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Abstract. Proton‑coupled oligopeptide transporter 1 (PEPT1) 
is a membrane protein which expressed predominantly in 
intestine and recognized as the target of dietary nutrients 
(di/tripeptide) or peptidomimetic drug for delivery. The infor-
mation on the existence of PEPT1 in carcinomas were limited. 
Our study aimed to investigate the expression profile and trans-
port activity of PEPT1 both in human hepatocarcinoma tissues 
and cell lines. Western blotting and an immunofluorescence 
assay revealed the high level of PEPT1 protein expression in 
hepatocarcinoma Bel‑7402, SMMC‑7721, HepG2, HEP3B, 
SK‑HEP‑1 cell lines. Quantitative real time PCR showed 
the mRNA expression of PEPT1 in Bel‑7402, SMMC‑7721, 
HepG2, HEP3B, SK‑HEP‑1 cells. High level PEPT1 expres-
sion in hepatocarcinoma patient samples were observed by 
Immunohistology and showed a significant correlation between 
protein level and pathological grade. Functional activities were 
also studied using D‑Ala‑Lys‑AMCA (a substrate of peptide 
transporter) in above five hepatocarcinoma cell lines. The 
uptake tests performed by fluorescent microscopy suggested 
that PEPT1 can transport both D‑Ala‑Lys‑AMCA into the 
hepatocarcinoma cells and the uptake can be competitively 
inhibited by three PEPT1 substrates (Gly‑sar, Gly‑gln and 
Glyglygly). In conclusion, our findings provided the novel 
information on the expression and function of PEPT1 in 
human hepatocarcinoma and expanded the potential values for 
tumor specific drug delivery.

Introduction

Primary hepatocarcinoma, which arises from liver cells or 
intrahepatic bile duct epithelial cells, is one of the most fatal 
types of malignant tumors worldwide (1), causing 250,000 
to 1,000,000 mortalities per year, and has become the fifth 
and seventh most common malignant tumor in males and 
females, respectively (2). The majority of hepatocarcinoma 
cases occur in a number of developing countries (3). China 
has the highest morbidity and mortality associated with hepa-
tocarcinoma; the number of patients with hepatocarcinoma 
in China accounts for 54% of the cases worldwide (4). The 
preferred treatment for hepatocarcinoma is liver resection, 
but this is restricted to early stages of hepatocarcinoma (5). 
Due to the difficulty of early detection, the rapid progres-
sion of the disease and the fact that the majority of patients 
exhibit liver cirrhosis, only a limited number of patients are 
able to undergo surgery, resulting in the majority of patients 
exhibiting a poor prognosis (6). Therefore, the identification 
of a specific tumor marker, for early diagnosis and targeted 
therapy, is required.

Proton‑coupled oligopeptide transporter 1 (PEPT1) is one 
of the four members of the peptide transporter superfamily in 
mammalian cells (7). PEPT1 is expressed predominantly in 
the intestine and mediates the absorption of dietary nutrients 
(di/tripeptide) or peptidomimetic drugs (8). As PEPT1 is able 
to transport a broad spectrum of substrates, it is an attractive 
target for drug delivery  (9). Previous studies on the pres-
ence and function of PEPT1 in carcinomas was limited in a 
number of carcinoma cell lines, including colon carcinoma 
Caco‑2 cells  (10), pancreatic carcinoma cell lines AsPc‑1 
and Capan‑29 (11), gastric cancer (12), prostate cancer (13,14) 
and fibroblast‑derived tumor cells (15), which indicates that 
PEPT1 may be expressed in other types of cancer cells. The 
overexpression of PEPT1 in cancer cells may enable the 
identification of a specific pathway for therapeutic agents to 
exploit. Therefore, clarifying the expression patterns of PEPT1 
in other types of cancer cell may expand the value of peptide 
transporters in cancer therapy.
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In the present study, the expression profile and function of 
PEPT1 in hepatocarcinoma were investigated in hepatocarci-
noma cells and tissues. The results of the present study may 
provide novel information on the expression and function of 
PEPT1 in human hepatocarcinoma, and expand the values 
for hepatocarcinoma early diagnosis and tumor specific drug 
delivery.

