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Abstract Body is equipped with organic cation transporters (OCTs). These OCTs mediate drug trans-

port and are also involved in some disease process. We aimed to investigate whether liver failure alters

intestinal, hepatic and renal Oct expressions using bile duct ligation (BDL) rats. Pharmacokinetic analysis

demonstrates that BDL decreases plasma metformin exposure, associated with decreased intestinal ab-

sorption and increased urinary excretion. Western blot shows that BDL significantly downregulates intes-

tinal Oct2 and hepatic Oct1 but upregulates renal and hepatic Oct2. In vitro cell experiments show that

chenodeoxycholic acid (CDCA), bilirubin and farnesoid X receptor (FXR) agonist GW4064 increase

OCT2/Oct2 but decrease OCT1/Oct1, which are remarkably attenuated by glycine-b-muricholic acid

and silencing FXR. Significantly lowered intestinal CDCA and increased plasma bilirubin levels

contribute to different Octs regulation by BDL, which are confirmed using CDCA-treated and

bilirubin-treated rats. A disease-based physiologically based pharmacokinetic model characterizing intes-

tinal, hepatic and renal Octs was successfully developed to predict metformin pharmacokinetics in rats. In

conclusion, BDL remarkably downregulates expressions of intestinal Oct2 and hepatic Oct1 protein while
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upregulates expressions of renal and hepatic Oct2 protein in rats, finally, decreasing plasma exposure and

impairing hypoglycemic effects of metformin. BDL differently regulates Oct expressions via Fxr activa-

tion by CDCA and bilirubin.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The body is equipped with polyspecific organic cation transporters
(OCTs), accounting for uptake, distribution and elimination of
endogeneous organic cations, cationic drugs and toxins1. OCT1‒
3, characterizing extensively overlapping substrate specificities,
mediates transport of some cationic drugs such as cephaloridine,
metformin and cimetidine. OCTs also transport some endogenous
cationic substances including choline, thiamine, creatinine, sero-
tonin, dopamine and norepinephrine. OCT2/SLC22A2 is mainly
expressed at basolateral membrane of renal tubules, while OCT1/
SLC22A1 is mainly expressed on the sinusoidal membrane of
hepatocytes2,3. Small intestine also expresses OCT1, OCT2 and
OCT3/SLC22A32,3. OCTs expressed in intestine, liver and kidney,
along with multidrug/toxin extrusions (MATE1/2), commonly
control intestinal absorption, hepatic uptake, biliary excretion and
renal secretion of organic cation compounds, constructing inter-
play of intestine, liver and kidney. Moreover, OCTs are also
involved in some disease process. A mouse experiment shows that
Oct3 deletion enhances liver fibrosis by thioacetamide (TAA) and
bile duct ligation (BDL)4. Feeding with a high-fat diet increases
gentamicin-induced nephrotoxicity due to higher accumulation of
gentamicin by induction of renal Oct2 expressions5. On the
contrast, Oct1/2 double-knockout protects from ototoxicity and
partly from nephrotoxicity by cisplatin in mice6. The down-
regulation of OCT1 is associated with tumor progression of
cholangiocellular carcinoma and worse overall patient survival
rates7. Metformin is actively transported into the liver by OCT1.
Clinic trials have demonstrated that reduced-function variants in
SLC22A1 attenuate the ability of metformin to reduce both
glucose excursion in response to oral glucose8 and level of the
blood glycated hemoglobin in patients with type 2 diabetes9.

Thiamine, an important water-soluble vitamin, plays a central
role in various biological processes. Our bodies cannot synthesize
thiamine and thiamine needs to be ingested from food10. Intestinal
absorption and renal excretion of thiamine are mainly mediated by
identified transporters. The identified transporters related to thia-
mine transport include thiamine transporter 1 (THTR1), THTR2,
OCTs and MATEs2,11. THTR1 and THTR2 are also expressed in
intestine, hepatocytes and kidney. Contribution of THTR2 to in-
testinal absorption of thiamine is more important than THTR112

and THTR2 is required for intestinal uptake of thiamine12. More-
over, THTR2 also mediates intestinal absorption of metformin13.

Liver failure is often associated with thiamine deficiency14. A
clinical report has showed that 18 out of 31 patients with chronic
liver disease characterize thiamine deficiency15. Labadarios
et al.16 reported that 9 out of 24 patients with fulminant liver
failure are associated with thiamine deficiency. Blood thiamine
levels in patients with acute liver failure17,18 and acute-on-chronic
liver failure18 are significantly lower than those in healthy sub-
jects. Liver failure also alters expressions of transporters, in turn,
affecting pharmacokinetics and efficacy of some drugs19e24. Our
pre-experiment also shows that liver failure by BDL down-
regulates expressions of intestinal Oct2 protein but upregulates
expressions of renal Oct2 protein without affecting expressions of
intestinal Thtr2 and renal Mate1 protein, indicating that thiamine
deficiency by liver failure may be attributed to downregulation of
intestinal Oct2 expressions or upregulation of renal Oct2 expres-
sions, which needs investigation.

Significant increases in bilirubin and bile acids are observed in
the serum of patients with liver failure and liver failure ani-
mals21e23,25. Our pre-experiment also shows that BDL signifi-
cantly reduces the concentration of intestinal bile acids and
increases levels of bilirubin in serum of rats, which may become
factors that BDL differently regulates expressions of Octs in in-
testine, liver and kidney of rats.

The aims of the study were: 1) to investigate different alter-
ations in expressions and function of Octs in liver, intestine and
kidney of BDL-induced liver failure rats; 2) to investigate whether
increases in levels of serum bilirubin and decreases in levels of
intestinal bile acid become reasons that BDL differently regulates
function and expressions of Octs in liver, intestine and kidney of
rats using Caco-2 cells, human kidney-2 (HK-2) cells and HepG
2 cells as in vitro models, which were further confirmed using rats
treated with chenodeoxycholic acid (CDCA) and bilirubin; 3) to
establish a disease-based physiological pharmacokinetic (PBPK)
model for analyzing individual contribution of alterations in ex-
pressions and functions of intestinal, hepatic and renal Octs to the
pharmacokinetic behaviors of metformin, a typical Oct substrate,
in BDL rats and their integrated effects. The results would high-
light the clinical significance of alterations in the expressions and
function of intestinal, hepatic and renal Octs under liver failure.

2. Materials and methods

2.1. Materials

All materials used in the study are commercially available and
listed in Supporting Information Table S1.

2.2. Animals

Male Sprague‒Dawley rats, weighing 200e250 g, were obtained
from Super-B&K Laboratory Animal Co. (Shanghai, China). Rats
were kept in an air-conditioned (25 � 2 �C) room with a controlled
12 h/12 h light-dark cycle and relative humidity (50 � 5%). Rats
were maintained on regular chow with drinking water available ad
libitum. The animal studies were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (National In-
stitutes of Health) and approved by the China Pharmaceutical
University Animal Ethics Committee (No. 2020-03-003).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Development of BDL rats

BDL rats were developed according to a method previously
described23. Briefly, rats were anesthetized via intraperitoneal (ip)
injection of pentobarbital (60 mg/kg). The common bile duct was
exposed through a midline incision in the abdomen and triple-
ligated with 4-0 silk suture. In sham-operated (Sham) animals,
the common bile duct was exposed without ligation. The
abdominal incision was closed. The rats were allowed to recover.
On the 14th day following surgical operation, the BDL and Sham
rats were used for the following experiments.

2.4. Pharmacokinetics of metformin after oral or intravenous
administration to experimental rats

Metformin, a typical substrate of OCTs and MATEs, is absorbed
through the small intestine and almost is excreted via the kidney
as a prototype26. Functions of intestinal Octs and renal Octs/Mates
were assessed using alterations in pharmacokinetics of metformin.
On the 14th day after surgical operation, pharmacokinetics of
metformin in BDL and Sham rats following oral and intravenous
administration were investigated. In brief, the experimental rats,
fasted overnight, orally (40 mg/kg) or intravenously (10 mg/kg)
received metformin (dissolved in normal saline). The dosage of
metformin was designed based on previous reports27,28. Blood
samples (about 150 mL) were collected into heparinized micro-
centrifuge tubes at designated times (15, 30, 45, 60, 90, 120, 240
and 360 min for oral dose; 5, 10, 15, 30, 60, 90, 120, 240 and
360 min for intravenous dose) after administration via the oculi
chorioideae vein under light ether anesthesia and plasma samples
were obtained. After each 4 samplings, a suitable amount of
normal saline was administered to the experimental rats via the
tail vein to compensate for blood loss. Plasma concentrations of
metformin were measured using HPLC method28.

Oral glucose tolerance test (OGTT) was also performed.
Briefly, both Sham and BDL rats were divided into metformin-
treated rats and control rats. The rats, fasted overnight, at 30 min
after orally receiving 150 mg/kg metformin or vehicle, were orally
administrated glucose (2 g/kg). The blood glucose levels were
measured by glucometer (Accuchek performa, Roche) at 0, 15, 30,
60 and 90 min post glucose dose via tail tip cut.

2.5. Expressions of Octs and Mates in intestine, liver and kidney
of rats

On the 14th day after surgical operation, the rats, fasted overnight,
were sacrificed under diethyl ether anesthesia. Blood samples were
collected and serum samples were obtained for measuring serum
biochemical parameters, respectively. Intestine, liver and kidney
were quickly obtained for determining the expressions of targeted
proteins and their mRNA. The intestinal contents were also
collected by infusion of 5 mL 0.9% saline. Levels of bile acids in
intestinal contents, plasma, liver and kidney were measured using
LCeMS29 (illustrated in supplement). Bilirubin levels in kidney
and intestinal contents were detected using assay kits and blood
thiamine concentrations were detected using HPLC-FLU method30.

