
INTRODUCTION

Transporter proteins involved in translocation 
of endo- and exobiotics play one of the key roles 
in pharmacokinetic processes (absorption, distribution,
and excretion); they also participate in the transfer 
of small electroneutral molecules of through biological
membranes [1, 2].

All transporter proteins are divided into two large
groups: ABC transporters and SLC transporters. 
ABC transporters (ATP-binding cassette transporters)
use the energy of ATP to transfer substrates 
through the bilipid membrane from the cytoplasm 
to the extracellular space and biological body fluids
(the so-called efflux transporters). SLC proteins 
(solute carriers) use the difference in electrochemical
potentials or ion gradient to transfer their substrates.
That is why they are classified as secondary active
transporters. SLC transporters mainly mediate 
the entry of substances into cells, i.e. they are influx
carriers, although some can function as efflux
transporters or mediate bidirectional transport 
of substances. To date, more than 550 SLC transporters
have been identified in humans; they are divided 
into families. The family of organic anion transporting
polypeptides (OATP1) is one of the most studied and
clinically significant; it includes 3 subfamilies:
OATP1A, OATP1B, and OATP1C [3]. 

The human OATP1B1 protein (OATP2, OATP-C,
LST-1, SLC21A6) encoded by the SLCO1B1 gene 

is a 691-amino acid glycoprotein with an apparent
molecular mass of 84 kDa, which decreases 
to about 54 kDa after deglycosylation [4, 5].

OATP1B1 is localized in hepatocytes, primarily 
on the basolateral membrane, the basement membrane
of Sertoli cells, and diffusely in Leydig cells [4].
SLCO1B1 mRNA has also been detected in enterocytes,
breast cancer cells [6], ovarian carcinoma cells [1],
hepatocellular carcinoma, and other tumor cells [7]. 
In all these cells, OATP1B1 performs a single 
function: it mediates influx of substrate substances 
from the blood and intercellular space into 
the cells [8]. 

Expression of SLCO1B1/OATP1B1 is reduced 
in hepatocellular carcinoma cells [9, 10]. This may be
one of the mechanisms underlying their resistance 
to chemotherapy: a reduced content of the influx
transporter reduces the penetration of cytostatics
(OATP1B1 substrates) into tumor cells [11]. Therefore,
in order to increase the effectiveness of chemotherapy,
it is promising to search for substances that increase 
the content and activity of OATP1B1 in hepatocellular
carcinoma cells.

We have previously shown that the NO donor, 
S-nitrosoglutathione, can increase the activity 
and amount of the ABC transporter protein — 
P-glycoprotein [12]. Therefore, we suggested that 
S-nitrosoglutathione could modulate other transporter
proteins, particularly, OATP1B1. 
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The aim of this study was to evaluate the effect 
of S-nitrosoglutathione on the expression and activity
of OATP1B1 in the HepG2 cells and to study 
its possible mechanisms.

MATERIALS AND METHODS

Cell Cultivation

The study was performed using a HepG2 cell
culture (Institute of Cytology, Russian Academy 
of Sciences, St. Petersburg). The cells were 
grown at 37°C and 5% CO2 in Dulbecco's modified
Eagle's medium (DMEM) containing glucose (4.5 g/l),
4 mM L-glutamine, 10% fetal bovine serum, 
penicillin (100 U/ml), and streptomycin (100 μg/ml)
(all components from Sigma-Aldrich, Germany). 
The cells were cultured in 96-well and 6-well plates
(Corning, USA). 

S-nitrosoglutathione (Sigma-Aldrich, Germany)
was added to the culture medium at concentrations 
of 1 μM, 10 μM, 50 μM, 100 μM, and 500 μM, 
and the cells were incubated for 3 h and 24 h. 
Water for injection (S-nitrosoglutathione solvent) 
was added to the control cells in an equivalent volume.
To assess the role of the NO-sGC-cGMP signaling
pathway in the mechanism of S-nitrosoglutathione
action on OATP1B1, a sGC inhibitor, 
1H-[1,2,4]oxadiazolo-[4,3-a]quinoxaline-1-OH (ODQ,
Sigma-Aldrich, USA), was added to the culture medium
at a concentration of 10 μM 30 min before adding 
the NO donor [13].

