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Abstract Organic anion-transporting polypeptides 1B1 (OATP1B1) plays a crucial role in the transport

of statins. However, there are too few animal models related to OATP1B1, especially humanized animal

models. In this study, the human SLCO1B1 cDNA was inserted into the second exon of the rat Slco1b2

gene using CRISPR/Cas9 technology. Pharmacokinetic characteristics of statins were conducted in wild-

type (WT), humanized OATP1B1 (hOATP1B1), and OATP1B2 knockout (OATP1B2 KO) rats, respec-

tively. The results showed that human OATP1B1 was successfully expressed in rat liver and exhibited

transport function. Furthermore, the pharmacokinetic results revealed that OATP1B1 exhibited varying

uptake levels of pivastatin, rosuvastatin, and fluvastatin, leading to different levels of exposure within

the body. These results were consistent with those obtained from in vitro experiments using overexpressed

cell lines. In conclusion, we established a novel humanized SLCO1B1 transgenic rat model to assess the

role of human OATP1B1 in the uptake of different statins. The different uptake mediated by OATP1B1

may be an important reason for the different efficacy of statins. The hOATP1B1 rat is a promising model

for improving the prediction of human drug transport.
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1. Introduction
Statins, also known as the HMG-CoA reductase inhibitors, are
nearly the most prescribed drugs in the world for the treatment of
myocardial infarction, ischemic stroke, and other complications of
atherosclerotic diseases1,2. Statins reduce plasma low-density lipo-
protein cholesterol (LDL-C) levels by inhibiting HMG-CoA
reductase, which plays a key role in liver cholesterol production,
thereby reducing the incidence of cardiovascular disease3,4. Studies
have shown that long-term administration of statins is effective for
both primary and secondary prevention of cardiovascular events5e7.
Even more exciting, recent studies have shown that statins have a
substantial preventive effect against liver disease8 and that statins
may improve endothelial function by inhibiting epigenetic-driven
endothelial-to-mesenchymal transition (EndMT)9.

Currently, there are seven statins (rosuvastatin, atorvastatin,
simvastatin, pitavastatin, lovastatin, pravastatin, and fluvastatin)
that are readily available and have been proven to be well toler-
ated5. Although statins are generally considered safe, their sys-
temic exposure may be influenced by drugedrug interactions
(DDI), which may increase the risk of statin-associated muscle
symptoms (SAMS)10,11. These interactions are predominantly
facilitated by metabolic enzymes, primarily cytochrome P450
(CYP) isoenzymes, and membrane-bound transporters, including
P-glycoprotein (P-gp) and organic anion-transporting polypeptides
(OATPs)11,12. However, the metabolism and transport of statins is
far from well understood. For example, the contribution of
different OATPs in mediating statin transport remains unclear.

OATPs are recognized as important transmembrane proteins
that mediate the cellular uptake of a wide variety of substrates and
have a great impact on the systemic pharmacokinetics of many
drugs13,14. The seven marketed statins are well recognized as
substrates for OATP1B1, OATP1B3, and OATP2B115,16.
OATP1B1 (encoded by the SLCO1B1 gene) is one of the best-
characterized OATPs and is highly expressed mainly on the
basolateral (sinusoidal) membrane of human hepatocytes17,18.
Studies have shown that OATP1B1 is a genetic polymorphism
transporter, and function-related single nucleotide polymorphisms
(SNPs) have been identified. Numerous studies have confirmed the
importance of OATP1B1 in the clinical efficacy and adverse re-
actions of statins, with a focus on SLCO1B1 SNPs18e20. In
addition, due to the presence of SAMS and SNPs, more and more
research has focused on statin-related DDI mediated by
OATP1B110e12. Therefore, it is critical to recognize the contri-
bution of OATP1B1 to statin uptake to ensure their safe admin-
istration. Of course, it is also important to identify specific
inhibitors or inducers of OATP1B1.