2.6. Intestinal absorption of metformin and thiamine in rat
duodenum

Absorption of metformin and thiamine in the duodenum of rats
was evaluated by in situ single-pass perfusion according to a
previous protocol31. Briefly, the experimental rats, fasted over-
night, were anesthetized with pentobarbital (60 mg/kg, ip). The
duodenum segment (about 10 cm) was isolated, and two cannulas
were inserted at either end of the isolated duodenum. The isolated
intestinal segment was perfused with Krebs-Hensley buffer
(37 �C) for 10 min, followed by Krebs-Hensley buffer containing
metformin (50 mg/mL), metformin (50 mg/mL) with dopamine
(20 mmol/L), metformin (50 mg/mL) with estradiol (1 mmol/L),
metformin (50 mg/mL) with corticosterone (4 mmol/L), thiamine
(20 mg/mL) or thiamine with corticosterone (4 mmol/L) at 0.2 mL/
min for w30 min. Then, consecutive effluent samples were
collected every 15 min for 90 min via the distal cannula. The
levels of metformin and thiamine in outflow were measured. The
concentrations of metformin and thiamine were designed ac-
cording to the preliminary data. At the end of perfusion, the rats
were sacrificed, and the area of perfused intestinal segments A
(cm2) was measured. The apparent effective permeability (Peff,
cm/min) was estimated using Eq. (1):

Peff Z �Q � ln (Cout/Cin)/A (1)

where Cin and Q (mL/min) are the metformin or thiamine con-
centration in the inflow and the flow rate, respectively. Cout was
the metformin or thiamine concentration at the outflow and was
corrected by the weight calibration method.

2.7. Urinary secretion of thiamine and metformin in rats

Urinary secretions of thiamine and metformin in rats were
measured. The experimental rats were housed in metabolic cage
and the 6 h urinary samples of each rat were collected for
measuring recovery of thiamine. Then, the experimental rats
intravenously received dose (10 mg/kg) of metformin and recov-
ery of metformin during 6 h was also measured.

Precision-cut kidney slices were documented to further
investigate renal uptake of metformin. Prepare experimental rat
kidney sections (about 300 mmol/L) according to conventional
techniques. After pre-incubation in oxygenated incubation me-
dium (120 mmol/L NaCl, 16.2 mmol/L KCl, 10 mmol/L sodium
phosphate, 1.2 mmol/L MgSO4, 1.0 mmol/L CaCl2 buffer, pH 7.4)
at 37 �C for 5 min, the slices were transferred to a 24-well plate in
1 mL incubation medium containing metformin (50 mg/mL) and
incubated at 37 �C for 15 min. Following washing three times with
ice-HBSS (pH 7.4), the slices were blotted using the filter paper
and weighed. Amount of metformin (mg/g slice) in the slices was
measured.

2.8. In vivo tissue uptake of metformin by liver and kidney

The uptake clearance (CLuptake) by the liver and kidney was
determined within 3 min following iv administration of metformin
according to previous report19. The experimental rats were anes-
thetized with pentobarbital (60 mg/kg, ip), the femoral artery and
vein were cannulated with a polyethylene tube (PE-50), filled with
heparinized saline (20 IU/mL). Metformin (10 mg/kg) was intra-
venously administrated to the experimental rats. Blood samples
were collected at 0, 0.5, 1, 2 and 3 min following iv metformin.
Then, the rats were immediately sacrificed; the liver and kidney
were removed and weighed. Concentration of metformin in tissues
and plasma were measured. In vivo CLuptake was estimated using
Eq. (2):
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CLuptake Z X3 min/AUC0e3 min (2)

where X3 min and AUC0e3 min represent the metformin amount in
the tissues at 3 min and AUC up to 3 min following iv metformin,
respectively. Effects of Oct2/3 inhibitor corticosterone on in vivo
uptake of metformin by rat liver were also measured. At 3 min
following intraperitoneal dose corticosterone (5 mg/kg) to normal
rats, the hepatic uptake of metformin was documented as
described above. Dose of corticosterone was cited from previous
report32.

2.9. In vitro uptake of metformin by primary hepatocytes of rats

In vitro uptake of metformin by primary hepatocytes from
experimental rats was documented according to previous report31.
In brief, the isolated hepatocytes, following 4 h incubation, were
incubated in 500 mL of HBSS containing metformin (10, 30 and
100 mmol/L, respectively) for 1.5 min referenced as previous
report19 and the uptake reaction was terminated by washing three
times with ice-cold HBSS. Intracellular concentrations of met-
formin were measured by LCeMS/MS method (illustrated in
Supporting Information). Effects of Oct1 inhibitor dopamine
(20 mmol/L) and Oct2/3 inhibitor corticosterone (4 mmol/L) on
metformin uptake by primary hepatocytes at 100 mmol/L met-
formin were also measured.

2.10. Cell culture and drug treatment

Caco-2 cells, HK-2 cells and HepG2 cells were seeded in 6-well
plates at 1.5 � 105 per well and cultured with high-glucose
DMEM medium (for Caco-2 and HepG2) or DMEM/F-12 me-
dium (for HK-2) supplemented with 10% fetal bovine serum in a
humidified incubator with 5% CO2 and 95% O2 at 37 �C. The
mediums were changed every 2 days. When cells reached w80%
confluence, the cells were used for following experiments.

For Caco-2 cells and HK-2 cells, following 48 h incubation
with medium containing CDCA (100 mmol/L), CA (100 mmol/L),
DCA (50 mmol/L), HDCA (100 mmol/L) and GCA (100 mmol/L),
the cells were collected for measuring expressions of OCT2 pro-
tein. The concentrations of bile acids were designed according to
previous reports33. Concentration-dependent effects of CDCA (25,
50 and 100 mmol/L), bilirubin (10, 25 and 50 mmol/L) and syn-
ergistic effect of CDCA (100 mmol/L) and bilirubin (50 mmol/L)
on OCT2 levels were also measured.

For HepG2 cells, the cells were incubated with medium con-
taining different levels of CDCA (25, 50 and 100 mmol/L) or
bilirubin (1, 10 and 50 mmol/L), or CDCA (100 mmol/L) plus
bilirubin (50 mmol/L) for 48 h, the cells were collected for
measuring expressions of OCT1 protein. Levels of CDCA and
bilirubin were also designed based on pre-experiments. Our pre-
experiment showed that expressions of OCT2 protein were not
detected in HepG2 cells. Effects of bilirubin and bile acids on
expressions of hepatic Oct1 and Oct2 were also investigated in
primarily cultured rat hepatocytes. Isolation and culture of pri-
mary rat hepatocytes were operated according to previous report31

and the cultured cells were treated as described in HepG2 cells.

2.11. Role of FXR activation in CDCA- and bilirubin-regulated
expressions of OCT2 in Caco-2 and HK-2 cells

CDCA is considered a natural FXR agonist34. Bilirubin also
stimulates FXR35. MCA, an inhibitor of FXR36, was used to
investigate whether CDCA or bilirubin affects the expressions of
OCT2 by activating FXR. Caco-2 cells or HK-2 cells were seeded
in 6-well plates and exposed to CDCA (100 mmol/L), bilirubin
(50 mmol/L) or another FXR agonist GW4064 (1 mmol/L) with or
without MCA (100 mmol/L) for 48 h.

The role of FXR activation was further confirmed via FXR
knockdown. Caco-2 cells or HK-2 cells were transfected with FXR
siRNA (0.3 nmol/L per well) using lipofectamine� 3000 according
to the manufacturer’s instructions. The FXR siRNA (Supporting
Information Table S3) was designed by GenePharma Technology
(Shanghai, China). After 24 h transfection, the cells were incubated
in culture medium containing CDCA (100 mmol/L), bilirubin
(50 mmol/L) or GW4064 (1 mmol/L) for another 48 h.

2.12. Role of FXR/Fxr activation in CDCA/bilirubin-regulated
expressions of OCTs/Octs in HepG2 and primary rat hepatocytes

To investigate roles of FXR activation in regulation of hepatic
OCT1/Oct1 and Oct2 protein expressions, HepG2 and primarily
cultured rat hepatocytes were treated with CDCA, bilirubin or
GW4064 in absence and presence of MCA, respectively. Effects
of CDCA, bilirubin or GW4064 on hepatic OCT/Oct protein ex-
pressions were further investigated using HepG2 cells transfected
using FXR siRNA (0.3 nmol/L per well) and primarily cultured
hepatocytes transfected using Fxr siRNA (0.3 nmol/L per well),
respectively. The Fxr siRNA was from Thermo Fisher Scientific
(Waltham, MA, USA). FXR/Fxr silencing was documented as
described above.

2.13. Effects of CDCA treatment on the expressions and
function of Octs in intestine, liver and kidney of rats

Rats were treated with CDCA according to previous report33.
Twelve rats were randomly divided into rats treated with CDCA
(CDCA) and control (CON) rats. CDCA rats orally received
CDCA (180 mg/kg, qd, suspension in 0.5% CMC-Na) for 14 days
according to previous report33. CON rats only received vehicle.
The function of intestinal Oct2 in rats was assessed using oral
pharmacokinetics of metformin. Protein expressions of intestinal,
hepatic and renal Octs in rats as well as levels of CDCA in in-
testinal contents and plasma of rats were measured at 24 h after
the last dose of CDCA.

2.14. Effects of bilirubin treatment on the expressions and
function of intestinal, hepatic and renal Octs in rats

Rats were treated with bilirubin according to previous report23.
Twelve rats were randomly divided into rats treated with bilirubin
(HB) and control (CON) rats. HB rats received intraperitoneal
dose of bilirubin (85.5 mmol/L/kg per day) for 14 days. CON rats
only received vehicle. The function of renal Oct2 in rats was
assessed using intravenous pharmacokinetics of metformin. Pro-
tein expressions of intestinal, hepatic and renal Octs as well as
plasma levels of bilirubin in rats were measured at 24 h following
the last dose of bilirubin.

2.15. Effect of CDCA treatment and bilirubin treatment on
intestinal absorption and urinary excretion of thiamine

Eighteen rats were randomly divided into CON rats, CDCA rats
and HB rats. CDCA rats and HB rats received CDCA and bilirubin
treatment described above, respectively. On Day 13 of treatment,
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6 h urinary samples of each rat were collected and urinary ex-
cretions of thiamine were measured. At 24 h after the last dose of
CDCA or bilirubin, blood concentration of thiamine and intestinal
absorption of thiamine were measured.

