plus binge ethanol-fed mice, transcriptomic 
data indicated that Oatp1a1 was the most down-regulated 
mRNA, and it is negatively correlated with serum bile acid 
level (Jiang et al., 2020). Increased plasma bilirubin levels have 
been reported in rat models and patients with alcoholic liver 
disease (ALD). Chronic ethanol ingestion impairs the nuclear 
translocation of CAR, which is accompanied by increased serum 
bilirubin levels, and suppresses the expression of hepatic and 
renal Oatp1a1 and hepatic Mrp2 (Wang et al., 2017). In advanced 
fibrosis, changes in hepatocyte membrane transporters expression 
reduce the hepatic transport function of organic anions. In rats 
with advanced fibrosis, the Oatp1a1 expression is significantly 
decreased (Giraudeau  et  al., 2017). Furthermore, the level 
of Oatp1a1 decreased with increasing fibrosis (Sheng  et  al., 
2017). In addition, in a rat model of partial liver congestion, 
the Oatp1a1 protein expression was also down-regulated in the 
congested liver (Shimizu et al., 2015).

In addition, other factors that can down-regulate 
Oatp1a1 expression include hyperthyroidism (Engels et al., 2015), 
high-cholesterol diet (Kawase et al., 2017), caloric restriction 
(Kulkarni et al., 2013), dysbiosis (Kuno et al., 2016), rheumatoid 
arthritis (Lin  et  al., 2017), intestinal ischemia-reperfusion 
(Maruyama  et  al., 2013), diabetes (Shuboni-Mulligan  et  al., 
2019), hepatic metastatic tumors (Sun et al., 2006), oxidative 
stress (Tsujimoto  et  al., 2013) and polycystic kidney disease 
(Bezençon et al., 2019). From the available reports, almost all 
pathological changes down-regulate Oatp1a1 expression.

2.3 Correlation of OATP1A1 with other enzymes or proteins

The effects of sterol carrier protein-2 (SCP-2) overexpression 
and cholesterol-rich diet is a down-regulation of proteins involved 
in cholesterol transport (L-FABP and SR-B1), cholesterol synthesis 
(associated with sterol regulatory element binding protein 
2 and HMG-CoA reductase) and bile acid oxidation/transport 
(Oapt1a1, Oatp1a4, and SCP-x). Serum and liver bile acids levels 
were decreased in cholesterol-fed SCP-2 overexpression mice 
(Atshaves et al., 2009). In Chinese hamster ovaries (CHO cells), 
co-expression of rat Oatp1a1 and human ABCG2 enhanced 
the uptake and efflux of CGamF, bile acids, glycol bile acids, 
taurocholate bile acids, and taurolithocholic acid-3-sulfate, 
respectively (Blazquez  et  al., 2012). Na (+)-taurocholate co-
transporting polypeptide (Ntcp) and Oatp1a1, Oatp1a4, and 
Oatp1b2 are the main transporters responsible for the uptake of 

Figure 1. The theoretical 3D structures of OATP1A1 from AlphaFold 
v2.0 (Jumper et al., 2021), a protein structure database.
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bile acids and other organic compounds into the liver. By using 
the various transcription factor-null mice, PPAR-α was shown to 
play a critical role in the down-regulation of Oatp1a1, Oatp1a4, 
Oatp1b2 and Ntcp by PFDA (Cheng & Klaassen, 2008). The bile 
salt export pump (BSEP) is expressed on the hepatocyte tubular 
membrane and regulates liver bile salt excretion, and impairment 
of BSEP function may lead to cholestasis in humans. in the 
SAGE Bsep knockout rat model, Mrp3 expression is increased 
and Oatp1a1 is decreased (Cheng et al., 2016). ATP11C is a 
homolog of ATP8B1, both of which catalyze the transport 
of phospholipids in biological membranes. Mice deficient in 
ATP11C are characterized by conjugated hyperbilirubinemia 
and unconjugated hyperbilirubinemia. Functional studies in 
ATP11C-deficient mice showed that hepatic uptake of unconjugated 
bile salts is severely affected, whereas uptake of conjugated bile 
salts is not affected, and the basal bile salt uptake transporters 
Oatp1a1, Oatp1a4, Oatp1b2 and Ntcp were virtually absent only 
in the central hepatocytes (Waart et al., 2016).

