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Purpose: Gemcitabine is currently the standard first-line chemotherapeutic drug for treating
pancreatic cancer. However, many factors can contribute to gemcitabine resistance. One of the
most important reasons is the low hENT1 expression. In this study, we tested the antitumor effect
of gemcitabine-loaded human serum albumin nanoparticle (GEM-HSA-NP) on gemcitabineresistant pancreatic cancer induced by low hENT1 expression.
Materials and methods: S-(4-nitrobenzyl)-6-thioinosine was utilized to inhibit the activity
of hENT1 and simulate low hENT1 expression. Growth inhibition assays and cell cycle and
apoptosis analyses were performed on human pancreatic cancer cell lines such as BxPC-3 and
SW1990. The in vivo antitumor effect was studied by using patient-derived xenograft (PDX)
models. The in vivo toxicity assessment was performed on healthy Kunming mice.
Results: In in vitro studies, GEM-HSA-NP showed its ability to inhibit cell proliferation, arrest
cell cycle and induce apoptosis when tumor cells were resistant to gemcitabine. In in vivo studies,
GEM-HSA-NP was more effective than gemcitabine on inhibiting tumor growth whether the
expression levels of hENT1 were high or low in PDX models. The in vivo toxicity assessment
showed that the biotoxicity of GEM-HSA-NP did not increase compared with gemcitabine.
Conclusion: GEM-HSA-NP can overcome gemcitabine resistance induced by low hENT1
expression, which suggests its potential role for the clinical application.
Keywords: pancreatic cancer, gemcitabine resistance, albumin nanoparticles, low hENT1
expression, PDX model
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Pancreatic cancer, commonly referred to as pancreatic ductal adenocarcinoma (PDAC),
is one of the most lethal human malignancies in the world with a mortality rate almost
equals its incidence rate.1 It is the seventh leading cause of cancer-related death globally and the fourth in the USA.2,3 Despite the progress in uncovering pathogenesis,
diagnosis, staging and surgical treatment have been made in the past decades, the
overall median survival of this devastating disease is ,1 year,4 and the 5-year survival
rate is ,5%,5 which is the lowest among all kinds of cancer. Surgical resection is
still the only approach that may achieve curative treatment. However, about 80% of
patients present with a locally advanced or distant metastatic disease that cannot be
resected when diagnosed.6 Thus, chemotherapy is the most important treatment for
most patients with pancreatic cancer.
Gemcitabine (2,2-difluoro-2-deoxycytidine, GEM) is currently the standard
first-line option for treating PDAC in neoadjuvant chemotherapy and postoperative
chemotherapy as well as single-agent and combination chemotherapy.7 However,
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many factors can contribute to GEM resistance in PDAC,
such as low expression of human nucleoside transporters
(hNTs)8 or deoxycytidine kinase (dCK),9 overexpression of
cytosolic 5′-nucleotidase (5′-NT)10 or cytidine deaminase
(CDA)11 and so forth. Among all these factors, lack of
adequate drug transport is considered as the key reason for
chemoresistance.12,13
As a nucleoside analog, GEM is naturally hydrophilic and
would not permeate the cellular lipid bilayer by passive diffusion readily. Instead, its uptake into cells needs the presence of
hNTs.14 Human NT is a family of integral membrane proteins
and consists of two major classes. One is sodium independent,
mediating a bidirectional equilibrative activity, and is termed
as human equilibrative nucleoside transporter (hENT). The
other is sodium dependent, mediating an inwardly directed
concentrative activity against the concentration gradient,
and is termed as human concentrative nucleoside transporter
(hCNT).15,16 It has been demonstrated that hENT1, hCNT1
and hCNT3 play important roles in the transport of GEM
across the cell membrane.17 Among these three kinds of
transporters, hENT1 mediates the most of GEM uptake, and
hENT1-deficient cells are highly resistant to this nucleoside
analog.18 Clinical researches have confirmed that low hENT1
expression results in GEM resistance by showing a positive
correlation between the expression levels of hENT1 and the
survival in patients with GEM-treated PDAC.19,20 Therefore,
it is important to find novel therapeutic strategies to overcome
GEM resistance induced by low hENT1 expression.
Our team has previously reported on coupling myristoyl
with the 4-amino group of GEM to synthesize 4-N-myristoylGEM (GEM-C14) to enhance the lipophilic property of GEM,
and using nanoparticle albumin-bound technology to encapsulate GEM-C14 into human serum albumin nanoparticle to
produce GEM-loaded human serum albumin nanoparticle
(GEM-HSA-NP). This kind of nanoparticles had an average
size of 150 ± 27 nm and showed improved targeted cytotoxicity and prolonged drug release characteristics.21 Studies have
shown that particles up to 100–200 nm could be internalized
by receptor-mediated endocytosis.22,23 Therefore, we assumed
that, with the help of this novel drug carrier, GEM resistance
induced by low hENT1 expression can be overcome.
In this study, we used S-(4-nitrobenzyl)-6-thioinosine
(NBMPR) which could inhibit hENT1 at nanomolar
concentration24 to simulate low hENT1 expression and verified the effect of low hENT1 expression on GEM chemosensitivity in PDAC. Furthermore, we validated the antitumor
effect of GEM-HSA-NP on GEM-resistant PDAC induced
by low hENT1 expression.
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Materials and methods
Chemicals and reagents
GEM (crude drug) was obtained from Eli Lilly and Company
(Indianapolis, IN, USA). GEM-C14 and GEM-HSA-NP were
prepared as reported previously.21 NBMPR was purchased
from Sigma-Aldrich Co. (St Louis, MO, USA). Normal saline
(NS) was purchased from Shanghai Baxter Healthcare Co.,
Ltd. (Shanghai, China). Roswell Park Memorial Institute
(RPMI)-1640 culture medium, fetal bovine serum and
Dulbecco’s phosphate-buffered saline (DPBS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Cell-Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kyushu, Japan). Annexin V-fluorescein isothiocyanate
(FITC)/7-aminoactinomycin D (7-AAD) kit and propidium
iodide (PI) kit were purchased from BD Biosciences (San Jose,
CA, USA). RNeasy Mini kit was purchased from Qiagen
NV (Venlo, the Netherlands). Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) kit was purchased from Hoffman-La Roche Ltd. (Basel, Switzerland).