A large amount of gene replication and differentiation occurs
in the rodent OATP1 family compared to humans, which com-
plicates direct comparisons between studies of the two species21.
There are two subtypes of OATP1B transporters in humans
(OATP1B1 and OATP1B3) and only one in rodents (OATP1B2).
Because species differ significantly in DNA sequence, protein
expression, and substrate specificity, extrapolation of results ob-
tained from traditional preclinical animal models to humans is
limited22,23. Therefore, it is not reasonable to study the transport
properties of OATP1B1 and its contribution to the uptake of sta-
tins in rodents, due to species differences in the OATP1 family.
However, the emergence of genomically humanized animals could
overcome species differences to a certain extent, which is
conducive to the construction of human disease models as well as
drug metabolism and transport research24,25.
In this study, we successfully constructed and characterized a
humanized OATP1B1 rat model using CRISPR/Cas9 technology.
In the genomically humanized rats, the expression of the human
gene (SLCO1B1) and protein (OATP1B1) accurately mimicked
the human situation. More importantly, we evaluated the contri-
bution of OATP1B1 to statin uptake in rats for the first time.
Therefore, the humanized rat model could be used to predict
human drug transport, which will certainly facilitate drug devel-
opment. Furthermore, our findings will also provide valuable
guidance on the clinical safety of statins.

2. Materials and methods

2.1. Chemicals and reagents

The DNA polymerase (2 � Phanta Max Master Mix), T7 Endo-
nuclease I (T7E I), and DNA extraction mini kit were purchased
from Vazyme (Nanjing, China). DNA extraction reagent (phenol:
chloroform: isoamyl alcohol Z 25:24:1, v/v/v) was gained from
Solarbio (Beijing, China). The BCA protein quantification kit was
acquired from Thermo Scientific (Waltham, MA, USA). pEASY-
Blunt Cloning Kit was purchased from TransGen Biotech (Bei-
jing, China). The MagZol Reagent and Hipure Plasmid EF Maxi
Kit were bought from Magen (Guangzhou, China). T4 ligase and
restriction endonucleases (NotI and NheI) were purchased from
Beyotime Biotechnology (Shanghai, China). The PEI was ob-
tained from Polysciences (Warrington, PA, USA). The OATP1B1
rabbit primary antibody (A15783) was bought from ABclonal
Technology (Wuhan, China), and the anti-GAPDH antibody
(ab8245) was purchased from Abcam (Cambridge, UK). The
fluorescence-conjugated secondary antibody to rabbit and mouse
IgG was gained from Cell Signaling Technology (Boston, MA,
USA). The cDNA synthesis SuperMix, qPCR SYBR green master
mix, and DNA marker were acquired from Yeasen Biotechnology
(Shanghai, China). Statins (including pitavastatin, rosuvastatin,
and fluvastatin) were purchased from Meilunbio (Dalian, China).
Acetonitrile, formic acid, and ammonium formate (all HPLC
grade) were gained from Fisher Chemicals (Leicester, UK).

2.2. Animals and ethical issues

Wild-type (WT) SpragueeDawley rats were supplied by National
Rodent Laboratory Animal Resources (Shanghai, China). Slco1b2
knockout rats (Slco1b2�/�, KO) were generated by CRISPR/Cas9
in our previous study26. All rats used in this study were kept in a
specific-pathogen-free (SPF) barrier with free access to eat and
drink. All animal experiments complied with relevant ethical
regulations, and the animal procedures were performed under the
approval of the Ethics Committee on Animal Experimentation of
East China Normal University (Ref. No. R20210211).

2.3. Construction of the humanized OATP1B1 rat

2.3.1. Target-site selection and single guide RNA (sgRNA)
synthesis
The Slco1b2 gene sequence of Rattus norvegicus (Norway rat)
was obtained from the National Center for Biotechnology Infor-
mation (https://www.ncbi.nlm.nih.gov/). Two splicing site se-
quences targeting the second exon (right next to the start codon) of
the Slco1b2 gene were selected, which includes a protospacer
adjacent motif (PAM) site in the 30 end. The 23 bp target sequence