In WT mice fed the methionine and choline deficient 
diet, the mRNA expression of Oatp1a1 and Oatp1b2 in liver 
are decreased, whereas the Mrp4 expression is increased. 
However, in the H-RXRα-null mice, the methionine- and 
choline- deficient diet only decrease Oatp1a1, but induce both 
Oatp1a4 and Mrp4 mRNA expression (Gyamfi  et  al., 2009). 
Energy balance is maintained through controlling both energy 
intake and expenditure. Thyroid hormones play a critical role 
in regulating energy expenditure. The synergistic reduction of 
the half-life may be due to the synergistic induction of CAR and 
CAR target genes encoding enzymes and transporters involved 
in the hepatic elimination of T3, such as Oatp1a1, Oatp1a3, 
Ugt1a3 and Ugt1a10. The PPAR-α dependent induction of 
CAR and subsequent induction of T3 eliminating enzymes 
may have a role in fasting-induced energy expenditure by fatty 
acids as natural PPAR-α ligands (Wieneke et al., 2009). Fibrates 
are hypolipidemic drugs that function as activators of PPAR-α. 
In humans and rodents, females have been reported to be less 
responsive to fibrates than males. However, loss of PPAR-α in 
female mice increases mRNA expressions of bile acids synthetic 
enzymes (Cyp7a1, Cyp27a1, Cyp7b1 and Cyp781) and transporters 
(Oatp1a1, Oatp1b2, Ntcp, and Mrp3 (Zhang et al., 2018). In the 
liver of global 11β-Hydroxysteroid dehydrogenase-1-deficient 
mice, the mRNA expression of Oatp1a1 is decreased, whereas 
the mRNA expression of Ostb is increased (Penno et al., 2014). 
During 20 to 32 weeks of hepatocarcinogenesis in rat, mRNA of 
transporters (including Oatp1a1, Oatp1a4, Oatp1b2, Ntcp, Bsep 
and Mrp2) is progressively lost (Monte et al., 2005). Although 
the role of nuclear factor erythroid 2-related factor 2 (Nrf2) in 
bile acid homeostasis remains controversial. Oatp1a1, Oatp1b 
and Ntcp are down-regulated and result in a 39-fold increase 
of serum bile acids in Nrf2-null mice. And activation of Nrf2 in 
mice up-regulates Mrp2 and Mrp3 in the liver and down-
regulates bile acids and cholesterol transporters in the intestine 
(Zhang et al., 2020b).

2.4 OATP1A1 and cholestasis

Cholestasis is a clinical disorder defined as an impairment 
of bile flow, and that leads to toxic bile acids accumulation in 

hepatocytes. During cholestasis, the liver, kidney and intestine 
gene expression was altered to prevent bile acids accumulation, 
increase bile acids urinary excretion and decrease bile acids 
absorption, respectively.

In bile-duct ligation (BDL) surgery experiments, the 
hepatic Oatp1a1, Oatp1a5, Oatp1b2, CYP2C6, CYP3A2 and 
Ntcp mRNA expressions were found to be decreased, while 
the mRNA expressions of Oatp1a4, Bsep and Mrp1-5 were 
increased. In the kidney, Oatp1a1 and Mrp1-5 have the same 
expression changes as in the live. These results suggest that 
compensatory regulation of transporters in the liver, kidney and 
intestine cannot fully compensate for the loss of hepatic bile acids 
excretion (Geier et al., 2007; Horiuchi et al., 2009; Slitt et al., 
2007). Oatp1a1 is expressed predominantly in liver of mice and 
is thought to transport bile acids from the blood to the liver. 
Since the expression of Oatp1a1 is normally markedly reduced 
in BDL mice. Oatp1a1-null mice would be protected from liver 
injury during BDL-induced cholestasis through reducing hepatic 
uptake of bile acids. Surprisingly, the total bile acids concentration 
in the liver of Oatp1a1-null mice is higher than that of WT 
mice, suggesting that Oatp1a1 deficiency does not prevent bile 
acids from accumulation in the liver. In addition, secondary 
bile acids dramatically increased in the serum of Oatp1a1-null 
BDL mice, but not WT BDL mice. These demonstrates that loss 
of Oatp1a1 function exacerbates liver cholestatic injury and 
suggests a unique role of Oatp1a1 in the liver adaptive responses 
to cholestasis (Zhang et al., 2012a). In obstructive cholestasis, 
the down-regulation of Bsep partitioning is associated with 
portal inflammation, mediated by TNF-α and IL-1β. Down-
regulation of periportal Ntcp and induction of Oatp1a4 and 
Oatp1b2 may be adaptive mechanisms to reduce cholestatic 
injury in hepatocellular with profound downregulation of Bsep 
and Mrp2 (Donner et al., 2007).