Cell culture
The human pancreatic cancer cell lines BxPC-3 and SW1990
were obtained from the Shanghai Branch of the Chinese
Academy of Sciences (Shanghai, China). No ethics statement
was required from the institutional review board for the use
of these cell lines. Cells were cultured at 37°C in the presence
of 5% CO2 and 95% air with 95% humidity. Growth medium
was RPMI-1640, containing 10% fetal bovine serum, 100 U/
mL penicillin and 100 mg/mL streptomycin.

Establishment of pancreatic cancer
patient-derived xenograft (PDX) models
The study protocol for this study was approved by the ethics
committee of Huashan Hospital, Fudan University. Written
informed consent was obtained from each patient. All animal
studies were in compliance with the approved animal protocols and the guidelines of the Institutional Animal Care and
Use Committee of Fudan University. PDAC tissues from
10 consecutive patients who underwent radical pancreatic
cancer surgery were obtained. Each tumor tissue was washed
three times with DPBS and was finely cut into a 20–30 mm3
fragment. Then, the tumor specimen was subcutaneously
implanted in the right shoulder of 6- to 8-week-old female
BALB/c-nu/nu mice (Shanghai Laboratory Animal Research
Center, Shanghai, China). When the size of the xenograft
reached 600–800 mm3, the tumor tissue was harvested.
Real-time quantitative polymerase chain reaction (qPCR)
and immunohistochemistry (IHC) were performed to screen

International Journal of Nanomedicine 2018:13

Dovepress

GEM-HSA-NP: a novel drug for gemcitabine-resistant pancreatic cancer

out the tumor tissue with the highest hENT1 expression and
the tumor tissue with the lowest hENT1 expression. Then,
the abovementioned process was repeated in BALB/c-nu/
nu mice to expand the two tumor xenografts. Tumor
volume was calculated using the following formula: volume
(mm3) = (length in mm) × (width in mm)2/2.

microwave, the specimens were incubated with primary
antibodies for 60 min at room temperature and then were
incubated with secondary antibody for 30 min. The sections
were dyed in diaminobenzidine solution and were counterstained with hematoxylin.