2.16. Effects of stigmasterol on the expressions and function of
intestinal, hepatic and renal Octs in rats

Stigmasterol, natural antagonist of FXR37,38, was used to further
confirm roles of Fxr in expressions of Octs. Twenty four rats were
randomly divided into rats treated with control (CON) rats, CDCA
rats, stigmasterol (Stig) rats and CDCA plus Stig rats. CDCA rats,
Stig rats and CDCA plus Stig rats respectively orally received
CDCA (180 mg/kg, qd), Stig (200 mg/kg qd, suspension in 0.5%
CMC-Na) and CDCA (180 mg/kg, qd) plus Stig (200 mg/kg qd)
for 14 days. CON rats only received vehicle. Stigmasterol dosage
was cited from report39. The functions of intestinal and renal Oct2
in rats were assessed using oral and intravenous pharmacokinetics
of metformin on Day 13 and Day 14 following dose. Urinary
excretion of thiamine, levels of blood thiamine and protein ex-
pressions of intestinal, hepatic and renal Octs in rats were
measured at 24 h after the last dose.

2.17. Western blot

The protein levels of OCT1/Oct1, OCT2/Oct2, Oct3, Thtr2, Mate1
and FXR/Fxr in rat tissues and targeted cells were measured using
Western blot. Samples were obtained by RIPA lysis buffer con-
taining 1 mmol/L phenyl-methyl-sulfonylfluoride. Protein con-
centrations were determined by a BCA protein assay kit. Equal
amounts of proteins were electrophoresed on sodium dodecyl
sulfate-polyacrylamide gel (10%) and transferred to nitrocellulose
membranes. Protein was blocked in 5% skim milk Tris-buffered
saline containing 0.1% Tween 20 (TBST) at room temperature for
1.5 h. The membranes, following washing with TBST, were
incubated overnight with corresponding primary antibodies
(Supporting Information Table S2) at 4 �C. Following washing
with TBST, the membranes were incubated with a horseradish
peroxidase-conjugated secondary antibody (Table S2) for 2 h. The
protein levels were detected by Tanon high-sig ECL Western
blotting substrate (Thermo Fisher Scientific, Waltham, MA, USA)
using a gel imaging system (Tanon 5200 Multi Chemiluminescent
System, Shanghai, China). All protein levels were normalized to
b-actin.

2.18. qRT-PCR analysis

The mRNA levels of Oct1, Oct2, Oct3, Thtr2, Mate1, SHP and
FGF19 in tissues or cells were measured using qRT-PCR. Total
RNAs were extracted from rat tissues or the indicated using Trizol
and used as the template for cDNA synthesis using cDNA Reverse
Transcription Kit (ReverTra Ace� qPCR RT Master Mix with
gDNA Remover). qRT-PCR was performed on an ABI7500 Fast
RT-PCR System (Thermo Fisher, USA) for relative quantification.
PCR primer sequences are shown in Supporting Information
Table S3. Relative mRNA expressions levels were normalized
by b-actin expressions (2�DDCt).

2.19. Immunofluorescence

Paraffin duodenum sections, following deparaffinizing and
rehydrating, were incubated in EDTA (0.01 mol/L) antigen
retrieval buffer (pH 8.0) in microwave oven for 15 min. Then the
sections were incubated in PBS (pH 7.4) containing 3% hydrogen
peroxide at room temperature for 25 min and were blocked in 5%
BSA at room temperature for 30 min. Following incubation
overnight with rabbit anti-human Oct2 or Oct3 primary antibody
(1:75 dilutions) overnight at 4 �C, the sections were incubated
with HRP-labeled secondary antibody at room temperature for
50 min and incubated with CY3-TSA fluorescence system kit for
another 10 min at room temperature. The sections were heated in a
repair box filled with EDTA antigen retrieval buffer (pH 8.0) in
microwave oven for 8 min, then turned to low heat for another
7 min to remove the primary and secondary antibodies. Similar
processes were operated for the incubation of P-gp primary anti-
body (1:100 dilution, FITC-TSA labeled fluorescent secondary
antibody)/rabbit anti-Naþ/Kþ-ATPase primary antibody (1:100
dilution, CY5 labeled fluorescent secondary antibody) and the
secondary antibody. Following washing three times in PBS, the
mounting medium containing DAPI was applied; immunofluo-
rescence imaging was performed on the imaging system
(Pannoramic).

2.20. PBPK model development

A PBPK model (Supporting Information Fig. S1) characterizing
interplays of transporters in intestine, liver and kidney was con-
structed to describe the pharmacokinetic profiles of metformin in
BDL and Sham rats. The essential structure of the model consists
of gastrointestinal tract, liver, kidney, portal vein and system
compartment. Mass equations are illustrated in Supporting Infor-
mation materials and methods.

2.21. Statistical analysis

All data are expressed as the mean � standard deviation (SD).
Phoenix 8.1 (Pharsight, St. Louis, MO, USA) was used for coding
and solving of the PBPK model as well as estimating corre-
sponding pharmacokinetic parameters. Statistical analysis among
groups was operated using one-way analysis of variance
(ANOVA) followed by Sidak’s multiple comparisons test.
P < 0.05 was regarded as statistically significant.
3. Results

3.1. Development of BDL rats

Liver failure rats induced by BDL were confirmed by assessment
of physiological and biochemical parameters (Supporting
Information Table S4). The results show that BDL significantly
increases levels of serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), accompanied by increases in
liver weight. BDL rats exhibit significantly higher plasma levels of
both total bile acids and total bilirubin, indicating that the BDL
rats may mimic cholestasis in clinical. However, BDL little
affected kidney weight, levels of blood urea nitrogen, serum
creatinine, 24 h urea protein (Upro/24 h), 24 h urea creatinine and
creatinine clearance, inferring that renal function of rats is unal-
tered. Moreover, BDL rats also show significantly lower levels of
blood thiamine (0.33 � 0.03 mmol/L in BDL rats versus
0.48 � 0.03 mmol/L in Sham rats, P < 0.01), demonstrating
thiamine deficiency.
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3.2. Pharmacokinetics of metformin in experimental rats after
oral or intravenous administration

Plasma concentrations of metformin (Fig. 1A) were determined
following oral dose of metformin (40 mg/kg) to experimental
rats. Corresponding pharmacokinetic parameters were estimated
(Supporting Information Table S5). The results show that peak
concentration (Cmax, 1.69 � 0.04 mg/mL) and area under curve
(AUC, 379.60 � 10.06 mg min/mL) in BDL rats are significantly
lower than those (Cmax, 4.55 � 0.29 mg/mL and AUC,
1027 � 101.80 mg min/mL) in Sham rats, but time to peak
concentration (Tmax) and half-life (t1/2) are unaltered. To
investigate whether decreases in plasma metformin exposure
come from intestinal absorption or renal secretion of metformin,
pharmacokinetics of metformin (Fig. 1B and Table S5) was also
documented following intravenous dose (10 mg/kg). Signifi-
cantly decreased plasma metformin exposure is also observed in
BDL rats, the estimated AUC (296.72 � 42.12 mg min/mL) is
about 75.4% of Sham rats (404.5 � 19.74 mg min/mL). The
extent of the decreases in AUC of intravenous metformin is less
than that of oral metformin, indicating that the decreases in
plasma exposure to metformin following oral dose may be due
to the integrated effects of the impaired intestinal absorption and
the increased renal excretion of metformin. In keeping with the
decreases in plasma metformin exposure, treatment with oral
metformin no longer shows hypoglycemic effects in BDL rats
(Fig. 1C).

3.3. Intestinal absorption of metformin and thiamine as well as
expressions of transporters related to intestinal absorption of
metformin and thiamine in rats

Absorption of metformin and thiamine in duodenum of rats was
documented using in situ single-pass perfusion. The results show
that BDL remarkably reduces intestinal absorption of metformin
in rats (Fig. 1D), whose Peff value is decreased to about 60% of
Sham rats. Roles of Oct1, Oct2 and Oct3 in intestinal absorption
of metformin were documented using Oct1 inhibitor dopamine,
Oct2/3 inhibitor corticosterone and Oct3 inhibitor estradiol,
respectively. It is found that corticosterone, but not dopamine nor
estradiol, remarkably decreases intestinal absorption of metformin
to 60% of control rats (Fig. 1E), indicating that intestinal ab-
sorption of metformin is mainly mediated by intestinal Oct2. In-
testinal absorption of thiamine in BDL rats was simultaneously
measured (Fig. 1F). It is in accordance with the findings in met-
formin that both BDL and co-administration of corticosterone
significantly decrease Peff values of thiamine. mRNA expressions
of transporters (Oct1, Oct2, Oct3 and Thtr2) related to intestinal
absorption of metformin in duodenum of rats were detected
(Fig. 1J). The results showed that BDL significantly down-
regulates expressions of Oct2 mRNA but not Oct3 nor Thtr2.
Expressions of corresponding proteins was also measured
(Fig. 1GeI). It is contrast to previous reports40,41 that the proteins
of Oct1 in the three segments of rat small intestine are not
detected. Moreover, expressions of Oct2, Oct3 and Thtr2 protein
are regional. Duodenum shows highest expressions of Oct2 and
Oct3, followed by jejunum and ileum. Thtr2 protein is only
detected in duodenum. Cellular locations of Oct2 and Oct3 protein
in duodenum were also identified using immunofluorescence. The
results reveal that Oct2 is mainly co-localized with P-gp in the
apical membrane (Fig. 1M) although a small amount of Oct2
protein is detected in basolateral membrane of enterocytes. Oct3
protein is mainly located in basolateral membrane (Fig. 1N).

BDL significantly reduces expressions of intestinal Oct2 pro-
tein in the three intestinal segments. The expressions of Oct2
protein in duodenum, jejunum and ileum of BDL rats are
decreased to 37.4%, 44.0% and 71.8% of Sham rats (Fig. 1GeI),
respectively. However, BDL little affected expressions of Oct3 and
Thtr2 proteins in intestine of rats. Expressions of Oct2 on duo-
denum brush-border membrane of rats were also investigated. In
line with alterations in expressions of total Oct2 protein, obviously
lower expressions of Oct2 protein are detected in intestinal brush-
border membrane of BDL rats (Fig. 1K and L).