Materials and methods

Materials. D‑Ala‑Lys‑AMCA (2.5 mg/ml) was purchased 
from BIOTREND Chemikalien GmbH (Köln, Germany), 
and glycine (Gly)‑sarcosine (Sar), Gly‑glutamine (Gln) and 
Gly‑Gly‑Gly were obtained from Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany). The PCR primers used in the present 
study were synthesized by Integrated DNA Technologies, Inc. 
(Coralville, IA, USA). A rabbit polyclonal antibody against 
PEPT1 (anti‑PEPT1 antibody; catalog no. 78020; dilution, 
1:50) was provided by Abcam (Cambridge, UK). Additionally, 
the human liver cancer Bel‑7402, SMMC7721, Hep3B, 
HepG2, and SK‑HEP‑1cell lines, the human gastric cancer 
BGC‑823 cell line and the human colon cancer Caco‑2 cell 
line were obtained from the Academia Sinica Cell Repository 
(Shanghai, China).

Cell culture. Bel‑7402 cells were grown in RPMI‑1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
containing 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.), whereas SK‑HEP‑1 cells were cultured 
in Dulbecco's modified Eagle medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc.) medium containing 10% FBS, 
100 U/ml penicillin and 100 µg/l streptomycin. Concurrently, 
SMMC7721, Hep3B, HepG2 and Caco‑2 cell lines were 
maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 1% 100 µg/ml penicillin (Sigma‑Aldrich; Merck KGaA) 
and 100 µg/ml streptomycin (Sigma‑Aldrich; Merck KGaA). 
All of the cells were maintained at 37˚C in 5% CO2. The 
culture media were changed every other day, and cells were 
passaged once they reached 80‑90% confluence, at which 
point the cells were collected for protein or RNA extraction.

Immunofluorescence of cell lines. Subsequent to attach-
ment onto a plate, 1x105 cells/ml (Bel‑7402, SK‑HEP‑1, 
SMMC7721, Hep3B, HepG2 and Caco‑2) were washed 
with medium, fixed with 4% paraformaldehyde for 5 min 
at room temperature, washed three times with PBS, treated 
with bovine serum albumin, (Wuhan Boster Biological 
Technology, Ltd., Wuhan, China) for 1 h, and subsequently 
incubated with the rabbit anti‑humananti‑PEPT1 primary 
antibody (1:50 dilution) overnight at 4˚C. Following three 
washes with PBS, the cells were incubated with a fluorescent 
goat anti‑rabbit IgG secondary antibody (dilution, 1:100; 
catalog no. ZF036; Beijing ZSGB‑BIO Co. Ltd., China) for 
1 h at 37˚C, washed with PBS, stained with DAPI (5 µg/ml) 
for 5 min at room temperature, fixed, mounted, and observed 
using a fluorescent microscope (magnification, x20) to 
determine blue (nucleus) and red (PEPT1) fluorescence. Each 
experiment was repeated three times and Caco‑2 cell lines 
was used as the positive control.

Western blotting. All the cell types (Bel‑7402, SK‑HEP‑1, 
SMMC7721, BGC‑823, Hep3B, HepG2 and Caco‑2) were 
seeded (1x107 cells/ml) in 100‑mm cell culture dishes. Total 
protein was then extracted from the cells using 1% Nonidet 
P‑40 lysis buffer (Sigma‑Aldrich; Merck KGaA). The protein 
concentration was measured using the Lowry method. The 
protein lysates (30 µg protein/lane) were subsequently sepa-
rated using 10% SDS‑PAGE and transferred to polyvinylidene 
fluoride membranes (PVDF; EMD Millipore, Billerica, MA, 
USA). The blocking reagent used was 5% bicinchoninic acid, 
and the PVDF membranes were blocked at 37˚C for 1  h. 
These membranes were incubated with the primary antibody, 
as aforementioned (dilution, 1:100), followed by incubation 
with a horseradish peroxidase‑conjugated secondary antibody 
(dilution, 1:100; catalog no. ZB‑2301; Beijing ZSGB‑BIO Co. 
Ltd) at room temperature. Protein expression was visualized 
using a Super Signal Protein Detection kit (Pierce; Thermo 
Fisher Scientific, Inc.). The membranes were then stripped 
and re‑probed with anti‑PEPT1 (dilution, 1:1,000), and an 
anti‑β‑actin primary antibody (dilution, 1:1,000; catalog 
no.  sc‑47778; Santa Cruz Biotechnology, Inc.) served as a 
loading control. Each experiment was repeated three times.