mRNA Quantification by Real-time PCR

The SLCO1B1 gene expression in HepG2 cells
was evaluated using real-time PCR. For this purpose,
cells were cultured in 6-well plates (Corning). 
After the monolayer formation, they were 
scrapped from the wells. Total RNA was isolated 
using the RNeasy Mini Kit (QIAGEN, Germany)
according to the manufacturer's instructions. 
The RNA concentration was determined
spectrophotometrically using the NanoPhotometr
NP80-Touch (Implen, Germany). The RT-PCR reaction
was carried out by the one-step method 
using the BioMaster RT-PCR SYBR Blue kit
(Biolabmix, Russia), according to the manufacturer's
instructions. Reverse transcription conditions included:
temperature 45°C, incubation time 10 min, 
number of cycles 1. 

Primer sequences were selected using 
the DNASTAR Lasregene, PrimerSelect software. 
The following SLCO1B1 primers were used: 
5′-GGTGAATGCCCAAGAGATGAG-3′ (forward) and
5′-TGGAAACCCAGTGCAAGTGATT-3′ (reverse)
(Eurogen, Russia). The mRNA results were normalized
to expression of the reference GAPDH gene, 
encoding glyceraldehyde-3-phosphate dehydrogenase.

The following GAPDH primers were used: 
5′-GTCCCTCTGACTTCAACAGCG-3′ (forward) and
5′-ACCACCCTGTTGCTGTAGCCAA-3′ (reverse)
(Eurogen). The analysis was carried out under 
the following temperature cycling conditions:
denaturation — heating the reaction mixture to 95°C,
cooling — 53°C, elongation — 72°C. For the work, 
0.2 ml test tubes in strips of 8 pieces were used. 
The analysis was performed using an Applied
Biosystems Quant Studio 5 nucleic acid amplifier with
hybridization-fluorescence detection of PCR products
in real time (Life Technologies Holdings Pte. Ltd.,
Singapore) with QuantStudio Design and Analysis
software. The expression level of SLCO1B1 relative 
to the reference gene (GAPDH) was calculated using
LinRegPCR v.11.0 software (Heart Failure Research
Center, the Netherlands).

Determination of the Relative Amount 
of the OATP1B1 Protein by Western Blot

To assess the relative amount of OATP1B1, 
the cells were cultured in 6-well plates. After exposure,
the cells were removed from the wells with 
a trypsin-EDTA solution (0.25% trypsin and 0.2% EDTA,
Sigma-Aldrich, Germany), washed three times with 
a phosphate buffer solution (Bio-Rad, USA). The cells
were then lysed with NP40 Cell Lysis Buffer Thermo
(Thermo Fisher Scientific, USA) containing a mixture
of proteinase inhibitors (Sigma-Aldrich, Germany) 
(107 cells per 100 μl buffer) for 30 min at 4°C 
and constant stirring. The resulting lysate 
was centrifuged at 5000 g (CM-50, Eppendorf,
Germany). The supernatant was used for analysis.

Next, 30 μg of cell lysate supernatant 
proteins were subjected to electrophoresis using 
7.5% TGX Stain-Free FastCast Acrylamide Kit 
(Bio-Rad) in the Laemmli buffer system (Bio-Rad). 

Samples were mixed with the Laemmli buffer
(Bio-Rad) containing 50 mM β-mercaptoethanol 
(Bio-Rad) at a ratio of 1:3 and incubated 
for 10 min at 70°C. Electrophoresis was performed 
at 100 V for 90 min.

Proteins were transferred to a nitrocellulose
membrane (Trans-Blot Turbo Mini-Size nitrocellulose,
Bio-Rad) using a Mini Trans-Blot (Bio-Rad) 
for 7 min at 25 V and 1.3 A.

Proteins on the membrane were blocked with 
1% Casein Blocker (Bio-Rad) containing 0.1% Tween
for 1 h at room temperature.

Detection of OATP1B1 was performed 
using primary mouse monoclonal antibodies 
(OATP2 Polyclonal Antibody, Invitrogen, USA) 
at a dilution of 1:200 in a blocking solution 
for 2 h at 37°C. Visualization of primary antibodies 
was performed using secondary rabbit antibodies
(Rabbit-anti-Mouse IgG (H+L) Secondary Antibody,
HRP, Invitrogen) at a dilution of 1:4000 and incubation
for 1 h at room temperature. 
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Chemiluminescence was detected using
ChemiDocXRS+ (Bio-Rad). The intensity 
of the resulting bands was analyzed densitometrically
using ImageLab software (Bio-Rad). 