3.4. Renal excretion of metformin and thiamine as well as
expressions of transporters related to renal excretion of metformin
in rats

Renal excretions of metformin and thiamine were simultaneously
measured to investigate functions of transporters related to renal
excretion of metformin. The results show that BDL significantly
increases renal secretion of metformin (Fig. 2A) and urinary
excretion of thiamine (Fig. 2B). The excretion fraction of met-
formin and urinary excreted amount of thiamine during 6 h are
increased to 125% and 187% of Sham rats, respectively. mRNA
and protein expressions of Oct2 and Mate1 in rat kidney were
measured (Fig. 2C and D). The results show that BDL signifi-
cantly upregulates expressions of Oct2 mRNA and protein without
affecting expressions of Mate1. The levels of Oct2 protein in
kidney of BDL rats is significantly increased to 485% of Sham rats
(Fig. 2D), indicating that BDL increases urinary excretion of
metformin and thiamine mainly via increasing expressions of
renal Oct2 protein. It was in line with the deduction that BDL also
significantly increases uptake of metformin in renal slice
(Fig. 2E). The in vivo renal uptake clearance of metformin in BDL
rats is also significantly increased to 2-fold of Sham rats (Fig. 2F).

3.5. Expressions and function of Octs in rat liver

mRNA and protein expressions of Octs in rat liver were measured
(Fig. 2G and H). The results show that BDL significantly down-
regulates mRNA expressions of Oct1 and upregulates mRNA
expressions of Oct2 without affecting mRNA expressions of Oct3.
Proteins Oct1 and Oct2 but not Oct3 are detected in rat liver,
although levels of Oct2 protein are less than Oct1 (Fig. 2H). It is in
line with alterations in mRNA expressions of Octs that BDL
downregulates expressions of Oct1 (Fig. 2H) but upregulates ex-
pressions of Oct2 protein, which are altered to be 0.5- and 3.9-fold
of Sham rats, respectively. Functions of Octs were documented
using both in vivo and in vitro uptake of metformin. The results
show that BDL significantly downregulates expressions of hepatic
Oct1, but little affects in vivo uptake of metformin (Fig. 2I), which
may be partly attributed to induction of hepatic Oct2. In vitro data
also demonstrate that uptake of metformin by primarily cultured
hepatocytes from BDL rats is similar to that by Sham rats
(Fig. 2J). Roles of hepatic Oct1 and Oct2 in vitro uptake of
metformin by hepatocytes were also investigated in presence of
Oct1 inhibitor dopamine and Oct2/3 inhibitor corticosterone
(Fig. 2K). In Sham rats, dopamine and corticosterone show similar
inhibition on hepatic uptake of metformin (58.7% for dopamine
and 50.5% for corticosterone). However, in BDL rats, inhibition of
dopamine on hepatic uptake of metformin is obviously weakened



Figure 1 Effects of BDL on function of Octs in intestine of rats. (AeB) Plasma concentrations of metformin following oral administration of

metformin (40 mg/kg) (A) (n Z 6) and following intravenous administration of metformin (10 mg/kg) (B) (n Z 5) to BDL and Sham rats. (C)

Blood glucose levels following oral 2 g/kg glucose to BDL rats and Sham rats treated with or without 150 mg/kg metformin (n Z 5). (D) Peff

values of metformin in duodenum of BDL and Sham rats (n Z 6). (E) Peff values of metformin in intestine of Sham rats co-administrated with

dopamine (DA), corticosterone (COR) and estradiol (E2) (n Z 5). (F) Peff values of thiamine in intestine of BDL and Sham rats as well as Sham

rats co-administrated with corticosterone (n Z 6). (GeI) Protein levels of Oct2, Oct3 and Thtr2 in the duodenum (G, nZ 8), jejunum (H, n Z 6)

and ileum (I, n Z 6) of BDL and Sham rats. (J) mRNA levels of Oct2, Oct3 and Thtr2 in the duodenum of BDL and Sham rats (n Z 6). (KeL)

Expressions of Oct2 protein on duodenum brush-border membrane of BDL and Sham rats. (MeN) Oct2 (M) and Oct3 (N) co-localization with P-

gp or Naþ/Kþ ATPase in duodenum of BDL and Sham rats. Data are expressed as mean � SD.*P < 0.05, **P < 0.01 vs Sham rats.
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from 58.7% in Sham rats to 25.2% in BDL rats. On the contrast,
inhibition of corticosterone on metformin uptake is remarkably
enhanced from 50.5% in Sham rats to 80.6% in BDL rats. The
results indicate that contribution of hepatic Oct1 to hepatic uptake
metformin in BDL rats is decreased whiles contribution of Oct2 is
enhanced, which are in line with the decreased Oct1 expressions
and the increased Oct2 expressions. Roles of Oct2 protein in he-
patic disposition of metformin were further documented in normal
rats treated with corticosterone. The results show that it is
consistent with in vitro data that co-administration of corticoste-
rone significantly decrease in vivo hepatic uptake clearance of
metformin, which was decreased to 50% of CON rats (Fig. 2L).

3.6. Both bile salts and bilirubin induce expressions of OCT2
protein in Caco-2 cells and HK-2 cells

In vivo data show that levels of bile salts in intestinal contents of
BDL rats are significantly lower than those of Sham rats (Fig. 3A).
Significantly increases in levels of DCA and HDCA are also
observed in plasma of BDL rats (Fig. 3B). Levels of bile salts in
liver and kidney of rats were also measured. Obviously increased
DCA levels (Fig. 3C) and GCA levels (Fig. 3D) are detected in
liver and kidney of BDL rats, respectively. Bilirubin level in in-
testinal contents of BDL rats shows a mild decrease trend, but no
significance is obtained (Fig. 3E). Significantly increased plasma
levels of bilirubin are found in liver, kidney and plasma of BDL
rats (Fig. 3E). The results indicate that the decreased levels of bile
salts in intestine and the increased plasma levels of bilirubin may
become factors that BDL differently regulates the protein ex-
pressions of Octs in intestine and kidney of rats. To confirm the
above deduction, effects of bile salts and bilirubin on expressions
of OCT2 protein in Caco-2 cells and HK-2 cells were investigated.
The results show that among tested 5 bile salts (DCA, CDCA,
HDCA, CA and GCA), only CDCA remarkably induces expres-
sions of OCT2 in Caco-2 cells (Fig. 3F). Further investigation
shows that both CDCA (Fig. 3G) and bilirubin (Fig. 3H)



Figure 2 Effects of BDL on function of Octs in liver and kidney of rats. (A) Excretion fraction of metformin during 6 h in BDL and Sham rats

(nZ 5). (B) Renal excretion of thiamine during 6 h in BDL and Sham rats (nZ 6). (C) mRNA levels of Oct2 and Mate1 in the kidney (nZ 6) of

BDL and Sham rats. (D) Protein expressions of Oct2 and Mate1 in kidney of BDL and Sham rats (n Z 8). (E) Uptake of metformin in renal slice

of BDL and Sham rats (n Z 6). (F) The in vivo uptake clearance (CLuptake) by rat kidney (n Z 6). (G) mRNA levels of Oct1, Oct2 and Oct3 in

liver of BDL and Sham rats (nZ 6). (H) Protein expressions of Oct1 and Oct2 in liver of BDL and Sham rats (nZ 6). (I) The in vitro CLuptake by

liver of BDL and Sham rats (n Z 6). (J) The in vitro uptake of metformin by the primary hepatocytes from BDL and Sham rats (n Z 6). (K)

Effects of dopamine (DA) and corticosterone (COR) on uptake of metformin by the primary hepatocytes from BDL and Sham rats (% of control

cells, nZ 6). (L) Effects of corticosterone on CLuptake of metformin in liver of normal rats (nZ 6). Data are expressed as mean � SD.*P < 0.05,

**P < 0.01 vs Sham rats or control (CON) cells or rats.
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concentration-dependently increase expressions of OCT2 in Caco-
2 cells. Interestingly, although both CDCA and bilirubin upregu-
late expressions of OCT2 in Caco-2 cells (Fig. 3I), neither
cooperative effect nor additive effect is observed. The findings in
Caco-2 cells are completely repeated in HK-2 cells (Fig. 3JeM).
These results indicate that downregulation of intestinal OCT2
protein by BDL is mainly attributed to decreases in levels of in-
testinal bile salts and that upregulation of renal OCT2 protein by
BDL is possibly owed to the increased plasma levels of bilirubin
in plasma and kidney.

3.7. Involvement of FXR activation in induction of OCT2
protein in Caco-2 and HK-2 cells by CDCA and bilirubin

Bile salts and bilirubin, the natural ligands of FXR, show their
biological effects via activating FXR42,43. CDCA was also re-
ported to suppress hepatic OCT1 via FXR activation42. To
investigate whether induction of OCT2 expressions in Caco-2 and
HK-2 cells are involved in FXR activation, effects of bilirubin and
CDCA on expressions of OCT2 protein in the indicated cells were
documented using both the FXR inhibitor MCA and FXR siRNA.
Another FXR agonist GW4064 served as positive control. The
results show that bilirubin, CDCA and GW4064 all induce
expressions of OCT2 protein in Caco-2 cells (Fig. 4AeC), which
are remarkably attenuated by MCA. To confirm the roles of FXR
activation in CDCA- and bilirubin-mediated upregulation of
OCT2 expressions, FXR in Caco-2 cells was silenced using FXR
siRNA. Western blotting shows that expressions of FXR protein in
Caco-2 transfected with FXR siRNA is decreased to 33% of
control cells (Fig. 4D), demonstrating successful silencing of
FXR. FXR siRNA itself suppresses the expressions of OCT2
protein in Caco-2 (Fig. 4E) cells. Furthermore, FXR siRNA
remarkably attenuates the induction of OCT2 protein expressions
by CDCA and bilirubin (Fig. 4F). GW4064 no longer upregulates
the expressions of OCT2 protein in Caco-2 transfected with FXR
siRNA (Fig. 4G). The results in Caco-2 cells are almost repeated
in HK-2 cells (Fig. 4HeN). Short heterodimer partner (SHP) and
fibroblast growth factor 19 (FGF19) are considered to be targeted
genes of FXR33, expressions of the two genes were measured in
HK-2 cells to investigate whether FXR is activated or inhibited
(Fig. 4O). It is consistent with our expectation that CDCA,
GW4064 and bilirubin significantly upregulate expressions of
SHP and FGF19 mRNA. MCA significantly downregulates ex-
pressions of SHP mRNA and slight inhibits expressions of FGF19
mRNA. All these results demonstrate that FXR is activated by
CDCA, GW4064 and bilirubin, while FXR is inhibited by MCA.