In α-naphthylisothiocyanate (ANIT)-induced cholestasis, 
the mRNA expression of hepatic Oatp1a1, IL-6, IL-17A, IL-
17F, TGF-β1, α-SMA, TGR5, NTCP and ileum ASBT were 
decreased, while the hepatic IL-10, FXR, CAR, VDR, BSEP, 
MRP2, MRP3, MRP4 was increased, but was restored to normal 
by Yinchenhaotang, a famous formulae for the treatment of 
liver disorders (Yan et al., 2017). Methotrexate is an important 
immunosuppressive and anticancer agent for the treatment 
of primary biliary cirrhosis. The serum biochemistry and 
expression of the major hepatic methotrexate transporters 
including Oatp1a1, Oatp1a4, Oatp1b2, Mrp2, Mrp3, Mrp4, and 
Bcrp elucidated the pathological cholestatic changes in the liver 
(Brcakova et al., 2009). All cholestatic drugs result in extensive 
alterations in most biliary transporters. Surprisingly, almost 
all steatotic drugs affect the expression of biliary transporters, 
too. The most common alterations triggered by both classes of 
drugs were the inhibition of OATP1A1, BSEP, and NTCP, and 
the induction of MRP2/3/4, MDR2 and ABCG5/8. Therefore, 
Oatp1a1 was proposed as a simple but useful screening biomarker 
for the prediction of cholestasis or steatosis (Donato et al., 2016).

Oatp1a1 is capable of transporting bile acids. While in 
Oatp1a1-null male mice, the concentrations of Deoxycholic 
acid (DCA) and taurodeoxycholic acid (TDCA) were increased 
in serum and liver. Further studies revealed that the loss of 
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Oatp1a1 significantly alters the intestinal bacteria composition 
in mice (Zhang et al., 2012b). In addition, intestinal permeability 
was enhanced in Oatp1a1-null mice. The present data indicated 
that Oatp1a1 does not mediate the hepatic uptake of DCA and/
or TDCA, but loss of Oatp1a1 increases intestinal permeability, 
which enhances DCA absorption in mice (Zhang et al., 2011). 
Table 1 summaries the trends of some main bile acids transporters 
expression in cholestasis.

2.5 OATP1A1 and drug-induced toxicity

Alterations of OATP1A1 in modern medicine induced toxicity

Drug transporters play a critical role in the uptake, disposition 
and elimination of various organic compounds through human 
biological membranes. Recent studies indicated that some drug 
transporters are related to drug-induced toxicity (Ohbayashi et al., 
2013). Organic anion-transporting polypeptides (OATPs), as an 
important drug uptake transporters, mediate the uptake of many 
endogenous molecules and xenobiotic compounds, such as bile 
acids and drugs (Durmus et al., 2016), and their distribution to 
several pharmacokinetically relevant organs (Durmus et al., 2014) 
or their clearance (Iusuf et al., 2014). Among them, Oatp1a1 was 
confirmed to be an electroneutral anion exchanger (Martinez-
Becerra et al., 2011). Acetaminophen (APAP), also known as 
N-acetyl-p-aminophenol or paracetamol (PARA) is one of the 
most popular analgesic and antipyretic agents. Acetaminophen 
can lead to liver injury under prolonged or overdose conditions. 
During acetaminophen hepatotoxicity, organic anion-transporting 
polypeptides Oatp1a1, Oatp1b2, bile salt export pump (Bsep), and 
sodium/taurocholate-co-transporting polypeptide (Ntcp) mRNA 
were reduced, in contrast, multidrug resistance-associated proteins 
Mrp1, Mrp2, Mrp3, and Mrp4, and multidrug resistance proteins 
Mdr1a and Mdr1b mRNA were increased in APAP-treated mice 
(Aleksunes et al., 2007; Aleksunes et al., 2005). Pyrazinamide 
is a first-line drug for the treatment of tuberculosis which can 
cause serious hepatotoxicity. Cholestasis plays an important 
role in pyrazinamide induced liver injury. During liver damage, 