Reverse transcription‑quantitative‑polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from all of the 
cell types (Bel‑7402, SK‑HEP‑1, SMMC7721, BGC‑823, Hep3B, 
HepG2 and Caco‑2) using the TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and then used for cDNA 
synthesis by RT with M‑MLV Reverse Transcriptase (Promega 
Corporation, Madison, WI, USA) in a total volume of 10 µl 
according to the manufacturer's protocol. The reverse transcrip-
tion RT‑PCR products were separated by electrophoresis on a 
2% agarose gel. The gel was then stained with ethidium bromide, 
digitally photographed, and scanned with a UVI gel analysis 
system (UVItec, Cambridge, UK). Using a 7500 ABI RT‑PCR 
machine (Applied Biosystems; Thermo Fisher Scientific, Inc.), 
expression levels were quantitatively analyzed. The TaqMan 
assay kit (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) was used to detect gene expression. Quantification was 
also performed using amplification efficiencies derived from 
cDNA standard curves to obtain the relative gene expression. 
The data are presented as fold changes (2‑ΔΔCq) (16) and were 
initially analyzed using the Opticon Monitor V2.02 analysis 
software (MJ Research; Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). Specific RT‑PCR primers were obtained from Fulen 
Gene BioEngineering Inc. (Guangdong, China). The primers for 
PEPT1 were 5'‑GCT​CGG​TTC​TAT​ACT​TAC​ATC‑3' (forward) 
and 5'‑TCC​ATC​CTC​CAC​TTG​CCT‑3' (reverse)  (10). The 
primers for GAPDH as the reference gene were: 5'‑AGG​TCG​
GTG​TGA​CGT​TAC​GG‑3' (forward) and 5'‑GGG​GTC​GTT​
GAT​GGC​AAC​AA‑3' (reverse). Each was performed in tripli-
cate. The thermocycling conditions were as follows: 95˚C for 
3 min; 45 cycles of 95˚C for 15 sec, 58˚C for 30 sec and 72˚C for 
30 sec; and 72˚C for 2 min.

Verification of D‑Ala‑Lys‑AMCA. D‑Ala‑Lys‑AMCA is a 
known PEPT1 substrate that emits blue fluorescence. All cell 
types were cultured in 24‑well plates for 1 day, and the culture 
medium was then aspirated. Following one wash with PBS, 
D‑Ala‑Lys‑AMCA (1 mM in PBS) was added for 2 h at 37˚C. 
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D‑Ala‑Lys‑AMCA fluorescence was then observed through a 
fluorescence microscope (magnification, x20).

The uptake of D‑Ala‑Lys‑AMCA was detected under 
different conditions. First, the uptake of D‑Ala‑Lys‑AMCA at 
different times (0, 15, 30, 60, 120 and 180 min) but at the same 
pH value (6.0) and concentration (25 µmol/l) was detected. 
Second, D‑Ala‑Lys‑AMCA uptake at different pH levels (5.4, 
6, 7.4 and 8.4) but at the same time (2 h) and concentrations 
(25 µmol/l) was detected. Third, the effects of different initial 
concentrations of D‑Ala‑Lys‑AMCA (25, 50 and 150 µmol/l) 
were analyzed, and these tests were performed at a pH of 6.0 for 
2 h. Inhibition tests were conducted by pre‑incubating the cells 
with competitive compounds (Gly‑Sar, Gly‑Gln, Gly‑Gly‑Gly) 
for 30 min and then with D‑Ala‑Lys‑AMCA (25 µmol/l) for 
1 h at 37˚C prior to the detection of fluorescence. Subsequent 
to removing the buffer and rapidly washing 3  times with 
ice‑cold PBS, the cellular uptake of D‑Ala‑Lys‑AMCA 
was examined with a BioTek Synergy 2 Multi‑Mode reader 
(BioTek Instruments, Inc., Winooski, VT, USA) with excita-
tion at 350 nm, and emission at 460 nm. All analyses were 
performed in triplicate.