The molecular mass of OATP1B1 was confirmed
by comparison with molecular mass markers 
(Precision plus protein standards Dual Color, Bio-Rad).

The OATP1B1 content was estimated relative 
to the GAPDH protein by using primary antibodies
GAPDH Loading Control Monoclonal Antibody
(GA1R), DyLight 68 (Invitrogen; dilution 1:1000), 
and secondary rabbit antibodies — Rabbit-anti-Mouse
IgG (H+L) Secondary Antibody, HRP (Invitrogen;
dilution 1:4000).

Determination of OATP1B1 Activity by HPLC MS/MS

OATP1B1 activity was analyzed by the penetration
of the transporter substrate into HepG2 cells. To estimate
the effect of S-nitrosoglutathione on OATP1B1 activity,
the cells were cultured in 24-well plates. After reaching
a monolayer, S-nitrosoglutathione was added to the cells
at concentrations of 1 μM, 10 μM, 50 μM, 100 μM, 
and 500 μM and incubated at 37°C for 24 h. 
After incubation, transport experiments were
performed. For this, the cells were washed once 
with a transport medium heated to 37°C. The medium
contained Hanks' solution (Sigma-Aldrich, Germany)
buffered with 25 mM Hepes, pH 7.4 (Sigma-Aldrich,
Germany), and 1% dimethyl sulfoxide (PanEco,
Russia). Then, the OATP1B1 substrate, atorvastatin 
(1 μM, Sigma-Aldrich, USA), was added to the cells,
which were incubated for 5 min. The reaction 
was stopped by removing the transport medium followed
by cell washing with 500 μl of the ice-cold transport
medium. The cells were then washed three times 
with 500 μl of ice-cold phosphate buffer (PanEco).
Cells were lysed by freeze-thaw three times (cells were
frozen at -80°C and then thawed at room temperature).
The concentration of atorvastatin in the resulting 
cell lysates was determined by HPLC-MS/MS [14]. 

To extract atorvastatin from the samples, 
300 μl of acetonitrile containing an internal standard
(10 ng/ml valsartan, Sigma, USA) was added 
to 300 μl of cell lysate and mixed using 
a Vortex shaker (Heidolph, Germany). The samples
were then centrifuged at 21,000 g for 10 min at 4°C
using an Avanti JXN-3 high-speed centrifuge
(Beckman Coulter, USA). The supernatant 
was transferred to 1 ml vials (Thermo Fisher Scientific)
and placed in an autosampler. The analysis 
was performed on an Ultimate 3000 high-performance
liquid chromatograph (Thermo Fisher Scientific) 
with a TSQ Fortis tandem mass-selective detector
(Thermo Fisher Scientific), a gradient pump, a degasser,
and an autosampler.

The chromatographic analysis conditions 
were as follows: Selectra C18 Guard Cartridges 

SLC-18GDC46-5UM precolumn, UCT Selectra C18
4.6 mm × 100 mm, 5 μm, 100 Å chromatographic
column, and column thermostatting at 35°C.

A gradient elution mode was used. The molecules
were ionized using electrospray positive ionization mode
at atmospheric pressure. The spray voltage was 3500 V.
The substance was detected in the following mode:
sheath gas — 50 l/min, auxiliary gas —- 10 l/min,
sweep gas — 1 l/min, the temperature of the ion transfer
tube was 300°C, the evaporator temperature was 350°C.
The substance was detected according to the following
conditions: atorvastatin — positive ionization mode,
559.30 m/z → 466.20 m/z, collision energy — 17 V,
source fragmentation — 0, CID gas (collision-induced
dissociation gas) — 2 mTorr; 559.30 m/z → 440.20 m/z,
collision energy — 32 V, source fragmentation — 0,
CID gas — 2 mTorr; valsartan 436.2 m/z → 206.3* m/z
(used for quantitative analysis), collision energy — 27 V,
source fragmentation — 0, CID gas — 2 mTorr;
valsartan 436.2 m/z → 234.9 m/z, collision 
energy — 18 V, lens voltage — 104 V, source
fragmentation — 0, CID gas — 2 mTorr; 
flow rate 0.3 ml/min; samples were injected into 
the chromatograph in a volume of 2 μl. The analysis
was carried out for 10 min. Under these conditions, 
the retention time for atorvastatin and valsartan 
was 4.53 min and 4.45 min, respectively. The results
were recalculated per protein content and expressed 
in pmol/mg/min.