https://www.ncbi.nlm.nih.gov/
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is 50-CTTTCCTTGACTGCTGAGTGTGG-30 and 50-AAGGTTC
TGCGATGGATTCAAGG-30. The PAM site is TGG and AGG,
respectively. The two sgRNA sequences were synthesized by
GenScript (Nanjing, China).
2.3.2. Donor template generation
The homologous arm sequence was amplified with DNA poly-
merase (2 � Phanta Max Master Mix) and primers, which
included the left homologous arm sequence (HA-L, 975 bp), right
homology arm sequence (HA-R, 689 bp) and the splicing site
sequence. The amplification conditions and procedures were
performed according to the instructions. After purification with a
DNA extraction kit, the PCR product of the homologous arm
sequence was ligated to the blunt cloning vector with a pEASY-
Blunt Cloning Kit. Then, after transfection, cloning, sequencing,
and culturing, the newly formed plasmid was extracted from the
bacteria with the Hipure Plasmid EF Maxi Kit. The pENTER
plasmid containing human SLCO1B1 CDS sequence and C ter-
minal flag and his flag were supplied from WZ Biosciences Inc.
(Jinan, China). As shown in Fig. 1, to obtain linear PCR products
containing the target sequence, pEASY and pENTER plasmids
gained above were used as templates, and two pairs of primers
were designed ingeniously (Supporting Information Table S1).
Vectors and insertion sequences with homologous ends (overlap)
were purified, and both fragments were added to the Gibson as-
sembly master mix. Finally, the plasmid containing the donor
template was obtained and then linearized by PCR amplification.
2.3.3. Embryo microinjection
The method of acquiring pseudopregnant rats and embryos was
the same as we reported earlier26. The cas9 mRNA (10 ng/mL),
sgRNA (10 ng/mL), and 100 ng/mL of donor template were co-
injected into the embryos by microinjection technology. Then,
after proper culturing, the viable embryos were transferred to the
fallopian tubes of the pseudo-pregnant rats for normal breeding.
2.4. Genotype identification

The newborn rats after microinjection were defined as the F0
generation. The genomic DNA was extracted from the toes of
newborn rats with phenol/chloroform reagent. After amplification
with DNA polymerase and primers (Table S1), the PCR products
(2863 bp) were electrophoresed on the 1.5% agarose gel. PCR
products of the F0 generation with the correct band position were
sent to GENEWIZ (Suzhou, China) for Sanger sequencing to
ensure accurate sequences. The identified F0 offspring were caged
with WT rats to obtain heterozygous F1 generation. Then after
electrophoresing and sequencing, the healthy adult male and fe-
male F1 rats were selected and caged to breed homozygous F2
generation. The F2 rats also need to be genotyped before pro-
ceeding to the further experiment.
2.5. Off-target site detection

The two splicing site sequences were entered into the target
analysis website (https://benchling.com) to gain off-target infor-
mation. Several potential sites (score >1.5, Supporting Informa-
tion Table S2) were selected for off-target detection as described
before26. The primer pairs used for off-target effect detection are
listed in Table S1.
2.6. Detection of OATP1B1 expression
2.6.1. Real-time quantitative PCR
Total RNAwas isolated from the livers of WT and hOATP1B1 rats
using the MagZol Reagent according to the experiment protocols.
Two micrograms of total RNA were quantitatively reverse-
transcribed using the cDNA synthesis SuperMix kit. Then the
cDNAwas performed with qPCR SYBR green master mix kit, and
the relative mRNA content of Slco1b2 and SLCO1B1 was
analyzed by real-time quantitative PCR using Quant Studio 3
Real-Time PCR System (ThermoFisher Scientific). Primer infor-
mation is listed in Table S1. The b-actin was used as the internal
control.
2.6.2. Western blotting
Tissue from snap-frozen liver was homogenized in RIPA working
solution. Standard Western blotting analysis was performed in
10% SDS-PAGE gels (40 mg per well) and transferred to the
nitrocellulose membrane. Membranes were blocked for 2 h with
5% BSA, followed by incubating with primary antibodies over-
night at 4 �C. Rabbit anti-OATP1B1 (1:1000) and rabbit anti-
GAPDH (1:20,000) were used as the primary antibody. Secondary
antibody incubations were done at room temperature for 1 h using
goat anti-rabbit antibody (1:10,000) and then scanned by Odyssey
imager system (LI-COR, MA, USA).
2.6.3. Immunohistochemistry
The liver tissue was fixed with a 4% paraformaldehyde (PFA)
solution. The following steps were entrusted to Servicebio Co.,
Ltd. (Wuhan, China). The primary antibody, rabbit anti-OATP1B1
(1:500), was supplied by ourselves.
2.7. Compensatory effects evaluation