Figure 3 Effects of bile salts and bilirubin on expressions of OCTs protein in Caco-2 and HK-2. (AeD) Levels of CDCA, HDCA, CA, DCA

and GCA in intestinal contents (A), plasma (B), liver (C) and kidney (D) of BDL and Sham rats. (E) Levels of total bilirubin (TBil) in intestinal

contents (I), liver (L), kidney (K) and plasma (P) of BDL rats and Sham rats. (F) Effects of CDCA, HDCA, CA, DCA and GCA on expressions of

OCT2 protein in Caco-2 cells; (GeI) Concentration-dependent effects of CDCA (G) and bilirubin (BIL, H) on expressions of OCT2 protein as

well as their combined effects (I). (J) Effects of CDCA, HDCA, CA, DCA and GCA on expressions of OCT2 protein in HK-2; (JeM)

Concentration-dependent effects of CDCA (J) and BIL (L) on expressions of OCT2 protein as well as their combined effects (M) in HK-2 cells.

Data are expressed as mean � SD (n Z 6). *P < 0.05, **P < 0.01 vs Sham rats or control (CON) cells.
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These results indicate that CDCA and bilirubin induce expressions
of OCT2 protein in Caco-2 cells and HK-2 cells via activating
FXR. Effects of CDCA, GW4064 and bilirubin on expressions of
FXR protein in HK-2 cells were also investigated. It is observed
that CDCA, and bilirubin but not GW4064 can induce expressions
of FXR protein (Fig. 4P). In line with this issue, significantly
lower expressions of intestinal Fxr protein (Fig. 4Q) and higher
expressions of renal Fxr protein (Fig. 4R) are observed in BDL
rats.

3.8. Both CDCA and bilirubin downregulate expressions of
OCT1 protein in HepG2 and oppositely regulate expressions of
Oct2 and Oct1 protein in primary rat hepatocytes via FXR
activation

In vivo data show that BDL downregulates expressions of hepatic
Oct1 protein but upregulates expressions of hepatic Oct2 protein.
In line with in vivo finding, both CDCA (Fig. 5A) and bilirubin
(Fig. 5B) concentration-dependently downregulate expressions of
OCT1 protein in HepG2 cells, but CDCA and bilirubin do not
show cooperative effect or additive effect (Fig. 5C). Similarly,
GW4064 also downregulates the expressions of OCT1 protein
(Fig. 5F). Decreases in expressions of OCT1 by CDCA (Fig. 5D),
bilirubin (Fig. 5E) and GW4064 (Fig. 5F) are remarkably reversed
by MCA. Roles of FXR in expressions of OCT1 were further
investigated using silencing FXR HepG2 cells. Expressions of
FXR protein in silencing FXR HepG2 cells are significantly
downregulated, demonstrating successful silencing of FXR
(Fig. 5G). Silencing FXR itself upregulates expressions of OCT1
protein in HepG2 cells (Fig. 5HeJ) and almost abolishes down-
regulation of OCT1 protein by CDCA (Fig. 5H), bilirubin (Fig. 5I)
and GW4064 (Fig. 5J). OCT2 protein is not detected in HepG2
cells. Thus, effects of CDCA and bilirubin on expressions of Oct1
and Oct2 protein were measured using primarily cultured rat he-
patocytes. The results show that CDCA (Fig. 5K), bilirubin
(Fig. 5L) and GW4064 (Fig. 5M) downregulate expressions of
Oct1 protein but upregulate expressions of Oct2 protein in pri-
marily cultured rat hepatocytes, which is remarkably attenuated by
MCA. To further confirm roles of Fxr in expressions of hepatic
Oct1 and Oct2 protein, expressions of Fxr in primarily cultured rat
hepatocytes are successfully silenced (Fig. 5G). As expectation,
silencing Fxr itself increases expressions of Oct1 protein and
downregulates expressions of Oct2 protein in primarily cultured
rat hepatocytes. CDCA (Fig. 5Q), bilirubin (Fig. 5R) and GW4064
(Fig. 5S) no longer alter expressions of Oct2 and Oct1 protein in
primarily cultured rat hepatocytes transfected siRNA Fxr. High



Figure 4 Effects of glycine-b-muricholic acid (MCA) and FXR knockdown on expressions of OCT2 protein mediated by CDCA or bilirubin

(BIL) in Caco-2 and HK-2 cells. (AeC) Effects of MCA on expressions of OCT2 protein by CDCA (A), BIL (B) and GW4064 (C) in Caco-

2 cells; (D) Effect of FXR knockdown on FXR expressions in Caco-2; (EeG) Effect of FXR knockdown on expressions of OCT2 protein

mediated by CDCA (E), bilirubin (F) and GW4064 (G) in Caco-2 cells. (HeJ) Effects of MCA on expressions of OCT2 protein by CDCA (H),

bilirubin (I) and GW4064 (J) in HK-2 cells; (K) Effect of FXR knockdown on FXR expressions in HK-2 cells; (LeN) Effect of FXR knockdown

on expressions of OCT2 protein mediated by CDCA (L), BIL (M) and GW4064 (N) in HK-2 cells. (O) Effects of CDCA, BIL and GW4064 on

mRNA levels of SHP and FGF19 in HK-2 cells. (P)Effects of CDCA, BIL and GW4064 on levels of FXR in HK-2 cells; (Q‒R) Expressions of
Fxr protein in duodenum (Q) and kidney (R) of BDL and Sham rats. Data are presented as the mean � SD (n Z 6). *P < 0.05 and **P < 0.01 vs

control (CON) cells or Sham rats. #P < 0.05 and ##P < 0.01 vs CDCA, BIL or GW4064, $P < 0.05 vs siFXR.
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levels of bilirubin are observed in liver of BDL rats, indicating that
opposite regulations of hepatic Oct1 and Oct2 by BDL are
attributed to the increased levels of bilirubin and that bilirubin
oppositely regulates expressions of Oct1 and Oct2 protein via Fxr
activation. Significantly higher expressions of Fxr protein are also
observed in liver of BDL rats (Fig. 5T).

3.9. Effects of CDCA treatment and bilirubin treatment on
pharmacokinetics of metformin and expressions of drug
transporters related to metformin in intestine, kidney and liver rats

To further investigate roles of intestinal CDCA in expressions of
intestinal Oct2 protein, rats were treated with oral dose of CDCA
for 14 days. Significantly increases levels of CDCA are detected in
intestinal contents and plasma of rats (Fig. 6A). Pharmacokinetics
of oral metformin and expressions of Oct protein in intestine, liver
and kidney of rats were also measured. The results show that
CDCA treatment significantly increases plasma metformin expo-
sure (Fig. 6B and Table S5), the estimated Cmax and AUC values
are 4.36 � 0.38 mg/mL and 906.85 � 52.16 mg min/mL respec-
tively, significantly higher than those (Cmax, 3.19 � 0.12
mg/mL and AUC, 707.20 � 30.01 mg min/mL) in control rats.
Significantly upregulated expressions of intestinal Oct2 (Fig. 6C)
are observed in intestine of rats treated with CDCA. However,
expressions of intestinal Oct3 (Fig. 6C), intestinal Thtr2, hepatic
Oct1, hepatic Oct2 (Fig. 6D), renal Oct2 and renal Mate1
(Fig. 6E) are unaltered.

Roles of bilirubin in expressions of renal Oct2 and hepatic
Oct1/Oct2 were also documented using rats treated with intra-
peritoneal bilirubin for 14 days. The rats treated with bilirubin
show remarkably higher levels of serum bilirubin (Fig. 6F),
demonstrating successful development of hyperbilirubinemia rats.
Pharmacokinetic analysis shows that treatment with bilirubin
significantly decreases plasma metformin exposure following
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intravenous administration (Fig. 6G and Table S5), the estimated
AUC significantly is 220.07 � 16.31 mg min/mL, which is
significantly lower than that (410.12 � 57.74 mg min/mL) in
control rats. Further study shows that although treatment with
bilirubin does not alter expressions of intestinal Oct2, Oct3 and
Thtr2 protein (Fig. 6H), treatment with bilirubin significantly in-
duces expressions of hepatic Oct2 (Fig. 6I) and renal Oct2
(Fig. 6J) but lowers expressions of hepatic Oct1 protein (Fig. 6J).

3.10. Effects of CDCA treatment or bilirubin treatment on
intestinal absorption of thiamine and renal excretion

Disposition of thiamine in CDCA-treated and bilirubin-treated rats
is measured. It is in line with alterations in expressions of intes-
tinal and renal Oct2 protein that CDCA but not bilirubin treatment
significantly increases intestinal absorption (Fig. 6K). On the
contrast, bilirubin but not CDCA increases 6h renal excretions of
thiamine (Fig. 6L). Fasting blood levels of thiamine were also
measured (Fig. 6M). It is in line with alterations in intestinal ab-
sorption and renal excretion of thiamine that CDCA-treated rats
show higher blood levels of thiamine and that obviously lower
blood levels of thiamine are observed in bilirubin-treated rats.