The obtained results were analyzed using 
StatSoft Statistica 13.0, Microsoft Excel, 
GraphPad Prism8. The statistical significance 
of differences was assessed by ANOVA, the exact value
of the Fisher criterion (F) was indicated in the text, 
the critical level of significance was taken at p<0.05. 

Paired comparisons with the control were
performed using the Dunnett test. The results in the table
and figures are presented as the arithmetic mean 
and standard deviation (M±SD). Differences were
considered statistically significant at p<0.05. 

RESULTS

The Effect of S-Nitrosoglutathione 
on the SLCO1B1 Gene Expression

At the first stage of the study, we have investigated
SLCO1B1 expression in HepG2 cells. Cell incubation
with all tested concentrations of S-nitrosoglutathione
(1–500 μM) for 3 h insignificantly influenced 
the studied parameter (F = 2.85, p = 0.08) (Fig. 1a).
Incubation for 24 h significantly increased SLCO1B1
expression (F = 225, p<0.0001); in the presence 
of 10 μM S-nitrosoglutathione SLCO1B1 expression
demonstrated a 40-fold increase (p<0.0001), while 
in the presence of 100 μM and 500 μM 
S-nitrosoglutathione a ten-fold increase (p = 0.0003) 
in SLCO1B1 expression was observed (Fig. 1b). 
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The Effect of S-Nitrosoglutathione on the Relative
Content of the OATP1B1 Transporter Protein

Similar results have been obtained during
evaluation of the S-nitrosoglutathione effect 
on the relative content of the OATP1B1 protein. 
The 3-h incubation of cells with all tested concentrations
of S-nitrosoglutathione (1–500 μM) insignificantly
influenced the relative content of OATP1B1 

(F = 3.18, p = 0.09) (Fig. 2a). Incubation for 24 h 
with 1 μM S-nitrosoglutathione had no effect 
on the OATP1B1 content, while higher concentrations
of S-nitrosoglutathione increased the studied parameter:
at 10 μM, 50 μM, 100 μM, and 500 μM 
S-nitrosoglutathione the OATP1B1 content increased
(F = 19.0, p < 0.0001) by 136.7% (p = 0.0003), 
154.1% (p < 0.0001), 124.5% (p = 0.0006), and 
131.6% (p = 0.0004), respectively (Fig. 2b).
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Figure 1. Relative abundance of amplicons of the SLCO1B1 gene in HepG2 cells exposed to S-nitrosoglutathione 
for 3 h (a) and 24 h (b) and evaluated by real-time quantitative PCR analysis. * – p<0.001 relative to control.

Figure 2. The relative content of organic anion transporting polypeptide 1B1 (OATP1B1) in HepG2 cells treated with
1–500 μM S-nitrosoglutathione for 3 h or 24 h. * – p<0.001 relative to control. Photographs of the bands were obtained
using ChemiDocXRSt (a). Densitometric analysis was performed using ImageLab software (b).



The Effect of S-Nitrosoglutathione 
on the OATP1B1 Activity 

The 24-h incubation with 10 μM, 50 μM, and 
100 μM S-nitrosoglutathione increased atorvastatin
penetration into HepG2 cells (F = 10.4, p < 0.0005) 
by 27.8% (p=0.02), 41.8% (p=0.001), 21.8% (p=0.06),
respectively; however, the effect was not observer after
24-incubation with 500 μM S-nitrosoglutathione (p>0.5)
(Table 1).

The results obtained indicate an increase 
in OATP1B1 activity induced by S-nitrosoglutathione. 

The increase in the relative amount of OATP1B1
was accompanied by an increase in the activity 
of the transporter protein.

The Mechanism of OATP1B1 Regulation 
by S-Nitrosoglutathione

Incubation of HepG2 cells with the sGC inhibitor,
ODQ, alone did not influence the relative content 
of the OATP1B1 protein (Fig. 3a). At the same time,

when the sGC inhibitor ODQ was added 
to S-nitrosoglutathione, it prevented an increase 
in the OATP1B1 content so that the transporter level
did not differ from the control values (Fig. 3b). 
The obtained results indicate the involvement 
of the NO-sGC-cGMP biochemical cascade 
in the regulation of the relative content of OATP1B1
induced by S-nitrosoglutathione.