Growth inhibition assays

To assess the in vivo antitumor effect of GEM-HSA-NP,
two groups of PDX models were established. One group of
xenografts was high hENT1 expression (hENT1-H group),
and the other group was low hENT1 expression (hENT1-L
group). Each group of mice was randomized into three subgroups (n = 6 per subgroup) and was treated with 100 μL of
NS, GEM and GEM-HSA-NP through tail vein injection on
days 0, 3, 6 and 9 (GEM and the equivalent GEM-HSA-NP
dosage: 40 mg/kg body weight). NS was used as control.
Tumor size was measured every 2 days until day 12.

The in vitro antitumor effects of GEM, GEM-C14 and GEMHSA-NP on pancreatic cancer cells were evaluated by CCK-8
assays. Cells (2,000 cells/well) were seeded in 96-well plates,
and 24 h later, the medium was replaced by 0.1 mL fresh medium
containing 0.05 μg/mL GEM, 0.1 μg/mL GEM-C14 (which is
equivalent to 0.05 μg/mL GEM), 2.083 μg/mL (which is equivalent to 0.05 μg/mL GEM) or 20.83 μg/mL GEM-HSA-NP
in the presence or absence of 1 μM NBMPR. The cells were
incubated at 37°C for different time. Ten microliters of CCK-8
was added per well, cells were incubated for an additional
1 h and then were quantitated by reading the dye absorption
at 450 nm with an automatic multiwall spectrophotometer.

Cell cycle and apoptosis analysis

Cells were treated with 0.05 μg/mL GEM, 0.1 μg/mL GEMC14 or 2.083 μg/mL GEM-HSA-NP with or without 1 μM
NBMPR for 48 h. Cell cycle and apoptosis analyses were conducted by flow cytometry using an FACSCalibur system (BD
Biosciences). Data of the cell cycle were analyzed by ModFit
LT™ software (Verity Software House, Inc., Topsham, ME,
USA) to determine the proportions of cells in G0–G1, S and
G2–M phases of cell cycle. The cell apoptosis was evaluated
using the Annexin V-FITC/7-AAD kit, and the data were
analyzed by FlowJo software (BD Biosciences, San Jose,
CA, USA) to show the apoptosis rate in each group.

Real-time qPCR analysis
Tumor tissues, obtained from PDAC patients, were subjected
to RNA extraction. Two microliters of total RNA was
used for cDNA synthesis by utilizing reverse transcription reaction. The cDNA was subjected to real-time qPCR
analysis by using primers designed for the hENT1 gene
(5′-GGCAAAGAGGAATCTGGAGTT-3′ and 5′-ACAGTC
ACGGCTGGAAACAT-3′). GAPDH gene (5′-TGACTT
CAACAGCGACACCCA-3′ and 5′-CACCCTGTT
GCTGTAGCCAAA-3′) was used as an internal control.

Immunohistochemistry
The IHC was conducted using a two-step protocol as
described previously.25 Briefly, after antigen retrieval by
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Detection of apoptosis in PDAC
xenografts
On day 12, the mice were sacrificed and the tumor tissues
were harvested. After fixing with paraformaldehyde for 24 h,
the tumor tissues were embedded in paraffin. Apoptosis in
tumor tissues was detected by TUNEL staining. Apoptotic
cells were visualized by green fluorescence, and DAPI (blue)
was used to stain nuclei.

Biotoxicity assessment
To assess the in vivo toxicity of GEM-HSA-NP, 18 healthy
6-week-old male Kunming (KM) mice (Shanghai Laboratory Animal Research Center) were randomized into three
groups (n = 6 per group) and were treated with 200 μL of
NS, GEM and GEM-HSA-NP through tail vein injection on
days 0, 3, 6 and 9 (GEM and the equivalent GEM-HSA-NP
dosage: 40 mg/kg body weight). NS was used as control.
The body weight of each mouse was measured every 2 days
until day 12. On day 12, the blood sample of each mouse
was collected to analyze the hematological parameters and
biochemical indices.