3.11. Effects of stigmasterol on the expressions and function of
intestinal, hepatic and renal Octs in rats

Whether stigmasterol antagonizes CDCA-activated FXR was also
documented using HepG2 cell. The results show that stigmasterol
(100 mmol/L) little affects mRNA expressions of SHP and FGF19,
targeted genes of FXR, but co-administration of stigmasterol
significantly reversed the upregulation mRNA expressions of SHP
and FGF19 by CDCA, confirming that stigmasterol antagonizes
CDCA-activated FXR (Fig. 6N). In vivo study shows that oral
administration of stigmasterol itself decreases expressions of in-
testinal Oct2 protein (Fig. 6Q), leading to significant decrease in
plasma exposure of metformin (Fig. 6O and Supporting
Information Table S6) following oral dose. Oral administration
of stigmasterol also attenuates the increased expressions of in-
testinal Oct2 protein (Fig. 6Q) and plasma exposure of metformin
following oral dose by CDCA administration (Fig. 6O). The
CDCA-induced increase in levels of blood thiamine is also
attenuated by stigmasterol (Fig. 6T). Oral administration of stig-
masterol little affects expressions of renal and hepatic Oct proteins
(Fig. 6R and S) as well as pharmacokinetics of metformin
following intravenous dose (Fig. 6P and Table S6).

3.12. Prediction of metformin pharmacokinetics following oral
or intravenous administration of metformin in BDL and sham rats
using the Semi-PBPK model

The semi-PBPK model was developed to predict pharmacokinetic
profiles after intravenous dose (10 mg/kg) (Fig. 7A) and oral dose
(40 mg/kg) (Fig. 7B) of metformin to BDL and Sham rats based
on parameters listed in Table 1. In addition to alterations in ex-
pressions of Oct protein, liver failure also alters some physio-
logical parameters such as liver volume, hepatic blood flow, and
renal blood flow, gastrointestinal transit time, which may affect
pharmacokinetic behaviors of metformin and are also introduced
into the PBPK stimulation (Table 1). It is assumed that alterations
in functions of intestinal Oct2, renal Oct2 and hepatic Oct1/Oct2
by BDL are related to alterations in their protein expressions, thus,
the transporter-mediated parameters (Peff, Oct2 or CLint, Octi) under
BDL status were corrected by the alterations in protein expres-
sions of Octs. Plasma concentration profiles of metformin
following oral or intravenous dose to BDL and Sham rats are
predicted (Fig. 7A and B) and corresponding pharmacokinetic
parameters are estimated (Supporting Information Table S7). The
developed semi-PBPK model was also used to predict pharma-
cokinetic profiles of metformin in bilirubin-treated rats (Fig. 7C)
and CDCA-treated rats (Fig. 7D). It is generally accepted that the
predictions are considered successful if the ratio of predication to
observation falls between 0.5 and 2.057. The results show that both
most (63/65) of the predicted concentrations of metformin
(Fig. 7E) and all of the predicted pharmacokinetic parameters
(Table S7) are within 0.5e2.0-fold of observations, demonstrating
that pharmacokinetics of metformin in the experimental rats are
successfully predicted.

Sensitivity analysis is documented to investigate individual
contributions of alterations in gastric emptying rate (Fig. 7F),
intestinal transit rate (Fig. 7G), intestinal Oct2 (Fig. 7H), renal
Oct2 (Fig. 7I), renal blood flow (Fig. 7J), hepatic Oct1 (Fig. 7K)
and hepatic blood (Fig. 7L) to plasma metformin exposure
following oral dose. Alterations in gastric emptying rate, intestinal
transit rate, renal blood flow and hepatic blood were set to be 0.5-,
1.0- and 2.0-fold, but alterations for Oct2 and Oct1 were set to be
0.1-, 1.0- and 10.0-fold. The results show that individual contri-
butions (AUC) of alterations are intestinal Oct2>renal
Oct2>intestinal transit rate > gastric emptying rate > renal blood
flow. Contributions of both hepatic Oct1 and hepatic blood flow
are minor. Mimicked analysis also demonstrates that altered
pharmacokinetic behavior of metformin by BDL is attributed to
integrated effects of decreased intestinal Oct2, increased renal
Oct2, decreased gastric emptying rate, decreased intestinal trans-
port rate and decreased renal blood flow in BDL rats (Fig. 7M).
More importantly, decreases in gastric emptying rate and de-
creases in intestinal transit rate show opposite effects on oral
plasma metformin exposure. The predicted levels of metformin
following oral dose in liver of BDL rats are obviously lower than
that in Sham rats (Fig. 7N), which may partly explain disap-
pearance of metformin hypoglycemic effects. Lower levels of
hepatic Oct1 protein and increased hepatic Oct2 protein expres-
sions are observed in the liver of BDL rats. Simulation analysis
shows that contributions of the decreased hepatic Oct1 protein to
hepatic levels of metformin are partly abolished by the increased
hepatic Oct2 protein (Fig. 7N); their net effects are to increase
levels of hepatic metformin, indicating that the low levels of
metformin in liver of BDL rats mainly come from the decreased
plasma levels of metformin.

The developed Semi-PBPK model is also successfully used to
predict plasma concentrations of metformin in ethynylestradiol-
induced cholestasis rats (Fig. S2A). The predicated metformin in
liver of the cholestasis rats was obvious lower than those in control
rats (Fig. S2B), which may partly explain that antidiabetic effect of
metformin, is impaired in ethynylestradiol-induced cholestasis
rats19. The developed Semi-PBPK model is tried to predict phar-
macokinetics of metformin in healthy subjects and patients
(Fig. S3). The predicted plasma concentrations of metformin
following oral dose (250 or 850 mg) of metformin are within
0.5e2.0-fold of clinic observations, inferring that developed Semi-
PBPK mode in rats is also suitable for human. Simulations shows
that plasma and hepatic concentrations of metformin in patients
with liver failure are remarkably lower than those in healthy sub-
jects, indicating that liver failure may impair hypoglycemic effect
of metformin, which needs further clinical investigation.



Figure 5 Effects of CDCA and bilirubin (BIL) on expressions of OCT1 protein in HepG2 cells as well as Oct1 and Oct2 in primarily cultured

rat hepatocytes. (AeC) Effects of CDCA (A), bilirubin (B) and CDCA þ BIL (C) on expressions of OCT1 protein in HepG2 cells. (DeF) Effects

of MCA on downregulation of OCT1 protein by CDCA (D), BIL (E) and GW4064 (F) in HepG2 cells. (G) Effect of FXR/Fxr knockdown on

FXR/Fxr expressions in HepG2 cells and primarily cultured rat hepatocytes (PCRH). (HeJ) Effect of FXR knockdown on down regulation of

OCT1 protein by CDCA (H), BIL (I) and GW4064 (J). (KeM) Effects of CDCA (K) and BIL (L) and CDCA þ BIL (M) on expressions of Oct1

and Oct2 protein in primarily cultured rat hepatocytes. (NeP) Effects of MCA on the altered expressions of Oct1 and Oct2 protein by CDCA (N),

BIL (O) and GW4064 (P) in primarily cultured rat hepatocytes. (QeS) Effect of Fxr knockdown on alterations in expressions of Oct1 and Oct2

protein by CDCA (Q), BIL (R) and GW4064 (S) in primarily cultured rat hepatocytes. (T) Expressions of Oct1 and Oct2 protein in liver of BDL

and Sham rats. Data are presented as the mean � SD (n Z 6). *P < 0.05 and **P < 0.01 vs control (CON) cells or Sham rats. #P < 0.05 and
##P < 0.01 vs CDCA, BIL or GW4064, $P < 0.05 and $$P < 0.01 vs siFXR.
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4. Discussion

Several studies have demonstrated that liver injury alters expres-
sions of OCTs in liver and kidney, which are dependent on type of
liver failure and OCT species. For example, liver injury induced
by ischemia‒reperfusion downregulates expressions of renal Oct2
and Mate1, leading to decreases in systemic and tubular secretory
clearance of cimetidine20. Significant downregulation of hepatic
Oct1 and renal Oct2 are also observed in ethynylestradiol-induced
cholestasis rats19. It is consistent with our study that BDL
downregulates hepatic Oct1 expressions58 but upregulates ex-
pressions of renal Oct2 without affecting expressions of renal
Mate120. Significant decrease in OCT1 is detected in liver donors
diagnosed as cholestatic59. To our knowledge, this is the first
systematic report that BDL downregulates expressions of intesti-
nal Oct2 and hepatic Oct1 protein but upregulates expressions of
renal Oct2 and hepatic Oct2 protein, leading to significant de-
creases in plasma metformin exposure to following oral and
intravenous dose, diminishing antidiabetic effect of metformin.
Real mechanisms that BDL differently regulates protein expres-
sions of OCTs in intestine, liver and kidney were further investi-
gated using Caco-2, HepG2 and HK-2 cells.