The mRNA levels of major absorptive transporters, efflux trans-
porters, and CYP enzymes were detected to evaluate the
compensatory effects of SLCO1B1 knockin. The detection method
and primers used were consistent with our previous reports26,27.
2.8. Physiological condition detection
2.8.1. Hematoxylin & eosin staining
Entrusted to Servicebio Co., Ltd. (Wuhan, China), the paraffin
slices were prepared and stained with hematoxylin and eosin
(H&E) according to standard procedures.
2.8.2. Physiological indicators of blood lipids and liver function
Physiological indexes of serum were detected by biochemical kits,
which were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The absorbance was measured by
SuPerMax 3000FA (Flash Spectrum Biotechnology, Shanghai,
China). Blood lipid indexes include triglyceride (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C). Liver function
indicators include total bilirubin (TBIL), direct bilirubin (DBIL),
total bile acid (TBA), total protein (TP), albumin (ALB), alkaline
phosphatase (ALP), aspartate aminotransferase (AST), and
alanine aminotransferase (ALT).

https://benchling.com


Figure 1 Construction of hSLCO1B1 donor template. The homologous arm sequence including HA-L, HA-R, and the splicing site sequence

was ligated to the pEASY-Blunt vector. The pENTER plasmid containing human SLCO1B1 CDS sequence and C terminal flag and his flag was

supplied from WZ Biosciences Inc. Then pEASYand pENTER plasmids were used as templates and two pairs of primers (vec-F/R and FAC-F/R)

were designed ingeniously. Vectors and insertions sequences with homologous ends (overlap) were purified, and both fragments were added to the

Gibson assembly master mix. Finally, the plasmid containing the donor template was obtained and then linearized by PCR amplification.
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2.9. Quantification of bile acids

The content of bile acids in the serum was monitored to assess the
role of OATP1B1 in endogenous substance transport. The 1290
HPLC (Agilent Technologies) coupled to a quadrupole time-of-
flight (AB Sciex TripleTOF 6600) was used for metabolomics
studies in Applied Protein Technology Co., Ltd. (Shanghai,
China)28.
2.10. Pharmacokinetic studies of statins

To evaluate the function of OATP1B1, we explored the pharma-
cokinetic behavior of pitavastatin, rosuvastatin, and fluvastatin in
WT, hOATP1B1, and OATP1B2 KO rats, respectively. After
fasting for 12 h, 5 mg/kg (1 mg/mL) of pitavastatin, 10 mg/kg
(2 mg/mL) of rosuvastatin, and 5 mg/kg (1 mg/mL) of fluvasta-
tin were administrated intragastrically. Blood samples were
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collected through the tail vein to obtain plasma after administra-
tion at 0.17, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10 h for pitavastatin, 0.25, 0.5,
1, 1.5, 2, 3, 5 h for rosuvastatin, and 0.083, 0.25, 0.5, 0.75, 1, 1.5,
2, 4, 6, 8, 12, 24 h for fluvastatin.

2.11. Quantification of statins by LCeMS/MS

The concentrations of pitavastatin, rosuvastatin, and fluvastatin in
plasma were quantified with an Agilent 1290 HPLC system, coupled
with a 6470 triple-quadrupole mass spectrometer (Agilent Technol-
ogies, USA). The detection condition of pitavastatin was as same as
previously reported26.Unlike pitavastatin, rosuvastatin andfluvastatin
plasma samples were treated with protein precipitation. Dexametha-
sone (100 ng/mL) was used as the internal standard. Specific mea-
surement conditions are shown in Supporting Information Table S3.

2.12. Cell culture

Referring to the previous method29, we constructed and verified
OATP1B1 and OATP1B2 overexpression cell models. Then the
uptake of pitavastatin, rosuvastatin, and fluvastatin was detected.
The empty pCDH (pCDH-EF1-MCS-T2A-copGFP) vector was
used as a blank control. After drug treatment (10 mmol/L), cell
lysis, and sample processing, the concentration of statins was
quantified by LCeMS/MS.

2.13. Molecular docking analysis

Computational modeling methods were used to further elucidate the
binding affinity of OATP1B1 with pitavastatin, rosuvastatin, and
fluvastatin. The protein information of OATP1B1 was gained from
UniProt (UniProtKB: A0A024RAU7). Small molecules may bind
to the loop region (located on the outside of the transmembrane
structure) and transmembrane helices during transport. AutoDock
Vina (version 1.2.0) was applied for molecular docking analysis30.