the protein and mRNA expressions of bile acid synthesis and 
transporters were markedly altered, in which FXR, Cyp8b1, Oatp1a1, 
Oatp1b2, Bsep, Mrp2, Mdr2, and Ostα/β were decreased, while 
Mrp3, Ntcp, Oatp1a4, and Cyp7a1 were increased (Chen et al., 
2016). Larotrectinib is an FDA-approved oral small-molecule 
inhibitor for treatment of neurotrophic tropomyosin receptor 
kinase fusion-positive cancer. In pharmacokinetic behaviour, 
ABCG2 and ABCB1 limit its oral availability and brain and 
testis penetration, while OATP1A/1B transporters restrict its 
systemic exposure by mediating hepatic uptake, thus allowing 
hepatobiliary excretion (Wang et al., 2020b). Empagliflozin is a 
next-generation oral SGLT-2 inhibitor for the treatment of diabetes. 
Following oral administration of empagliflozin for 2 years, renal 
tubular injury was identified in male mice. empagliflozin was 
found to be a substrate of Oatp1a1 in mouse and rat, through 
transfected Xenopus oocytes and HEK293 cells (Taub  et  al., 
2015). Eprosartan is an angiotensin II receptor antagonist used 
for the treatment of hypertension and heart failure in clinical. 
Eprosartan is transported by Mrp2 and various Oatps such as 
Oatp1a1 and Oatp1a4 in rats and at least OATP1B1/MRP2 in 
humans (Sun et al., 2014). Doxorubicin is a highly potent and 
established anthracycline-based chemotherapeutic agent, 
which is commonly used in the treatment of various cancers. 
Although doxorubicin is known as a substrate of some efflux 
transporters including P-glycoprotein, MDR1 and ABCB1, recent 
study demonstrated that OATP1A/1B plays an important role 
in the uptake and disposition of doxorubicin (Lee et al., 2017). 
In isolated perfused rat liver, the disposition of rosuvastatin is 
mediated by Oatp1a1 and efflux is entirely by Mrp2 and Bcrp 
(Hobbs et al., 2012). Glyburide is a sulfonylurea hypoglycemic 
agent, which can completely inhibit rat hepatic Oatp1a1, 
Oatp1a4, and Oatp1b2 (Ishida et al., 2018). In indomethacin 
(IDM)-treated rats, the mRNA expression of hepatic transporters 
was decreased consistent with its intestinal injury. Ornoprostil 
can restore the mRNA expression of Oatp1a1, Oatp1b2 and 
Mrp2 (Fujiyama et al., 2013). Cisplatin is a first-line agent for 
the treatment of many solid tumors, whereas has significant 

Table 1. The trends of main bile acids transporters expression in cholestasis.

Transporters Types The trends of expression Reference
Oatp1a1 Uptake Down-regulation (Brcakova et al., 2009; Donner et al., 2007; Geier et al., 2007; 

Slitt et al., 2007; Yan et al., 2017; Zhang et al., 2012)
Oatp1a4 Uptake Up-regulation (Gyamfi et al., 2009; Slitt et al., 2007)
Oatp1b2 Uptake Down-regulation (Zhang et al., 2018)
Oatp1a5 Uptake Down-regulation (Geier et al., 2007; Slitt et al., 2007)