DISCUSSION

HepG2 is a human hepatocellular carcinoma 
cell line with epithelial phenotype; it was derived 
from the liver tissue of a 15-year-old white male [15].
The HepG2 cell line is one of the most widely used
cancer cell lines in many biomedical studies 
due to its versatility. As a human endodermal cell line,
HepG2 is used as a model for toxicological studies,
including toxicogenomic screens using CRISPR-Cas9,
oncology, liver diseases, gene regulation mechanisms,
biomarker discovery, and drug metabolism, 
including those involving the OATP1B1 transporter
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Table 1. The effect of S-nitrosoglutathione on atorvastatin accumulation inside HepG2 cells (pmol/mg/min, M±SD, n=3)

* - p<0.05 versus control, # - р=0.06 versus control.

Figure 3. The relative amount of organic anion transporting polypeptide 1B1 (OATP1B1) in HepG2 cells treated 
with 10 μM ODQ alone and in combination with 1–500 μM S-nitrosoglutathione for 24 h. Photographs of the bands
were obtained using ChemiDocXRSt (a). Densitometric analysis was performed using ImageLab software (b).

Control
S-nitrosoglutathione, µM 

1 10 50 100 500
Atorvastatin accumulation,
pmol/mg/min 4.78±0.49 4.62±0.36 6.11±0.13*

p=0.02
6.76±0.77*

p=0.001
5.82±0.41#

p=0.07
4.79±0.42



protein [16, 17]. That is why the HepG2 cell line 
was chosen to study the molecular mechanisms 
of OATP1B1 regulation upon exposure to the nitric
oxide donor S-nitrosoglutathione.

OATP1B1 is an influx transporter protein that plays
an important role in the penetration of its substrates 
into hepatocytes and a number of other cells. Substrates
of this transporter include such drugs as statins,
angiotensin-converting enzyme inhibitors, sartans,
cytostatics and a number of other substances [18].
OATP1B1 is involved in the transport of bilirubin and 
a decrease in its activity can lead to the development 
of jaundice [19]. OATP1B1 expression in tumor cells
promotes the penetration of cytostatic substrates into
cells; it is reduced in hepatocellular carcinoma cells [11].
Therefore, the use of OATP1B1 inducers could
theoretically increase the effectiveness of antitumor
therapy [20, 21]. 

The present study has shown that the NO donor, 
S-nitrosoglutathione, increased OATP1B1 expression
and activity in HepG2 cells treated with it for 24 h. 
S-nitrosoglutathione increased the SLCO1B1 mRNA
and the relative content of its protein product,
OATP1B1, as well as the penetration of the OATP1B1
substrate (atorvastatin) into HepG2 cells thus indicating
an increase in the transporter activity. 

At present, several mechanisms of regulation 
have been described for OATP1B1 [1]; these include:
1) direct inhibition of OATP1B1;
2) transcriptional regulation;
3) post-transcriptional regulation;
4) post-translational regulation (glycosylation,
ubiquitination, regulation by protein kinases);
5) polymorphism of the SLCO1B1 gene. 

In the range of concentrations 10–500 μM, 
S-nitrosoglutathione increased the SLCO1B1 mRNA
level and the amount of OATP1B1 protein. 
This indicates that in HepG2 cells the increase 
in the OATP1B1 protein content is regulated 
by the expression of the SLCO1B1 gene. 

At the same time, treatment with 
500 μM S-nitrosoglutathione increased SLCO1B1
expression and the OATP1B1 content but did not change
the transporter activity. This latter may be probably
associated with a structural modification 
of the transporter protein (nitrosylation of its amino acid
residues) under conditions of NO hyperproduction [12]. 

S-nitrosoglutathione is an endogenous 
S-nitrosylated derivative of glutathione [22], which 
is involved in various biochemical processes that
control homeostasis. S-nitrosoglutathione is believed 
to be a NO donor; it can activate the classical 
sGC-cGMP-dependent signaling pathway or cause
nitrosylation of certain proteins [23].