2.14. Statistical analysis

All statistical analysis and all graphs presented in this paper were
performed using GraphPad Prism (version 8.0.1, GraphPad Soft-
ware, San Diego, CA, USA). All data are shown as
mean � standard deviation (SD). A two-tailed Student t-test was
used when statistical analysis between two groups was performed
and the one-way analysis of variance (ANOVA) statistical method
was used for multiple comparisons. Based on non-compartmental
analysis, pharmacokinetic parameters of pitavastatin, rosuvastatin,
and fluvastatin were calculated by WinNonlin software version
5.2.1 (Pharsight Corporation, Mountain View, USA). The phar-
macokinetic parameters include elimination half-life (t1/2),
maximum concentration (Cmax), time to reach Cmax (Tmax), area
under the concentrationetime curve (AUC), apparent volume of
distribution/bioavailability (Vd/F ), clearance/bioavailability (CL/
F ), and mean residence time (MRT). The P-value less than 0.05
was considered significant (*P < 0.05, P < 0.01, and P < 0.001 or
#P < 0.05, ##P < 0.01, and ###P < 0.001).

3. Results

3.1. Generation of humanized OATP1B1 rats by CRISPR/Cas9

The donor template is a key component in the construction of
humanized OATP1B1 rats. As shown in Fig. 1, the linearized
PCR product of the donor template was successfully generated,
and the correctness of the base sequence was ensured by Sanger
sequencing. The schematic diagram of the target design is pre-
sented in Fig. 2A. After co-microinjection with sgRNA and Cas9
mRNA, fifteen F0 generation rats were born. Results of agarose
gel electrophoresis indicated that the donor template was suc-
cessfully inserted at the target site of F0-12# and 14# rats
(Fig. 2B). Further sequencing revealed that only F0-12# rat had
the correct insertion sequence. The F1 generation rats (hetero-
zygotes) were obtained from the cage of F0 generation and WT
rats. Then healthy male and female F1 generation rats with
correct sequence were selected to breed homozygous F2 gener-
ation rats (Fig. 2C). To assess the off-target effects of the two
sgRNAs, seven potential sites were detected. The results showed
that no off-target effect was observed (Supporting Information
Fig. S1A and S1B). The expression of OATP1B1 at the mRNA
level was detected in WT and hOATP1B1 rats. The results
showed that Slco1b2 and SLCO1B1 were specially expressed in
the liver of WT and hOATP1B1 rats, respectively (Fig. 2D
and E). To evaluate the effects of SLCO1B1 knockin on the
transporter and metabolic enzyme-related genes, the mRNA
levels of major uptake transporters, efflux transporters, and CYP
enzymes were detected. As presented in Supporting Information
Fig. S2AeS2C, no statistically significant changes were found
between WT and hOATP1B1 rats. Western blot results revealed
that OATP1B1 was successfully expressed in the liver of
hOATP1B1 rats but not in WT rats (Fig. 2F). The immunohis-
tochemical results confirmed that OATP1B1 was highly
expressed on the sinusoidal membrane of the hOATP1B1 rat liver
(shown in brown, Fig. 2G).

3.2. Evaluation of the physiological status of humanized
OATP1B1 rats

Healthy physiological status is an important prerequisite for
OATP1B1 to exert its transport function. As shown in
Fig. 3AeD, compared with WT, there were no abnormalities in
the blood lipids of hOATP1B1 rats. According to the results of
H&E staining (Fig. 3E), the hepatocyte morphology of
hOATP1B1 rats did not change significantly. Previous reports
have found that the decrease or loss of OATP1B1 function
significantly increases blood levels of bilirubin and bile
acids20,26. Therefore, the determination of these two endoge-
nous substances in serum can reflect whether OATP1B1 per-
formed the transport function. The results showed that there was
no significant difference in serum TBIL and DBIL contents of
WT rats and hOATP1B1 rats, and both were significantly lower
than those in OATP1B2 KO rats (Fig. 3L and M). There was a
three-fold increase in serum TBA in hOATP1B1 rats compared
with WT rats and a 78% decrease in serum TBA compared with
OATP1B2 KO rats (Fig. 3N). These results suggest that
OATP1B1 performed the transport function. The reason for the
elevated content of TBA in hOATP1B1 rats is that OATP1B2
has a stronger transport capacity for TBA than OATP1B1 (no
OATP1B3 in hOATP1B1 rats). In addition, untargeted metab-
olomics methods were used to obtain the metabolic profiles of
serum samples. The results also showed that the insertion of the
SLCO1B1 gene only slightly affected the bile acid-related
pathway, and OATP1B1 could mediate bile acid transport
(Fig. 4A and B). Furthermore, the contents of TP, ALB, AST,
ALT, AST/ALT, and ALP were measured, and no significance
was found between WT and hOATP1B1 rats (Fig. 3FeK).