Immunohistochemistry and immunofluorescence staining. 
A total of 82 human hepatocarcinoma tissue chips were 
purchased from Xi'an Alenabio Technology Co., Ltd. (Xi'an, 
China), which included 50 cases of hepatocarcinoma tissues 
(pathological grade 1, 4 cases; grade 2, 20 cases; and grade 3, 
26 cases), 13 cases of adjacent cancer tissues and 19 cases 
of normal liver tissues. Pathological grades 1, 2 and 3 were 
equivalent to well‑, moderately‑ and poorly‑differentiated, 
respectively (17). The expression of PEPT1 in these tissues 
was detected by immunohistochemistry. For immunohis-
tochemical staining, formalin‑fixed tissue samples were 
prepared as paraffin‑embedded sections (thickness, 3 µm), 
and immunostaining of the sections was performed using 
the avidin‑biotin‑complex method: Primary antibody 
directed against PEPT1 (1:100 dilution) was diluted in PBS 
with 0.1% Tween and incubated with the sections overnight 
at 4˚C. The sections were then incubated with biotinylated 
secondary antibodies (dilution, 1:100; catalog no. ZB‑2010; 
Beijing ZSGB‑BIO Co. Ltd.) for 1 h at 37˚C, followed by the 
avidin‑biotin complex for an additional 1 h at 37˚C. Protein 
expression was detected via coloration with 3,3'‑diaminoben-
zidine in buffer, and the sections were counterstained with 
hematoxylin (2 mg/ml) at room temperature for 5 min. Using a 
microcamera computational image analysis system (Cellsens 
standard; version 1.6; Olympus Corporation, Tokyo, Japan), a 
nucleus or cytoplasm containing brown‑colored particles was 
considered positive. A total of five high‑power fields were 
randomly selected for each group, and a total of 250 cells 
were counted. Sections with no labeling, or with <5% labeled 
cells, were scored as 0. Sections with 5‑30% positive cells 
were scored as 1, 31‑70% positive cells as 2, and ≥71% posi-
tive cells as 3. Staining intensity was scored similarly, with 0 
for negative staining, 1 for weakly positive, 2 for moderately 
positive, and 3 for strongly positive. Scores for the percentage 
of positive tumor cells and staining intensity were used to 
generate an immunoreactive score for each specimen. The 
quantity and intensity scores were calculated such that a final 
score of 0‑1 indicated negative expression (‑), 2‑3 indicated 

weak expression (+), 4‑5 indicated moderate expression (++), 
and 6 indicated strong expression (+++) (11).

Statistical analysis. Significance of Kaplan‑Meier statistics 
was tested by calculating the log‑rank. Data are expressed as 
the mean ± standard deviation. SPSS software (version 16.0; 
SPSS, Inc., Chicago, IL, USA) was used for all calculations. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Immunofluorescence. Cell nuclei were labeled with blue 
fluorescence and red fluorescence indicated the presence of 
PEPT1 using the image system Cellsens standard (version 1.6; 
Olympus Corporation). All types of liver cancer cells emitted 
red fluorescence, as determined using microscopy (Fig. 1).

Western blotting. The results demonstrated that PEPT1 was 
expressed in the five liver cancer cell types studied (Bel‑7402, 
SMMC7721, Hep3B, HepG2 and SK‑HEP‑1) to different 
degrees with SK‑HEP‑1 cells expressing the highest levels of 
PEPT1 (Fig. 1).

RT‑qPCR. The results revealed that increased PEPT1 mRNA 
expression was present in the majority of liver cancer cells 
compared with Caco2 cell lines. Furthermore, a markedly 
increased expression of the PEPT1 protein was observed in 
HepG2 cells compared with the other cell types, as determined 
by RT‑qPCR (Fig. 1).

Verification of D‑Ala‑Lys‑AMCA
Fluorescence of D‑Ala‑Lys‑AMCA. D‑Ala‑Lys‑AMCA is a 
well‑known PEPT1 substrate that emits blue fluorescence. The 
results of the present study validated that D‑Ala‑Lys‑AMCA 
may be transported into liver cancer and Caco‑2 cells, on the 
basis of the emission of blue fluorescence (Fig. 2).

Uptake of D‑Ala‑Lys‑AMCA. The uptake of Ala‑Lys‑AMCA 
was time‑dependent and also concentration‑dependent, but 
not pH‑dependent. The maximum uptake occurred at a pH 
value of 7.4. Additionally, uptake was significantly decreased 
by the presence of Gly‑Sar, Gly‑Gln or Gly‑Gly‑Gly inhibitors 
(Fig. 3).