Statistical analyses

Data are expressed as mean ± SD. Student’s t-test was used
for the analyses of differences between two groups, and multiple groups were analyzed by one-way analysis of variance
test. All the statistical analyses were conducted using SPSS
software (version 22.0; IBM Corporation, Armonk, NY,
USA). A value of P , 0.05 was considered as statistically
significant.
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Results and discussion
To evaluate the in vitro antitumor effect of GEM-HSA-NP
on low hENT1 expression cancer cells, we utilized NBMPR
to inhibit the activity of hENT1 and simulate low hENT1
expression. The growth inhibition assays were conducted
on human pancreatic cancer cell lines such as BxPC-3 and
SW1990. Cell viability was measured at 0, 24, 48, 72 and
96 h after tumor cells were treated with different drugs with
or without NBMPR. In the absence of NBMPR, as shown in
Figure 1A and B, GEM, GEM-C14, GEM-HSA-NP and 10
× GEM-HSA-NP all caused cell growth inhibition in a timedependent manner. When together with NBMPR, however,

$

GEM lost its antitumor effect and tumor cells showed significant GEM resistance (P , 0.05). The growth-inhibiting ability of GEM-C14, GEM-HSA-NP and 10 × GEM-HSA-NP
was not significantly influenced (Figure 1C and D). They
could still potently inhibit the growth of tumor cells. The
cytotoxicity of 10 × GEM-HSA-NP was higher than GEMHSA-NP, suggesting that GEM-HSA-NP inhibited cell
proliferation in a concentration-dependent manner.
Regulating the progression of cell cycle and inducing
apoptosis in cancer cells are two effective mechanisms
for controlling tumor growth.26,27 In our study, cell cycle
analysis demonstrated that GEM alone arrested tumor cells
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Figure 1 The growth inhibition effect of GEM-HSA-NP on BxPC-3 and SW1990 cell lines.
Notes: Cell viability was measured at 0, 24, 48, 72 and 96 h after BxPC-3 cells (A) and SW1990 cells (B) were treated with 0.05 μg/mL GEM, 0.1 μg/mL GEM-C14 (which is
equivalent of 0.05 μg/mL GEM), 2.083 μg/mL (which is equivalent of 0.05 μg/mL GEM) or 20.83 μg/mL GEM-HSA-NP, with or without 1 μM NBMPR (an inhibitor of hENT1).
(C) Quantitative analysis of the cell proliferation in each group of BxPC-3 cell line. *A significant difference compared with the GEM + NBMPR group. (D) Quantitative
analysis of the cell proliferation in each group of SW1990 cell line.
Abbreviations: GEM, gemcitabine; GEM-C14, 4-N-myristoyl-gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin nanoparticle; NBMPR, S-(4-nitrobenzyl)6-thioinosine.
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Figure 2 The effect of GEM-HSA-NP on cell cycle arrest.
Notes: (A) The proportions of cell cycle analyzed by flow cytometry after BxPC-3 cells were treated with 0.05 μg/mL GEM, 0.1 μg/mL GEM-C14 and 2.083 μg/mL
GEM-HSA-NP for 48 h, with or without 1 μM NBMPR. (B) Proportion of each phase of the cell cycle in each group of BxPC-3 cell line. (C) The proportions of cell cycle
analyzed by flow cytometry after SW1990 cells were treated with 0.05 μg/mL GEM, 0.1 μg/mL GEM-C14 and 2.083 μg/mL GEM-HSA-NP for 48 h, with or without 1 μM
NBMPR. (D) Proportion of each phase of the cell cycle in each group of SW1990 cell line.
Abbreviations: GEM, gemcitabine; GEM-C14, 4-N-myristoyl-gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin nanoparticle; NBMPR, S-(4-nitrobenzyl)6-thioinosine.