Figure 2 Generation of humanized OATP1B1 rats by CRISPR/Cas9. (A) The strategy for the generation of the hOATP1B1 rat model. The

donor template (2361 bp) was inserted at the second exon. Mutations in the F0 generation (B) and F2 generation (C). H2O, negative control; WT,

blank control; Arrow, mutant band. The expression of Slco1b2 (D) and SLCO1B1 (E) in WT and hOATP1B1 rats. Data are shown as mean � SD

(n Z 6). N.D., not detected. ***P < 0.001 compared with the WT group. (F) The protein expression of OATP1B1 in the liver (Western blot). (G)

OATP1B1 is highly expressed on the sinusoidal membrane of the hOATP1B1 rat liver (shown in brown).

Humanized SLCO1B1 rat model 1597



Figure 3 Physiological characterization of hOATP1B1 rats. (A)e(D) Blood lipids indexes in the serum of WT and hOATP1B1 rats, including

TG, TC, HDL-C, and LDL-C. (E) H&E staining of liver tissue sections. Scale bars, 50 mm in length. (F)e(K) Indicators of liver function in the

serum of WT and hOATP1B1 rats, including TP, ALB, AST, ALT, AST/ALT, and ALP. (L)e(N) The contents of TBIL, DBIL, and TBA in the

serum of WT, hOATP1B1, and OATP1B2 KO rats, respectively. Values are shown as mean � SD (n Z 6). **P < 0.01 and ***P < 0.001.
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Figure 4 Effects of SLCO1B1 gene insertion on bile acid-related pathway. (A) Differential abundance score and size of perturbed metabolic

pathways between WT and hOATP1B1 rats. Size means the number of differential metabolites included in the pathway (KEGG database matched

results). (B) Heat plot of the differential metabolites (bile acid pathway) between WT and hOATP1B1 rats (n Z 4).

Humanized SLCO1B1 rat model 1599
3.3. Pharmacokinetics of statins in WT, hOATP1B1, and
OATP1B2 KO rats

The transport function of OATP1B1 is the key to evaluating the
success of humanized rats. In this study, pitavastatin (5 mg/kg),
rosuvastatin (10 mg/kg), and fluvastatin (5 mg/kg) were used to
conduct pharmacokinetic experiments in WT, hOATP1B1, and
OATP1B2 KO rats by oral gavage. The concentrationetime curves
and pharmacokinetic parameters are shown in Fig. 5AeC and
Table 1, respectively. For pitavastatin, the pharmacokinetic
behavior in hOATP1B1 rats was almost identical to that of WT
rats, with no significant changes. However, compared to
OATP1B2 KO rats, the t1/2 and MRT0et were significantly short-
ened by 31.8% and 16.7%, the Cmax and AUC0et were signifi-
cantly decreased by 40.6% and 47.1%, and the Vd/F and CL/F
were significantly increased by 33.9% and 94.7%, respectively.
These results suggest that OATP1B1 plays the same role as
Figure 5 Pharmacokinetic profiles of statins in WT, hOATP1B1, and O

kg. (C) Fluvastatin, 5 mg/kg. All statins were administered intragastrically

concentration corresponding to each time point on the curve was presente
OATP1B2 in the transport of pitavastatin. For rosuvastatin, the
Cmax and AUC0et of hOATP1B1 rats were 13.7% and 17.2%
lower than those of OATP1B2 KO rats, while compared to WT
rats, the Cmax was significantly increased by 69.5%. These results
indicated that, compared with OATP1B2, OATP1B1 was only
partially involved in rosuvastatin transport. Unlike pitavastatin and
rosuvastatin, the pharmacokinetic behavior of fluvastatin in
hOATP1B1 rats was closer to that of OATP1B2 KO rats. Although
the Cmax of hOATP1B1 rats was decreased by 21.9% relative to
OATP1B2 KO rats, the increase in Cmax relative to WT rats was
higher (66.4%). More importantly, the AUC0et in hOATP1B1 rats
was not significantly different from OATP1B2 KO rats, but it was
much higher than that in WT rats (an increase of 88%). These
results showed that OATP1B1 was rarely involved in the transport
of fluvastatin compared to OATP1B2. Based on the above phar-
macokinetic results, OATP1B1 has different promoting effects on
the uptake of different statins.
ATP1B2 KO rats. (A) Pitavastatin, 5 mg/kg. (B) Rosuvastatin, 10 mg/

and the concentration of statins was quantified by LCeMS/MS. The

d as mean � SD (n Z 6).
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3.4. Validation of statins uptake by OATP1B1 overexpressed
cells