Taking these circumstances into account, 
in the final part of the study, we have evaluated 

the role of the NO-sGC-cGMP signaling pathway 
in the S-nitrosoglutathione induction of OATP1B1. 
For this purpose we used a specific sGC blocker, ODQ,
as the inhibitor of the NO-cGMP signaling pathway.
ODQ is known to oxidize the heme moiety in sGC
without affecting the catalytic domain, thereby
reducing sGC activity [24]. In our experiments 
ODQ alone did not influence the OATP1B1 content,
but in combination with S-nitrosoglutathione treatment
(1–500 μM) for 24 h, it prevented an increase 
in the relative content of OATP1B1. The obtained
results indicate involvement of the NO-sGC-cGMP
biochemical cascade in the regulation of the relative
content of OATP1B1 during cell treatment 
with S-nitrosoglutathione. 

A limitation of this study is that the study was
performed on one HepG2 cell line and the OATP1B1
activity has been assessed by the penetration 
of atorvastatin into the cells, which is also a substrate
for another transporter, OATP1B3 [25]. However, 
at the moment there are no selective substrates 
of OATP1B1, and to study the effect on OATP1B1, 
it is necessary to use recombinant cell lines selectively
overexpressing the studied transporter. The disadvantage
of this approach is the lack of regulatory pathways 
in these cell lines, which are present in hepatocytes.
Alternatively or simultaneously it is possible 
to use an OATP1B3 inhibitor in such experiments, 
but there are also not so many of these substances and
their selectivity is questionable.

CONCLUSIONS

Thus, the study has shown that S-nitrosoglutathione,
acting through the NO-sGC-cGMP signaling pathway,
increases the SLCO1B1 gene expression, causing 
an increase in the content of its protein product 
and as a consequence, its transporter activity. 
The data obtained on the inducing effect 
of S-nitrosoglutathione on OATP1B1 can be useful 
for increasing the effectiveness of hepatocellular
carcinoma therapy by increasing the penetration 
of cytostatic OATP1B1 substrates into cancer cells.
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ИНДУЦИРУЮЩЕЕ ВЛИЯНИЕ S-НИТРОЗОГЛУТАТИОНА 
НА ЭКСПРЕССИЮ И АКТИВНОСТЬ ПОЛИПЕПТИДА, ТРАНСПОРТИРУЮЩЕГО

ОРГАНИЧЕСКИЕ АНИОНЫ 1В1 В КЛЕТКАХ ЛИНИИ HepG2

О.Н. Сучкова1, Ю.В. Абаленихина1*, А.В. Щулькин1, П.Ю. Мыльников1, 
Ф.Т. Гаджиева1, П.Д. Кочанова1, М.Г. Узбеков2, Е.Н. Якушева1

1Рязанский государственный медицинский университет имени академика И.П. Павлова, 
390026, Рязань, ул. Высоковольтная, 9; *эл. почта: abalenihina88@mail.ru

2Московский научно-исследовательский институт психиатрии, Москва

В исследовании на клетках линии HepG2 изучено влияние донора оксида азота S-нитрозоглутатиона 
на количество и активность полипептида, транспортирующего органические анионы 1В1 (ОАТР1В1), 
а также экспрессию гена SLCО1B1, кодирующего белок-транспортер. В ходе работы было установлено, 
что при воздействии в течение 3 ч S-нитрозоглутатион не влиял на количество и активность ОАТР1В1. 
При инкубации в течение 24 ч S-нитрозоглутатион (10–500 мкМ) увеличивал экспрессию SLCO1B1 и
количество OATP1B1, что сопровождалось повышением активности белка-транспортера. Индукцию 
белка ОАТР1В1 под действием донора NO подавлял ингибитор растворимой гуанилатциклазы (рГЦ) — 
ODQ (1H-[1,2,4]оксадиазоло-[4,3-а]хиноксалин-1-OH) в концентрации 10 мкМ. Таким образом, 
в ходе выполненного исследования установлено, что S-нитрозоглутатион, действуя через сигнальный путь 
NO-рГЦ-сGMP, повышает экспрессию гена SLCO1B1, что вызывает увеличение количества белка-транспортера
и, как следствие, его активности.

Полный текст статьи на русском языке доступен на сайте журнала (http://pbmc.ibmc.msk.ru).
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