Immunohistochemistry. The results suggested that each group 
exhibited PEPT1 expression to different degrees (Fig.  4). 
Specifically, the expression of PEPT1 in hepatocarcinoma 
tissue was significantly higher compared with the expression 
observed in adjacent and normal liver tissue samples (P=0.0193 
and P=0.0057, respectively, Table I). Significant differences in 
the expression of PEPT1 between three different pathological 
grades of liver cancer were observed, with tissues with a higher 
pathological grade demonstrating greater expression of PEPT1 
(P=0.0093; Table II).

Discussion

Hepatocarcinoma is one of the most common malignant tumors 
worldwide  (17). Each year, >700,000 incident patients are 
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diagnosed, and ~250,000 people succumb to liver cancer (18). 
In China, the hepatocarcinoma incidence is expected to 
markedly increase over the prospective decades, due to the 
increasing incidence of viral hepatitis infection, which is one 
of the most important pathogenic factors for the development 
of hepatocarcinoma (19). The preferred treatment for hepato-
carcinoma is liver resection, but this treatment is restricted to 
patients with the very early stages of hepatocarcinoma (5). Due 
to the difficulty associated with achieving early diagnosis, the 
rapid progression of the disease and the fact that the majority of 
patients exhibit liver cirrhosis, few patients are able to undergo 
the operation, resulting in the majority of patients having a 
poor prognosis. Thus, non‑operative therapy is an important 
treatment strategy for advanced hepatocarcinoma  (19). At 
present, chemotherapy drugs commonly used in the clinical 
treatment of primary hepatocarcinoma include 5‑fluorouracil, 
mitomycin, doxorubicin and epirubicin, among others (20). 
However, as chemotherapy is not specific to tumor cells, it 
may also affect normal cells and result in serious adverse 
effects. Transcatheter arterial chemoembolization and other 
local treatments may transport drugs directly to lesions, but 

the effects of the dissemination of satellite foci and portal vein 
tumor thrombi are limited, and these therapies rarely control 
metastases that are distant from the lesions (21). Sorafenib is 
one targeted agent that serves an essential role in the treatment 
of advanced hepatocarcinoma , but high concentrations are 
required (22). Other novel targeted agents remain in the trial 
stage and require additional investigation (23). Therefore, the 
currently available therapies offer limited benefits to patients. 
As a result, there is a need for the development of novel and 
improved therapeutic strategies.

A targeted drug delivery system that may be used as an 
effective specific treatment may have good application pros-
pects. In particular, targeted drug delivery is a system that 
uses a drug carrier that transports chemotherapy drugs to the 
specific location of a tumor, and may achieve directional and 
focal inhibition of the tumor cells, thus causing less injury 
to normal cells. This system has numerous advantages. For 
example, the drug maybe specifically transported to the target 
area, reach the maximum drug concentration in the target area, 
and react directly at the lesion site. Thus, this may promote the 
highest treatment effects with minimal toxic effects on normal 
cells, resulting in increased overall efficacy, safety and patient 
compliance with chemotherapy (24). The identification of a safe 
and effective targeted drug carrier is a focus of ongoing study.

Previous studies have suggested that peptide‑targeted gold 
nanoparticles may serve as drug carriers for the treatment 
of brain cancer  (25) and that biodegradable nanoparticles 
may deliver docetaxel to airway cancer cells in a targeted 
manner (26). In addition, a study of drug carriers for prostate 
cancer revealed that a peptide‑drug conjugate exhibited mark-
edly higher uptake by prostate cancer cells in comparison 
with the parent drug (27). Thus, the selection of an effective 
targeted carrier based on its specific oligopeptide transport 
activity is essential (28). If PEPT1 is specifically expressed in 

Figure 1. Expression of PEPT1 determined usingm (A) immunofluorescence 
(magnification, x200), (B) western blotting and (C) quantitative reverse tran-
scription polymerase chain reaction in liver cancer cell lines (SMMC7721, 
Bel‑7402, SK‑HEP‑1, Hep3B and HepG2). Caco‑2 (human colon cancer cell 
line) and BGC‑823 (human gastric cancer cell line) were used as positive 
controls. β‑actin was used as an internal control for equal loading. PEPT1, 
proton‑coupled oligopeptide transporter 1 .*P<0.05.