in G0–G1 phase and caused significant decreases in S and
G2–M phases in both BxPC-3 cells (P , 0.05; Figure 2A
and B) and SW1990 cells (P , 0.05; Figure 2C and D).
Adding NBMPR to GEM-treated group could restore the
cell cycle to a relatively normal range (P . 0.05). Similarly,
GEM alone significantly increased apoptosis rates in both
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BxPC-3 cells (P , 0.05; Figure 3A and B) and SW1990
cells (P , 0.05; Figure 3C and D), together with NBMPR
decreased the apoptosis rates to normal levels. These data
confirmed that the low expression and low activity of hENT1
would lead to GEM resistance.15,28 Unlike GEM, GEMHSA-NP and GEM-C14 had the abilities to induce cell cycle
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Figure 3 The effect of GEM-HSA-NP on cell apoptosis.
Notes: (A) The apoptosis rates in BxPC-3 cells analyzed by flow cytometry after cells were treated with 0.05 μg/mL GEM, 0.1 μg/mL GEM-C14 and 2.083 μg/mL GEM-HSA-NP for
48 h, with or without 1μM NBMPR. (B) Apoptosis rates in each group of BxPC-3 cell line. (C) The apoptosis rates in SW1990 cells analyzed by flow cytometry after cells were treated
with 0.05 μg/mL GEM, 0.1 μg/mL GEM-C14 and 2.083 μg/mL GEM-HSA-NP for 48 h, with or without 1μM NBMPR. (D) Apoptosis rates in each group of SW1990 cell line.
Abbreviations: 7-AAD, 7-aminoactinomycin D; GEM, gemcitabine; GEM-C14, 4-N-myristoyl-gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin
nanoparticle; NBMPR, S-(4-nitrobenzyl)-6-thioinosine.

arrest and promote apoptosis whether NBMPR existed or not
(P , 0.05). It was shown that these two drugs were effective
when the activity of hENT1 was low. Detailed data on cell
cycle and apoptosis rates in BxPC-3 and SW1990 cells are
summarized in Tables S1 and S2.
To investigate the in vivo antitumor effect of GEMHSA-NP, we established two groups of PDX models
(Figure 4A and B). Almost all PDACs contain highly heterogeneous subpopulations of tumor cells. Various subpopulations
of tumor cells show different sensitivity to chemotherapeutic
drugs.29 Moreover, PDAC is characterized by a dense, poorly
vascularized stroma; this microenvironment contains a mixture of interacting cellular and noncellular elements.30 These
elements will hinder the penetration of chemotherapeutic
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drugs and weaken their antitumor effect. Compared with
cancer cell line xenograft models, PDX models are more
accurate in recapitulating the complex tumor heterogeneity
and microenvironment and can reflect the true efficacy of
chemotherapeutic drugs.31,32
First, we used real-time qPCR to select the tumor specimen
with the highest hENT1 expression and the specimen with the
lowest hENT1 expression from 10 resected PDAC tissues.
Subsequently, the two tumor specimens were subjected to
IHC to confirm the expression levels of hENT1 (Figure 4C
and D). Then, the two specimens were subcutaneously
implanted in nude mice. GEM and GEM-HSA-NP were
administrated via the tail vein on days 0, 3, 6 and 9. NS was
used as control. On day 12, tumor tissues were harvested and
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Figure 4 PDX models and IHC of hENT1 in tumor tissues.
Notes: Representative images of PDX models in the hENT1-H group (A) and hENT1-L group (B). IHC of hENT1 in hENT1-H (C) and hENT1-L (D) tumor tissues. IHC
was used to confirm that the hENT1 expression was higher in the hENT1-H group than in the hENT1-L group.
Abbreviations: PDX, patient-derived xenograft; IHC, immunohistochemistry; hENT1-H, high hENT1 expression; hENT1-L, low hENT1 expression.

weighed. Tumor size was measured every 2 days until day 12.
As shown in Figure 5A and E, in the hENT1-H group, tumor
volumes increased significantly slower in GEM-HSA-NPtreated subgroup (244.44 ± 68.35 mm3) than in GEM-treated
subgroup (303.91 ± 94.87 mm3) and NS-treated subgroup
(1,277.85 ± 398.34 mm3, P , 0.05). In addition, the tumor
weights followed the order: GEM-HSA-NP (0.10 ± 0.04 g) ,
GEM (0.18 ± 0.05 g) , control (1.19 ± 0.18 g, P , 0.05;
Figure 5C). The decrease in tumor volumes and weights was
more marked in GEM-HSA-NP-treated subgroup, showing