To further validate the contribution of OATP1B1 and OATP1B2 in
statins transport, we constructed OATP1B1 and OATP1B2 over-
expressed cells in vitro. The pCDH plasmid was used as a blank
control. As shown in Fig. 6A, after transfection of HEK293T cells
for 24 h, the green fluorescence was observed, indicating that the
transporters were successfully expressed. The Western blot results
also showed that OATP1B1 was highly expressed in HEK293T
cells (Fig. 6B). After incubation with statins (10 mmol/L) for 1 h,
the concentrations of pitavastatin, rosuvastatin, and fluvastatin
were detected, as shown in Fig. 6CeE. The concentration of
pitavastatin in OATP1B1 overexpressed cells was much higher
than that in pCDH cells, while there was no significant difference
in pitavastatin concentration between OATP1B1 and OATP1B2
cells. This data revealed that OATP1B1 and OATP1B2 had the
same transport capacity for pitavastatin. The transport results of
rosuvastatin and fluvastatin were similar. The concentrations of
rosuvastatin and fluvastatin in OATP1B1 overexpressed cells were
significantly higher than those in pCDH cells, but significantly
lower than those in OATP1B2 overexpressed cells. This suggests
that OATP1B1 has less transport effect on rosuvastatin and flu-
vastatin than OATP1B2.

3.5. Molecular docking of statins with OATP1B1

Our data suggest that OATP1B1 contributes differently to the
uptake of pitavastatin, rosuvastatin, and fluvastatin. Docking
simulations were performed to investigate the interaction mecha-
nism between statins and OATP1B1. The results showed that
different statins exhibited favorable docking with the transport
cavity of OATP1B1, with low predicted binding affinities of
�6.594 kcal/mol for pitavastatin, �6.582 kcal/mol for rosuvas-
tatin, and �6.227 kcal/mol for fluvastatin in the extracellular
domains (Fig. 7A), respectively. In addition, the binding energy in
the cavity of transmembrane helices (Fig. 7B) was �7.071 kcal/
mol for pitavastatin, �6.997 kcal/mol for rosuvastatin, and
�6.908 kcal/mol for fluvastatin, respectively. These results fit well
with the different binding affinities of these statins to OATP1B1.
4. Discussion

Statins have shown excellent efficacy in cardiovascular disease
treatment by reducing LDL-C, while their use is restricted to
occasional adverse events (AEs), mainly SAMS31. The occurrence
of AEs can worsen the patients’ compliance with statins, which is
not conducive to clinical benefits. Statin therapy should be
personalized, considering the individual patient characteristics and
drug-specific factors (such as metabolism and transport properties)
that may lead to AEs32. Although the use of high-intensity statins
(atorvastatin or rosuvastatin) is recommended, it is important to
recognize that the use of less-intensity statins may be needed to
reduce the risk of AEs and optimize adherence. Therefore,
studying the characteristics of statins with different intensities is
of great value for their safe use. In this study, the contribution of
OATP1B1 to rosuvastatin (high intensity), pitavastatin (moderate
intensity), and fluvastatin (low intensity) was investigated in hu-
manized rats.

Liver-humanized animals have become invaluable tools for
simulating the physiological and pathological characteristics of



Figure 6 Transport of statins in OATP1B1 overexpression cells. (A) Green fluorescence after transfection of HEK293T cells for 24 h. Scale

bars, 2000 mm. (B) Protein expression of OATP1B1 (Western blot). The concentration of pitavastatin (C), rosuvastatin (D), and fluvastatin (E) in

cell lysis. Data are shown as mean � SD (n Z 4). *P < 0.05, **P < 0.01, and ***P < 0.001.
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the human liver, and can also be used for various biomedical
applications24,25,33. Humanized OATP1B1 mice have been
generated and characterized, and considerable research has been
conducted on the function of human OATP1B1, including a series
of studies on transporter uptake of different drugs34e36. However,
for the SLCO1B1 transgenic liver, immunohistochemical staining
was strongest only around the portal vein, which is inconsistent
with its expression location in the human liver. Even more
regrettably, no functional activity was found when the pharma-
cokinetics of pitavastatin and rosuvastatin were studied23.
CRISPR/Cas9 technology plays a key role in the construction of
humanized animal models and promotes the generation of
hOATP1B1 rats. In contrast, the hOATP1B1 rats we characterized
are more similar in expression and function to the real situation in
humans. In addition, compared with mice, the physiological and
pathological characteristics of rats are also similar to those of
humans, and are widely used in human disease research37.
Moreover, rats are considered the first choice for in vivo phar-
macokinetics (including drug metabolism and transport) and
drugedrug interaction studies37,38.