Figure 2. Visualization of proton‑coupled oligopeptide transporter 1  in liver 
cancer cell lines based on the fluorescence of D‑Ala‑Lys‑AMCA. Flour, 
fluorescent.
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liver cancer cells and tissues, it may be a promising carrier for 
the delivery of chemotherapy drugs to a targeted region, with 
increased efficacy and decreased adverse effects on healthy 
tissues.

Peptides and peptide analogs may enter the cells of the 
body via peptide transporters in the membrane. The most 

widely studied peptide transporters are PEPT1 and PEPT2, 
which are members of the POT family (29). In mammals, the 
POT family comprises the following 4members, which are 
encoded by Solute carrier family 15 (SLC15) genes: PEPT1 
(SLC15A1), PEPT2 (SLC15A2), peptide/histidine transporter 1 
(PHT1; SLC15A4), and PHT2 (SLC15A3) (30). The functional 

Figure 3. Uptake of Ala‑Lys‑AMCA under different conditions in five liver cancer cell types. (A) The uptake of D‑Ala‑Lys‑AMCA at different times 
(0,15,30,60,120 and 180 min), at pH 6.0 and a concentration of 25 µmol/l. (B) The uptake of D‑Ala‑Lys‑AMCA at different pH values (5.4, 6.0, 7.4, 8.4) for 
120 min at a concentration of 25 µmol/l. (C) The uptake of D‑Ala‑Lys‑AMCA at different concentrations (25, 50 and 150 µmol/l), at pH 6.0 for 120 min. 
(D) Inhibition tests with different competitive compounds (Gly‑Sar, Gly‑Gln, Gly‑Gly‑Gly). OD, optical density; S, substrates.*P<0.05.
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expression of PEPT1 and PEPT2 has been identified: These 
peptide transporters are primarily expressed in the digestive 
tract and kidney, respectively (31,32). The former demonstrates 
low affinity and high capacity, such that it may absorb a wide 
range of di/tripeptides (33,34).

PEPT1, which is phylogenetically conserved, serves 
as an integral membrane protein in the cellular uptake of 
di/tripeptides and certain pharmacologically active drugs (35), 
and mediates the uptake of peptides and peptide‑like 
molecules using the inwardly directed H+ gradient across the 
membrane (36). PEPT1 is specifically a type of active trans-
port protein with low affinity and high transport capacity that 
is almost exclusively expressed in humans, and several other 
mammalian species, including rats and mice  (37,38). This 
protein was first identified in the small intestine of a rabbit 
during cloning  (39,40). The PEPT1 molecule recognizes 
a wide range of oligopeptides and other compounds with 
similar structures, and its range of drug substrates is extensive, 
including β‑lactam antibiotic drugs, angiotensin‑converting 
enzyme inhibitors, antitumor and antiviral agents, thrombin 
inhibitors, dopamine receptor antagonists, and renin 
inhibitors (41,42). The cellular uptake of these types of small 
peptides is an important physiological process mediated by 
proton‑coupled peptide transporters (43). PEPT1 in particular 
may be involved in the transport of endogenous molecules and 
affects drug absorption, distribution, metabolism, and excre-
tion, ultimately affecting the efficacy and toxicity of drugs. A 
loss of PEPT1 activity may therefore lead to a decrease in the 
intestinal absorption of di/tripeptides, peptidomimetics and 
peptide‑like drugs (44). As PEPT1 is a proton‑coupled carrier, 
it has a close association with the proton concentration. To 
summarize, oligopeptide transporters maybe regarded as puta-
tive therapeutic targets in cancer cells (45).

The results of the present study demonstrated that PEPT1 
has relatively limited expression in normal tissues, but is 
highly expressed in various types of tumor cells  (46,47). 
PEPT1 was already known to exhibit high expression in the 
pancreatic cancer cell lines AsPC‑1 and Capan‑2, and low 
expression in adjacent tissues (47,48). Nakanishi et al (15) first 
revealed the expression of PEPT1 in the human fibro sarcoma 
HT1080 cell line. In addition, the expression of PEPT1 in the 
gastric cancer MKN45 cell line was previously suggested (49), 
and an additional study identified high expression of PEPT1 in 
prostate cancer cells (13). However, at present, little is known 
about the expression of PEPT1 in primary hepatocarcinoma or 
its significance for targeted drug delivery.