International Journal of Nanomedicine 2018:13

that GEM-HSA-NP was more effective than GEM in in vivo
tumor growth inhibition. This result was consistent with our
previous report. As described previously, the enhanced permeability and retention (EPR) effect and the active targeting
approach of albumin nanoparticles might be the main reasons
for this difference in drug efficacy.21 In the hENT1-L group,
the tumor volumes also followed the order: GEM-HSA-NP
(425.24 ± 216.87 mm3) , GEM (663.16 ± 226.47 mm3) , control
(1,304.99 ± 313.48 mm3, P , 0.05; Figure 5B and F). Figure 5D
demonstrated the tumor weights in GEM-HSA-NP-treated
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Figure 5 Tumor weights and volume profiles in hENT1-H and hENT1-L group.
Notes: (A) Tumors harvested from each subgroup after different treatments in the hENT1-H group. (B) Tumors harvested from each subgroup after different treatments in
the hENT1-L group. (C) Tumor weights of each subgroup in the hENT1-H group. (D) Tumor weights of each subgroup in the hENT1-L group. (E) Tumor volume profiles of
mice treated with NS, GEM and GEM-HSA-NP in the hENT1-H group. (F) Tumor volume profiles of mice treated with NS, GEM and GEM-HSA-NP in the hENT1-L group.
NS was used as control. ,  and  represent NS, GEM and GEM-HSA-NP, respectively.
Abbreviations: GEM, gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin nanoparticle; NS, normal saline; hENT1-H, high hENT1 expression; hENT1-L,
low hENT1 expression.

(0.20 ± 0.08 g), GEM-treated (0.44 ± 0.15 g) and NS-treated
subgroups (0.85 ± 0.22 g, P , 0.05).
By calculating the tumor growth inhibition rate (tumor
growth inhibition rate = [1 – the average tumor weight of the
treated group/the average tumor weight of the control group] ×
100%), we found that the tumor growth inhibition rate of the
GEM-treated mice in the hENT1-L group was significantly
4876
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lower than that of the hENT1-H group (47.79% ± 17.86%
vs 84.77% ± 3.81%). This suggested that when the expression level of hENT1 decreased, the antitumor effect of GEM
would decrease accordingly. The tumor growth inhibition rate
of the GEM-HSA-NP-treated mice in the hENT1-L group
was also lower than that of the hENT1-H group (76.66% ±
9.25% vs 91.23% ± 2.90%); however, this difference was not
International Journal of Nanomedicine 2018:13
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Figure 6 The merged TUNEL staining indicated the degree of apoptosis in tumor tissues after various treatments in the hENT1-H and hENT1-L groups.
Notes: Green fluorescence represented apoptotic cells, and DAPI (blue) was used to stain nuclei.
Abbreviations: GEM, gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin nanoparticle; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling; hENT1-H, high hENT1 expression; hENT1-L, low hENT1 expression.
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prerequisite for GEM-HSA-NP uptake. Low hENT1 expression did not influence the antitumor effect of GEM-HSA-NP.
It was still effective in suppressing tumor growth.
To assess the biotoxicity of GEM-HSA-NP, the in vivo
toxicity test was performed on healthy KM mice. As shown
in Figure 7, after the second administration, the average body
weights of GEM-HSA-NP-treated mice and GEM-treated
mice decreased (day 4), but the differences were not statistically significant compared with the NS-treated mice. In this
12-day test, there were no significant differences among
the average body weights of the three groups. On day 12,
we tested the hematological parameters and biochemical
indices of each mouse. The results (Table 1) showed that
GEM-HSA-NP had no significant effects on the hematological