Metformin, almost not metabolized by the liver or excreted by
bile, eliminates mainly via urine, whose renal clearance is 4 times
larger than glomerular filtration rate26, indicating existence of renal
secretion. Metformin transport is mainly mediated by OCTs,
MATEs1 and THTRs13. Here, metformin serves as a mode drug to
assess functions of these transporters. Pharmacokinetic analysis



Figure 6 Effects of CDCA, bilirubin and stigmasterol (Stig) on expressions and function of Oct2 in intestine and kidney of rats. (A) Levels of

CDCA in intestinal contents and plasma of control (CON) and CDCA-treated (CDCA) rats. (B) Plasma concentrations of metformin following

oral administration of metformin (40 mg/kg) to CON and CDCA rats. (C) Protein expressions of intestinal Oct2, Oct3 and Thtr2, (D) protein

expressions of hepatic Oct1 and Oct2, (E) protein expressions of renal Oct2 and Mate1 in CON and CDCA rats. (F) Levels of bilirubin in serum of

CON and bilirubin-treated (HB) rats. (G) Plasma concentrations of metformin following intravenous administration (10 mg/kg) to CON and HB

rats. (H) Protein expressions of intestinal Oct2, Oct3 and Thtr2, (I) protein expressions of hepatic Oct1 and Oct2, (J) protein expressions of renal

Oct2 and Mate1 in CON and HB rats. (K) Peff values of thiamine in intestine of CON, CDCA and HB rats. (L) Renal excretion of thiamine during

6 h in CON, CDCA and HB rats. (M) Blood levels of thiamine in CON, CDCA and HB rats. (N) Effects of stigmasterol on expressions of SHP and

FGF19 mRNA in HepG2 cell. (O) Plasma concentrations of metformin following oral dose to CON rats, CDCA rats, Stig rats and CDCA þ Stig

rats. (P) Plasma concentrations of metformin following intravenous dose to CON rats, CDCA rats, Stig rats and CDCA þ Stig rats. (Q) Protein

expressions of intestinal Oct2, (R) hepatic Oct1 and Oct2 as well as (S) renal Oct2 in CON rats, CDCA rats, Stig rats and CDCA þ Stig rats. (T)

6-h renal excretion of thiamine and (U) blood levels of thiamine in CON rats, CDCA rats, Stig rats and CDCA þ Stig rats. Data are expressed as

mean � SD (n Z 6). *P < 0.05, **P < 0.01 vs CON rats or CON cells. #P < 0.05 and ##P < 0.01 vs CDCA rats or CDCA cells.
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shows that BDL significantly decreases plasma metformin exposure
following both oral and intravenous dose, accompanied by the
increased renal clearance. BDL was reported not affect GFR in
rats20, inferring that the increased renal clearance of metformin
mainly comes from the increased renal secretory clearance. The
extent of decreases in plasma exposure for oral dose is larger than
that for intravenous dose, indicating that the decreases in plasma
exposure to metformin following oral dose are attributed to the



Figure 7 Prediction of metformin pharmacokinetic profiles in rats using semi-PBPK model. (AeD) Predicted (line) and observed (points)

plasma concentrations of metformin following intravenous dose (10 mg/kg) (A) and oral dose (40 mg/kg) (B) in BDL and Sham rats, (C)

following intravenous dose (10 mg/kg) to bilirubin-treated rats and control rats, following oral dose to control rats and CDCA-treated rats (D). (E)

Relationship between the predicted concentrations and the observed concentrations. Solid and dashed lines respectively represent unity and 2-fold

errors between observed and predicted data. Individual contributions of alterations in (F) gastric emptying rate (Kt0), (G) intestinal transport rate

(Kti), (H) intestinal Oct2 (iOct2), (I) renal Oct2 (rOct2), (J) renal blood flow (Qr), (K) hepatic Oct1 (hOct1) and (L) hepatic blood (Qha) to

pharmacokinetics of metformin following oral dose (40 mg/kg) to rats. (M) Individual contribution of alterations in Kt0, Kti, iOct2, rOct2 and Qr

under BDL to oral pharmacokinetics of metformin and their integrated effects. (N) Predicted levels of metformin in liver of BDL and Sham rats as

well as individual contributions of decreased hepatic Oct1 protein and increased Oct2 protein to hepatic levels of metformin and their integration.
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integrated effects of the decreases in intestinal absorption and the
increases in renal excretion. It is in line with the above deduction
that BDL remarkably lowers intestinal absorption of metformin and
increases renal uptake of metformin in rats. Protein expressions of
corresponding transporters were measured using Western blot. It is
contrast to previous reports31,32 that protein expressions of intestinal
Oct1 are not detected. Several reports have also showed that met-
formin concentration-time profiles following oral dose in blood of
Oct1-knockout mice are comparable to those in wild-type mice8,59.
Clinical report also shows that OCT1 genotypes do not affect
steady-state pharmacokinetics of metformin in human. These re-
sults indicate that intestinal OCT1 seems not to be principally
involved in metformin absorption60. Protein expressions of Oct2,
Oct3 and Thtr2 are detected in small intestine of rats. Moreover,
expressions of Oct2, Oct3 and Thtr2 in small intestine are regional.
The highest protein expressions of Oct2 and Oct3 occur in duo-
denum, followed by jejunum and ileum. Expressions of Thtr2
protein is only detected in duodenum. BDL remarkably down-
regulates protein expressions of intestinal Oct2 without affecting
intestinal Oct3 and intestinal Thtr2, although Oct361,62 and Thtr213
also mediates intestinal absorption of metformin, indicating that
decreases in intestinal absorption of metformin by BDL mainly
result from downregulation of intestinal Oct2 protein. Neither in
line with the above deduction that co-administration of Oct2/3 in-
hibitor corticosterone rather than Oct1 inhibitor dopamine nor does
Oct3 inhibitor estradiol significantly decrease Peff of metformin.
The present study also shows that Oct2 protein is mainly expressed
at apical membrane of enterocytes, but Oct3 protein is mainly
detected at basolateral membrane of enterocytes, partly explaining
why estradiol does not affect Peff of metformin.

It is in line with the increased renal excretion and renal uptake
of metformin that BDL remarkably upregulates protein expres-
sions of renal Oct2. Significant lower expressions of Oct1 protein
but higher expressions of Oct2 protein were also found in liver of
BDL rats. Although hepatic uptake of metformin is mainly
mediated by Oct1, the contribution of hepatic Oct1 to plasma
metformin exposure is minor8,48,59. Furthermore, BDL little af-
fects in vivo uptake clearance of metformin and in vitro uptake of
metformin by hepatocytes, indicating that the inductions of he-
patic Oct2 seems to partly attenuate contribution of the decreased



Table 1 Physiological parameters of metformin used in the semi-PBPK model for 250 g rats.

Parameter Unit Sham rat BDL rat

Gastric emptying rate (Kt0) mine1 0.013844 0.0092a

Duodenum transit time (Kt1) mine1 0.79944 0.682b

Jejunum transit time (Kt2) mine1 0.21344 0.170b

Ileum transit time (Kt3) mine1 0.016744 0.0133b

Duodenum wall volume (Vg1) mL 1.0831 1.08

Jejunum wall volume (Vg2) mL 9.9431 9.94

Ileum wall volume (Vg3) mL 0.3231 0.32

Portal vein (Vpv) mL 0.2531 0.25

Liver volume mL 7.0c 16.51c

Liver blood volume (Vh1) mL 0.83d 1.95d

Hepatocyte volume (Vh2) mL 6.17d 14.56d

Renal volume mL 1.5547 1.5537

Renal blood volume (Vr1) mL 0.23e 0.23e

Tubular volume (Vr2) mL 1.32e 1.32e

Duodenum wall blood flow (Qg1) mL/min 1.19f 1.06f

Jejunum wall blood flow (Qg2) mL/min 11.20f 9.97f

Ileum wall blood flow (Qg3) mL/min 0.31f 0.27f

Portal vein blood flow (Qpv) mL/min 12.7050 11.3050

Hepatic artery (QhA) mL/min 2.3150 13.8450

Liver blood flow (Qh Z Qha þ Qpv) mL/min 15.01 25.14

Renal blood (QR) mL/min 10.851 8.451

Glomerular filtration rate (GFR) mL/min 2.4641 1.8141

Duodenum radius (r1) cm 0.231 0.2

Jejunum radius (r2) cm 0.231 0.2

Ileum radius (r3) cm 0.231 0.2

Physiological scaling factor (PBSFhepatocytes) � 106 cells/g liver 12852 128

CLint,Oct1,liver mL/min/106 cells 1.15g 0.52h

CLint,Oct2,liver mL/min/106 cells 0.65g 2.60h

CLint,pas,liver mL/min/106 cell 1.953 1.9

Empirical scaling factor (RAFliver) / 1 1

CLnon-renal mL/min 0.77c 0.77

CLint, renal,Mate mL/min 6.87h 6.87

PBSFkidney mg/g kidney 15i 15

RAFrenal, Mate / 348 3

Vmax, renal,Oct2 pmol/mg protein/min 144656 7042.1l

Km,renal,Oct2 mmol/L 0.6356 0.63

RAFrenal,Oct2 / 46j 46j

Peff,Oct2,duodenum cm/min 0.00165c 0.000617k

Peff,non-Oct2,duodenum cm/min 0.00172 0.00172

Peff,Oct2,jejunum cm/min 0.00083l 0.000365k

Peff,non-Oct2,jejunum cm/min 0.00172 0.00172

Peff,Oct2,ileum cm/min 0.00055l 0.00396k

Peff,non-Oct2,ileum cm/min 0.00172 0.00172

k12 mine1 0.0130j 0.0130

k21 mine1 0.0082j 0.0082

V1 mL 102.99j 102.99

Kh/p / 1.648 1.6

Kk/p / 1.4948 1.49

Kg/k / 1.548 1.5

fu / 1.048 1.0

Rb / 1.048 1.0

aCorrected by the increased fraction for prolongation of gastro emptying rate45.
bCorrected by the increased fraction for prolongation of intestinal transit time46.
cMeasurement in the study.
dHepatic blood volume is assumed to be 11.2%31 of hepatic volume.
eRenal blood volume is assumed to be 12% of renal volume48.
fBlood flow in duodenum wall, jejunum wall and ileum wall account for 9.5%, 88.1% and 2.4% of portal blood flow, respectively49.
gEstimated from data53 and cellular protein content was assumed to be 0.25 mg/106 cells54.
hEstimated from human data38 using equation (0.25/70)0.6755.
iAssumed that cellular protein content is 0.25 mg protein/106 cells and numbers of proximal tubule cell are 60 � 106 cells/g kidney54.
jEstimated from original data.
kEstimated using Sham rats � relative expressions of targeted protein.
lEstimated from values of duodenum � relative expressions of Oct2 protein compared with duodenum, in which expressions of Oct2 protein in

jejunum and ileum were measured to be 0.50 and 0.33 of that in duodenum, respectively.
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hepatic Oct1. Further study shows that in Sham rats, Oct2/3 in-
hibitor corticosterone and Oct1 inhibitor dopamine possess similar
inhibitory on uptake of metformin by hepatocytes, but in BDL
rats, inhibitory effect of corticosterone is remarkably enhanced
and inhibitory effect of dopamine is obviously weakened, sup-
porting partly above deduction. Oct2 (not Oct3) protein is also
detected in rat liver. In line, co-administration of corticosterone
remarkably in vitro and in vivo uptake clearances of metformin in
liver of normal rats, demonstrating that hepatic Oct2 is also
involved in hepatic uptake of metformin.