Mrp1 Efflux Up-regulation (Geier et al., 2007; Slitt et al., 2007)
Mrp2 Efflux Up-regulation (Donner et al., 2007; Geier et al., 2007; Slitt et al., 2007)
Mrp3 Efflux Up-regulation (Cheng et al., 2016; Zhang et al., 2018)
Mrp4 Efflux Up-regulation (Gyamfi et al., 2009)
Ntcp Uptake Down-regulation (Zhang et al., 2018)
Ostβ Uptake Up-regulation (Penno et al., 2014)
Bsep Efflux Up-regulation (Donner et al., 2007; Geier et al., 2007; Slitt et al., 2007)
ASBT Uptake Down-regulation (Yan et al., 2017)
TGR5 Uptake Down-regulation (Yan et al., 2017)
MDR2 Efflux Up-regulation (Donato et al., 2016)
ABCG5 Efflux Up-regulation (Donato et al., 2016)
ABCG8 Efflux Up-regulation (Donato et al., 2016)
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nephrotoxicity. In cisplatin-induced mouse acute renal failure, 
gene and protein expression of various xenobiotic transporters 
were altered. Cisplatin-induced renal injury decreased gene 
expression of Oatp1a1, Oat1, Oat2 and Oct2, in contrast, 
increased gene and protein expression of the efflux transporters 
Mrp2, Mrp4, Mrp5, Mdr1a and Mdr1b. Reduced expression 
uptake transporters as well as enhanced transcription of efflux 
transporters may represents an adaptation to lower accumulation 
of toxic ingredients (Aleksunes et al., 2008).

Alterations of OATP1A1 in traditional herbal medicine induced 
toxicity

Hepatotoxicity of herbal medicines is of increasing concern. 
Polygonum multiflorum is considered as a common tonic 
traditional Chinese medicine in China. However, in recent 
years Polygonum multiflorum and its stems, another traditional 
Chinese medicine named Ploygoni Multiflori Caulis have been 
found to be hepatotoxic. The expression of Oatp1a1, Oatp1b2 and 
MRP2 mRNA in mice was significantly decreased by Ploygoni 
Multiflori Caulis and its extractive, which is an important cause 
of hepatotoxicity (Li et al., 2017). Oleanolic acid is a triterpenoid 
with many beneficial effects including hepatoprotection. 
However, long-term and high doses use can produce adverse 
effects, such as dose-dependent pathological damage to the 
liver, including hepatocyte apoptosis, inflammation, necrosis, 
and cholestasis. RT-PCR showed that Oleanolic acid produced 
a dose-dependent increase in acute phase proteins (MT-1, Nrf2, 
Ho-1 and Nqo1), a decrease in hepatic bile acid transporters 
(Oatp1a1, Oatp1b2, Ntcp, Bsep and Ostβ) and bile acid synthesis 
genes (Cyp7a1 and Cyp8b1) (Lu et al., 2013). Rutaecarpine is an 
alkaloid of Evodia rutaecarpa that has been used as traditional 
Chinese medicine to treat human diseases. Rutaecarpine has 
been found to induce Cyp1a2, Cyp2b10, Cyp2e1, Cyp3a11 and 
Cyp4a10. For phase-2 enzyme genes, rutaecarpine increased 
glucuronyltransferases (Ugt1a6 and Ugt1a1), and hepatic organic 
anion transporting peptides (Oatp1a1, Oatp1b2, Oayp1a4, 
and Oatp2b1) and induced multidrug resistance-associated 
proteins (Mrp1, Mrp2, Mrp3, and Mrp4) (Zhu et  al., 2013). 
The accumulation of berberine in hepatocytes is highly dependent 
on active uptake. Oatp1a1, Oatp1a4 and Oatp1b2 contribute to 
berberine accumulation in the liver. Oatps play an important 
role in the hepatic disposition of berberine and potential 
clinically relevant drug-drug interactions (Chen et al., 2015). 
Yuanhuzhitong preparation consists of Corydalis yanhusuo 
(CYH) and Angelica dahurica (AD), which can relieve pain 
by suppressing the central system. This effect is achieved by 
inhibiting the uptake of tetrahydropalmatine (TDE, the major 
component of CYH) in the liver and kidneys by stimulatory 
components of AD to enhance TDE exposure in the blood and 
brain (Zhang et al., 2020a). Alpha-naphthylisothiocyanate (ANIT) 
is a toxic substance that is widely used in rodents to mimic human 
intrahepatic cholestasis. Dioscin is an herbal ingredient with 
antihepatitis activity. The hepatic uptake of dioscin is involved 
in Oatps such as Oatp1a1, Oatp1a4, Oatp1b2 (Zhu et al., 2013). 
Dioscin ameliorated cholestasis, as evidenced by a reduction in 
biochemical parameters and improvement in liver pathology. 
Dioscin prevented ANIT-induced adaptive downregulation 
of Oatp1a1, 1b2 and contributed to upregulation of Oatp1a4, 

Mrp2 and Bsep, suggesting that dioscin may prevent impairment 
of liver function by restoring the expression of hepatic transporters 
(Zhang et al., 2016).