OATP1B1 is crucial for hepatic uptake of numerous endoge-
nous compounds and a broad range of drug substrates18. Bilirubin
and bile acids are the most representative endogenous substrates
of OATP1B1. The absence of OATP1B2 in rats or functional
impairment of human OATP1B1 can significantly increase serum
bilirubin levels and then induce the occurrence of hyper-
bilirubinemia26,39. However, in the serum of hOATP1B1 rats,
there was no significant difference in the concentration of both
TBIL and DBIL compared to WT rats. Although the TBA content
of hOATP1B1 rats was higher than that of WT rats, it was
significantly lower than that of OATP1B2 KO rats. These results
suggest that hOATP1B1 rats have the function of transporting
endogenous substrates and can also serve as a novel model of
hyperbilirubinemia disease.

In vitro studies have shown that OATP1B1 and OATP1B3
contribute differently to the absorption of different statins in he-
patic uptake. Both OATP1B1 and OATP1B3 are expressed on the
basolateral membrane of the liver, but their specific distribution is
different40. OATP1B1 is expressed throughout the hepatic lobule,
while OATP1B3 is mainly expressed around the central vein. This
resulted in a much higher expression level of OATP1B1 than
OATP1B340,41. In addition, recent studies have shown that the role
of OATP1B3 is more complex than previously understood, and
OATP1B1 is more likely to be the true ortholog of rodent
OATP1B220,42,43. By comparing the pharmacokinetic character-
istics of statins in WT, hOATP1B1, and OATP1B2 KO rats, we



Figure 7 The binding modes and enzymeesubstrate interactions of pitavastatin, rosuvastatin, and fluvastatin with OATP1B1 in the cavity of

extracellular domains (A) and transmembrane helices (B).
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first verified the contribution of OATP1B1 to the overall uptake of
pitavastatin, rosuvastatin, and fluvastatin in rodents. Our results
showed that OATP1B1 was involved in the exposure levels of
most pitavastatin (86.3%), some rosuvastatin (49.2%), and a small
amount of fluvastatin (7.1%) in the body (Supporting Information
Table S4). Excitingly, the results we obtained are consistent with
those previously reported2,44,45. In addition, molecular docking
analysis further confirmed the binding affinities of statins with
OATP1B1. It is worth noting that the contribution of OATP1B1 to
the uptake of fluvastatin is controversial2,14,46. Most of the con-
clusions on OATP1B1 involved in partial uptake of fluvastatin
came from in vitro results (our in vitro results also reached the
same conclusion, Supporting Information Table S5). From another
perspective, the conclusions (seldom contribution) we drew from
in vivo experiments in hOATP1B1 rats are closer to the AHA
Scientific Statement2.

The guidelines developed by the U.S. Food and Drug
Administration (FDA) are important references for evaluating
drug absorption and metabolism. According to the FDA decision
tree, if the compound has active hepatocyte uptake, the uptake of
OATP1B1-overexpressed cell lines should be investigated, and the
in vivo drug interaction study with a single-dose rifampin or
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cyclosporin as perpetrator should be conducted to confirm that the
investigational drug is an OATP1B1 substrate47. The emergence of
hOATP1B1 rats will make the evaluation method more direct and
convenient. As mentioned above, numerous in vitro and clinical
studies have evaluated the impact of SLCO1B1 SNPs (especially
SLCO1B1 388 A > G and 521 T > C) on interindividual differ-
ences in drug disposition and response18. Based on hOATP1B1
rats, site-specific base mutations in the CDS region can be per-
formed to construct an SLCO1B1 SNP rat model, which will help
to identify the importance of OATP1B1.

5. Conclusions

This study characterized a novel humanized SLCO1B1 transgenic
rat model and evaluated the contribution of human OATP1B1 to
statin uptake. The hOATP1B1 rat will be a promising animal
model for improving the prediction of human drug transport.
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