It is consistent with our data that BDL significantly upregulates
expressions of renal Oct2 expressions20 and lowers expressions of
hepatic Oct1 in rats58. However, there are several opposite re-
ports19,24,63. For example, ethynylestradiol-induced cholestiasis
significantly lowers expressions of renal Oct2 and hepatic Oct1
protein19. Significant downregulation of renal Oct2 and Mate1
protein expressions is also detected in liver failure rats induced by
ischemiaereperfusion24,64. These discrepancies may result from
liver failure induced by different mechanisms.

Next, we investigated the underlying mechanism that BDL
differently regulates protein expressions of OCTs in intestine, liver
and kidney using Caco-2 cells, HK-2 cells and HepG2 cells. Liver
injury is often accompanied by imbalance of internal environment,
such as increased inflammatory mediators56,57, imbalance of bile
salt homeostasis3,65,66 and increased bilirubin23,67. The present
study also shows that BDL significantly decreases levels of bile
salts in intestinal content and increases levels of plasma bilirubin
of rats. Therefore, we investigated whether alterations in levels of
5 bile salts (CDCA, HDCA, CA, DCA, and GCA) and bilirubin
are factors that BDL differently regulates protein expressions of
OCTs in intestine, liver and kidney. The results show that both
CDCA and bilirubin obviously increase the expressions of OCT2
protein in both Caco-2 and HK-2 cells while decrease expressions
of OCT1 protein in HepG2 cells. Similarly, CDCAwas reported to
induce expressions of OCT2 protein in human proximal renal
tubular cells68. Moreover, BDL significantly decreases content of
intestinal CDCA and increases levels of bilirubin in liver and
kidney, but levels of intestinal bilirubin and levels of CDCA in
liver and kidney of BDL rats are unaltered. These results indicate
that downregulation of intestinal Oct2 in BDL rats is mainly
attributed to the decreased levels of intestinal CDCA and that the
altered expressions of Oct proteins in liver and kidney of BDL rats
are mainly attributed to the increased levels of bilirubin, which are
confirmed using CDCA-treated rats and bilirubin-treated rats.

CDCA is natural ligand of FXR34. Both bilirubin and CDCA
were reported to induce expressions of beta defensin-1 via acti-
vating FXR35. We designed a series of experiments to investigate
whether CDCA or bilirubin upregulates OCT2 and downregulates
OCT1 via activating FXR. Data from HK-2 cells demonstrate that
FXR agonists (CDCA, bilirubin and GW4064) induce and FXR
antagonist MCA inhibits mRNA expressions of SHP, a targeted
gene of FXR43, confirming that FXR is activated and inhibited. It
is consistent with our expectations that CDCA, bilirubin and
GW4064 increase expressions of OCT2 protein in both Caco-2
and HK-2 cells, and downregulate expressions of OCT1 in
HepG2 cells, all of which are reversed by both FXR inhibitor
MCA and FXR siRNA. Moreover, knockdown of FXR itself in-
hibits expressions of OCT2 protein in Caco-2 and HK-2 cells and
upregulates expressions of OCT1 protein in HepG2 cells. It is in
line with our report that CDCA and GW4064 were reported to
suppress expressions of hepatic OCT1 protein via inducing
FXR49. Both increased expressions of hepatic and renal Fxr pro-
tein and decreased expression of intestinal Fxr protein in BDL rats
also support involvement of Fxr in regulation of Octs. OCT2
protein is not detected in HepG2 cells. Primarily cultured rat he-
patocytes were further selected to investigate mechanisms that
BDL oppositely regulates expressions of hepatic Oct1 and Oct2
protein in rats. The results show that CDCA, bilirubin and
GW4064 inhibit expressions of hepatic Oct1 protein but increase
expressions of hepatic Oct2 protein, all of which are almost
abolished by both MCA and Fxr siRNA. Roles of FXR/Fxr in
regulations of OCTs expression have been demonstrated69e71.
Knockout Fxr was reported to reduce levels of Oct2 mRNA in
renal of mice70. Cholic acid (Fxr agonist) feeding may decrease
expressions of Oct1 mRNA in liver of wild-type mice but not in
Fxr�/�mice70. The present study also shows that Fxr antagonist
stigmasterol also decreases expressions of intestinal Oct2 protein
and attenuates the increased expressions of intestinal Oct2 protein
by CDCA. BDL significantly decreases levels of intestinal CDCA
and increase levels of bilirubin in liver and kidney of rats,
accompanied by decreases in intestinal Fxr protein and increases
in hepatic and renal Fxr. Bilirubin and CDCA are natural agonists
of FXR/Fxr34,35. Data from HK-2 cells show that in addition to
activation of FXR, CDCA and bilirubin also induce expressions of
FXR protein, which are similar to findings in rodent hepatic and
intestinal cells69 as well as HepG2 cells72. All these results indi-
cate that BDL affects FXR signaling pathway via both induction
of FXR/Fxr protein and activation of FXR/Fxr by CDCA and
bilirubin. These results give a conclusion that CDCA and bilirubin
differently regulate protein expressions of OCTs/Octs through
activating FXR/Fxr pathway.

Roles of CDCA and bilirubin in expressions of Octs were
confirmed using both CDCA-treated rats and bilirubin-treated rats.
It is consistent with our expectation that treatment with oral
CDCA significantly induces expressions of intestinal Oct2 protein
and increases plasma exposure to metformin following oral dose
without affecting expressions of renal Oct2, hepatic Oct1 and Oct2
protein. Treatment with bilirubin induces expressions of renal and
hepatic Oct2 protein but inhibits expressions of hepatic Oct1
protein, accompanied by significant decreases in plasma metfor-
min exposure following intravenous dose. A recent study shows
that long treatment with metformin impairs activation of intestinal
Fxr in mice73. But, data from HepG2 cells demonstrate that
metformin (100 mmol/L) does not activate FXR or reverse FXR
activation by CDCA (Fig. S4). These results infer that interaction
of metformin and FXR needs further investigation.

A semi-PBPK characterizing alterations in protein expressions
of intestinal, hepatic and renal Octs has been successfully devel-
oped to simulate pharmacokinetics of metformin in experimental
rats. Individual contributions of several factors to metformin phar-
macokinetics following oral dose are intestinal Oct2>renal
Oct2>intestinal transit rate > gastric emptying rate > renal blood
flow. Contributions of hepatic Oct1 and hepatic blood flow are
minor. Simulation analysis shows that decreases in oral plasma
exposure of metformin in BDL rats are mainly attributed to inte-
grated effects of decreased gastric emptying rate, decreased intes-
tinal transit rate, decreased expressions of intestinal Oct2 protein,
decreased renal blood flow and increased expressions of renal Oct2
protein. The decrease in plasma exposure of metformin is in line
with impairment of metformin hypoglycemic effects, indicating
dosage of metformin under liver failure should be adjusted, which
needs further clinical investigations. Clinical report also has showed
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that urinary excretion of cimetidine in liver cirrhosis patients are
significantly increased, accompanied by slight increase in renal
clearance of cimetidine74. Compared with peptic ulcer patients,
patients with liver cirrhosis also characterize lower AUC of
cimetidine following intravenous and oral dose of cimetidine75.
Cimetidine is also substrate of OCT2, indicating that decreased
AUC of cimetidine under liver cirrhosis results from both the
decreased intestinal absorption of cimetidine due to the down-
regulated expressions of intestinal OCTs and the increased renal
excretion of cimetidine due to increased expressions of renal OCT2.

Consistent with our report that clinical trial has also shown that
patients with liver failure have lower thiamine14e20,76,77, charac-
tering thiamine deficiency. Transport of thiamine is also mediated
by OCT1/2, THTR1/2 and MATEs2,78, showing different affinity
and capacity. THTR1 and THTR2 show higher affinity than OCT1
and OCT2, but transport capacities of THTR1 and THTR2 are less
than those of OCT1 and OCT278e80, also showing importance of
OCT1 and OCT2 in thiamine transport. BDL significantly lowers
intestinal absorption of thiamine, which is in accordance with
downregulation of intestinal Oct2 expressions. Co-administration
of Oct2/3 inhibitor corticosterone significantly inhibits intestinal
absorption of thiamine, further demonstrating roles of intestinal
Oct2 in intestinal absorption of thiamine. The increased renal
excretion of thiamine in BDL rats is also in agreement with the
increased upregulation of renal Oct2 protein expressions.
Furthermore, CDCA treatment induces expressions of intestinal
Oct2 protein and enhances intestinal absorption of thiamine,
leading to increases in blood thiamine levels. On the contrast,
bilirubin treatment upregulates expressions of renal Oct2 protein
and increases renal excretion of thiamine, accompanied by the
lower blood thiamine. These results indicate that thiamine defi-
ciency by liver failure is partly attributed to both downregulation
of intestinal OCT2 and upregulation of renal OCT2. OCT2, along
with OCTN2, also mediates transport of carnitine and its de-
rivatives (such as acylcarnitine), in common regulating carnitine
homoeostasis. Carnitine in humans comes from food intake or
biosynthesized in the liver and kidneys, stored in skeletal muscle
and excreted mainly in urine81. Induction of renal Oct2 and
downregulation of intestinal Oct2 by liver failure may partly
explain the clinical findings that patients with abnormal liver tests
show lower plasma carnitine levels82e84 and increased urinary
excretion of both free and acylcarnitine81. The study also has some
limitations. For example, BDL decreases plasma exposure of
metformin and attenuates hypoglycemic effects of metformin in
rats, but whether extents of alterations in expressions of Octs in
rats are similar to those in human needs further investigation in
clinical trials due to existence of species differences in expressions
of OCTs and their regulations.

In conclusion, BDL remarkably downregulates expressions of
intestinal Oct2 and hepatic Oct1 protein while upregulates ex-
pressions of renal and hepatic Oct2 protein in rats, finally,
decreasing plasma exposure and impairing hypoglycemic effects
of metformin. Alterations in metformin pharmacokinetics can be
simulated using a semi-PBPK model.
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