Alterations of OATP1A1 in environmental chemicals induced 
toxicity

It is well documented that environmental chemicals cause 
endocrine disruption in humans and wildlife and result in local 
or regional changes (Vos et al., 2000). Perfluoroalkyl sulfonates 
(PFSAs) have a wide range of applications in domestic consumption 
and industrial production. PFSAs was discovered to be widely 
distributed in biomonitoring samples of the humans and wildlife 
(Chou & Lin, 2019). Previous studies indicated that rat OATPS 
such as OATP1A1, OATP1A5, OATP1B2, and OATP2B1 transport 
PFSAs and promote their enterohepatic circulation and prolong 
their elimination half-life of human serum (Zhao et al., 2017). 
The renal clearance of perfluorocarboxylates depends on chain 
length, species, and in some cases on sex within the species. 
It was shown that Oat1 and Oat3 are involved in the renal 
secretion of perfluorooctanoate and perfluorononanoate, while 
Oatp1a1 promotes the reabsorption of perfluorooctanoate to 
perfluorodecanoate with the highest affinity for perfluorooctanoate 
and perfluorodecanoate. These results strongly supported the 
tubular reabsorption role of Oatp1a1 in the elimination of 
perfluorocarboxylates from the rat kidney (Weaver et al., 2010; 
Yang et al., 2009). Ochratoxin A (OTA) is a dietary mycotoxin 
that can cause hepatotoxicity, nephrotoxicity, neurotoxicity and 
carcinogenicity. In mice, OTA is transported by ABCB1 and/
or ABCG2, OATP1A/1B. When administered orally, absence of 
OATP1A/1B resulted in a substantial decrease in hepatic and 
small intestinal exposure (Wang et al., 2020a). Epyrifenacil is a 
novel herbicide, which acts as an inhibitor of protoporphyrinogen 
oxidase (PPO) and produces hepatotoxicity by inhibiting PPO. 
Previous study showed that the hepatotoxicity of epyrifenacil is 
mainly caused by its metabolite S-3100-CA. Oatp1a1 is a major 
transporter in male mice, which is the main contributor to the 
hepatic uptake of S-3100-CA and consequently results in sex 
differences (Sakurai et al., 2021).

3 Conclusion
Oatp1a1 is generally considered to transport many endogenous 

molecules and xenobiotic compounds, such as bile acids and 
drugs to the liver (Durmus et al., 2016). Recent studies have found 
that Oatp1a1 is associated with drug toxicity (Ohbayashi et al., 
2013), and indeed Oatp1a1 expression is reduced during many 
drug toxicity reactions and pathological state. It is commonly 
believed that this is an adaptive protective response to drug toxicity, 
aiming to reduce the continued transport of drugs to the liver and 
mitigate toxic effects. Surprisingly, in some cases of cholestasis 
caused either by drugs or by bile duct ligation surgery model, 
Oatp1a1 expression also appears to be decreased (Geier et al., 
2007; Horiuchi et al., 2009; Slitt et al., 2007). Given the ability of 
Oatp1a1 to transport bile acids to the liver, why is exacerbated 
cholestatic liver injury, especially DCA accumulation in the liver, 
when the function of Oatp1a1 is absence (Zhang et al., 2012a). 
Recent studies indicated that lack of Oatp1a1 significantly alters 
the intestinal bacteria composition to generate more secondary 
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bile acid (DCA) (Zhang et al., 2012b), and increase intestinal 
epidermal permeability to facilitate DCA absorption (Zhang et al., 
2011), which may partially explain this phenomenon. Therefore, 
Oatp1a1 was proposed as a simple and useful screening biomarker 
for the prediction of cholestasis or steatosis (Donato et al., 2016). 
However, the mechanism of Oatp1a1 reduction is not cleared 
and needs to be further investigated. In addition, the expression 
level of Oatp1a1 varies markedly by gender and age, thus the 
precision of clinical dosing in different is particularly important.
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