Caco‑2 is a human colon cancer cell line that was used as a 
positive control in the present study as it is generally considered 
o exhibit high expression of PEPT1 (50,51). In the immuno-
fluorescence analysis, it was observed that the PEPT1 protein 
(red fluorescence) was localized to the plasma membrane of 
the liver cancer cells Bel‑7402, SMMC7721, Hep3B, HepG2 
and SK‑HEP‑1, similar to what was observed for Caco‑2 cells. 
These results directly demonstrated the expression of PEPT1 
in liver cancer.

A previous study identified the expression of PEPT1 in 
gastric cancer cells (12). In the present study, the expression of 
PEPT1 in the gastric cancer cell line BGC‑823 was examined, 
and the results were consistent with a previous study (12). In 

Figure 4. Expression of proton‑coupled oligopeptide transporter 1 based 
on immunohistochemistry in different liver tissues (magnification, x200). 
(A) Pathological grade 1 liver cancer tissue. (B) Pathological grade 2 liver 
cancer tissue. (C) Pathological grade 3 liver cancer tissue. (D) Normal liver 
tissue. (E) Tissue adjacent to cancer.

Table II. Expression of PEPT1 in different pathological hepa-
tocarcinoma grades.

	 PEPT1 expression
Pathological	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 Positive
grade	 n	‑	  +	 ++	 +++	 rate, %

1	   4	 3	 1	 0	   0	 25.00
2	 20	 2	 2	 6	 10	 90.00
3	 26	 2	 3	 6	 15	 92.31a

SPSS version 16.0 was used for calculation. aP=0.0093 grade 1 vs. 
grade 3; ‑, negative expression; +, weak expression; ++, moderate 
expression; +++, strong expression; PEPT1, proton‑coupled oligopep-
tide transporter 1 .

Table I. Expression of PEPT1 in different liver tissues.

	 PEPT1 expression
Tissue	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 Positive 
type	 n	‑	  +	 ++	 +++	 rate, %

Hepatocarcinoma	 50	 7	 6	 12	 25	 86.00
Adjacent cancer	 13	 6	 4	   2	   1	 53.85a

Normal liver	 19	 9	 5	   4	   1	 52.63b

SPSS version 16.0 was used for all calculations. aP=0.0193 hepato-
carcinoma vs. adjacent cancer tissue; bP=0.0057 hepatocarcinoma vs. 
normal liver tissue; ‑, negative expression; +, weak expression; ++, 
moderate expression; +++, strong expression; PEPT1, proton‑coupled 
oligopeptide transporter 1 .
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the case of BGC‑823 and Caco‑2 cells, which were used as a 
positive control, universal expression of PEPT1 was observed, 
similar to data previously demonstrated for PEPT1 in other 
cancer cells (11‑15). Although PEPT1 demonstrated different 
functional activities in the liver cell lines, the expression of 
PEPT1 in SK‑HEP‑1 cells was highest, as determined by 
western blotting. In contrast, the highest expression detected 
by RT‑qPCR was observed in HepG2 cells. The potential for 
experimental error was eliminated by repeating experiments 
three times. The reasons underlying this discrepancy may be 
associated with differences in cellular status, the presence of 
protein isoforms and the regulation of protein transcription or 
translation.

To study the functional activity of PEPT1 in liver cancer 
cells and to determine the role of PEPT1 in the uptake of PEPT1 
substrates, the specific fluorescence substrate Ala‑Lys‑AMCA, 
a well‑known PEPT1 substrate, was studied in the absence 
and presence of PEPT1 (30). The fluorescence analysis of 
D‑Ala‑Lys‑AMCA confirmed that D‑Ala‑Lys‑AMCA may 
be transported into liver cancer cells and Caco‑2 cells, which 
indirectly demonstrated the expression of PEPT1 in hepato-
carcinoma cells. A previous study investigated the function 
of PEPT1 in the mouse intestine through electrophysiological 
methods (52). In the present study, the absorption of substrates at 
different times, pH values and concentrations were determined. 
It was also identified that the uptake of Ala‑Lys‑AMCA was 
time‑ and concentration‑dependent. All of these data confirm 
that the transport of PEPT1 may be affected by time, pH and 
substrate inhibitors, as observed in previous studies (53,54). 
Gly‑Sar is a small peptide that also serves as a substrate for 
PEPT1, which specifically recognizes and transports it (47). 
A study conducted by Berthelsen et al (55) demonstrated that 
basolateral Gly‑Sar transport in the intestinal cell line Caco‑2 is 
specifically proton‑coupled via PEPT1. The dipeptide Gly‑Gln 
is also known as a high‑affinity substrate for PEPT1, which 
transports it into the cell in an inward direction (13). In the 
present study, Gly‑Sar, Gly‑Gln and Gly‑Gly‑Gly were all used 
as competitive substrates in a competition inhibition test (56,57), 
which demonstrated that the uptake of D‑Ala‑Lys‑AMCA 
was significantly decreased by all three inhibitors. Thus, 
this suggests that the liver cancer cells examined expressed 
functionally active PEPT1 in the plasma membrane, and that 
PEPT1 serves an important role in the transport of the substrate 
Ala‑Lys‑AMCA.

A tissue microarray analysis was performed in the present 
study to provide a preliminary investigation of the expres-
sion of PEPT1 in normal liver tissues, liver cancer tissues 
with different pathological grades and tissues adjacent to 
liver cancer. The analysis demonstrated that the expression 
of PEPT1 in cancer tissues was higher compared with that in 
normal tissues (P<0.05), whereas a low expression of PEPT1 
was observed in adjacent tissues. In addition, the expression 
levels were associated with the pathological grade of the liver 
cancer tissues. In summary, it was demonstrated that PEPT1 is 
expressed in liver cancer tissues, and that PEPT1 overexpres-
sion is associated with more aggressive tumor malignancy and 
a poor prognosis. Therefore, PEPT1 may serve as an indicator 
of the nature of liver cancer (benign or malignant) and of the 
differentiation degree of liver cancer cells, making it an attrac-
tive target for cancer therapy.

In the present study, initial exploration of the specific over-
expression of PEPT1 in primary hepatocarcinoma cells and 
liver cancer tissues was performed using various approaches, 
and different conditions. The correlation between tumor tissues 
and PEPT1 indicates that PEPT1 represents a promising 
molecular target for targeted drug delivery.

The selection of a drug carrier must meet the following 
criteria: First, the carrier should be able to transport the drug 
into the body and to avoid attack by the immune systems 
of the body. Secondly, the carrier should deliver the drug 
specifically to a particular location and cell type, and should 
guarantee drug release (58). Furthermore, the targeted drug 
should exhibit the highest bioavailability possible, and reach 
its appropriate site of action through efficient transport by 
drug carriers (59).

Current tumor therapy primarily relies on highly toxic 
chemical drugs, which lead to numerous serious side effects. 
For example, paclitaxel and doxorubicin may induce neuro-
toxicity, cardiac toxicity and bone marrow suppression during 
treatment of a tumor. An effective approach to reduce the 
side effects of chemotherapy would be the selective delivery 
of anticancer drugs to tumor tissues (60).

As its substrate‑binding site may accommodate a wide 
range of molecules of different sizes, hydrophobicities and 
charges, PEPT1is regarded as an excellent target for the 
delivery of pharmacologically‑active compounds (61).

Due to its high expression in hepatocarcinoma, PEPT1 
may serve as a good transporter‑mediated drug delivery 
target, to improve the treatment of primary hepatocarcinoma. 
Generally, the design of a drug carrier that may specifically 
deliver drugs to a tumor site is of importance. Therefore, the 
present study hypothesized that a chemotherapy drug may be 
modified to obtain a structure similar to that of di/tripeptides, 
such that it may be identified and transported into hepatocar-
cinoma cells by PEPT1 in a targeted manner. This approach 
may constitute a potential therapeutic strategy for cancer 
treatment and may lead to the development of a chemotherapy 
drug with increased efficacy, and reduced toxic effects on 
the heart and bone marrow. Therefore, PEPT1 represents a 
novel direction for future study, and as the next stage, cell 
and animal experiments should be performed to additionally 
examine the aforementioned theory. In addition, all of the 
hypotheses discussed in the present study require additional 
verification.
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