:HLJKW J

statistically significant (P . 0.05). It suggested that GEMHSA-NP still had a remarkable antitumor effect when the
expression level of hENT1 was low.
The difference of drug efficacy between GEM and GEMHSA-NP was more significant in the hENT1-L group than
in the hENT1-H group. Since the expression level of hENT1
in the hENT1-L group was lower than in the hENT1-H group,
the uptake of GEM into tumor cells consequently reduced. To
some extent, this resulted in tumor cells in the hENT1-L group
being more insensitive to GEM. The entry of GEM-HSA-NP
into tumor cells was performed by endocytosis and therefore
was not influenced by the decreased hENT1 expression. Thus,
in addition to the EPR effect and the active targeting approach
of albumin nanoparticles, GEM insensitivity induced by lower
hENT1 expression also contributed to the difference in efficacy between the two drugs in the hENT1-L group.
TUNEL staining was used to detect apoptotic cells in
tumor tissues resected from PDX models (Figure 6). The
degree of apoptosis in both the hENT1-H group and the
hENT1-L group followed the order: control , GEM ,
GEM-HSA-NP, demonstrating that GEM-HSA-NP was more
effective than GEM in inducing the apoptosis of tumor cells,
no matter the hENT1 expression was high or low.
Our study showed that GEM-HSA-NP was more effective
than GEM on inhibiting tumor growth, no matter the expression of hENT1 was high or low. In low hENT1 expression
tumor cells, GEM lost its antitumor activity and the tumor
cells showed marked GEM resistance. The expression level
of hENT1 decreased, and the uptake of GEM by tumor
cells reduced accordingly. However, hENT1 was not the
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Figure 7 Body weights of KM mice.
Note: NS was used as control.
Abbreviations: GEM, gemcitabine; GEM-HSA-NP, gemcitabine-loaded human
serum albumin nanoparticle; KM, Kunming; NS, normal saline.
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Table 1 The hematological parameters and biochemical indices
of KM mice
Index
WBC (10 /L)
NEUT%
LY%
RBC (109/L)
Hb (g/L)
PLT (109/L)
ALT (U/L)
AST (U/L)
TP (g/L)
ALB (g/L)
BUN (mmol/L)
9

Control

GEM

GEM-HSA-NP

6.48 ± 0.49
25.78 ± 9.17
67.28 ± 10.18
10.19 ± 0.59
148.84 ± 10.91
565.17 ± 46.23
35.09 ± 4.79
138.83 ± 19.54
65.69 ± 1.99
16.34 ± 2.58
6.57 ± 0.89

6.26 ± 1.88
28.11 ± 8.69
68.71 ± 10.43
10.41 ± 1.32
143.32 ± 8.77
583.59 ± 52.18
36.15 ± 6.18
135.82 ± 15.77
67.94 ± 1.54
18.13 ± 1.86
6.14 ± 0.54

6.45 ± 1.41
25.84 ± 9.06
66.53 ± 9.85
9.69 ± 0.98
146.62 ± 10.57
569.78 ± 39.55
35.62 ± 5.27
137.29 ± 17.85
65.75 ± 2.13
18.26 ± 2.79
6.46 ± 0.85

Abbreviations: ALT, alanine transaminase; ALB, albumin; AST, aspartate
transaminase; BUN, blood urea nitrogen; GEM, gemcitabine; GEM-HSA-NP,
gemcitabine-loaded human serum albumin nanoparticle; Hb, hemoglobin; KM,
Kunming; LY%, lymphocyte %; NEUT%, neutrophil %; PLT, platelet; RBC, red blood
cell; TP, total protein; WBC, white blood cell.

parameters and biochemical indices of mice compared with
the NS-treated mice and GEM-treated mice. All these results
suggested that GEM-HSA-NP had little biotoxicity.

Conclusion
GEM is a nucleoside analog, its uptake into pancreatic cancer
cells requires the mediation of hENT1. Low hENT1 expression results in GEM resistance. GEM-HSA-NP can be taken
into tumor cells through endocytosis, and that will bypass
the transport of hENT1. Therefore, GEM-HSA-NP can overcome GEM resistance induced by low hENT1 expression in
pancreatic cancer, which suggests its potential role for the
clinical application.
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Supplementary materials
Table S1 The proportion of each phase of cell cycle in BxPC-3 and SW1990 cell lines
Group

BxPC-3

Control
NBMPR
GEM
GEM + NBMPR
GEM-C14
GEM-C14 + NBMPR
GEM-HSA-NP
GEM-HSA-NP + NBMPR

SW1990

G0–G1 phase (%)

S phase (%)

G2–M phase (%)

G0–G1 phase (%)

S phase (%)

G2–M phase (%)

57.99 ± 1.22
57.29 ± 0.95
74.68 ± 1.64
61.35 ± 1.30
76.28 ± 1.05
74.39 ± 1.29
75.16 ± 1.74
76.04 ± 1.57

30.58 ± 0.60
31.55 ± 1.18
24.12 ± 1.44
28.16 ± 1.49
22.66 ± 1.22
24.67 ± 1.47
23.57 ± 1.45
22.92 ± 1.41

11.43 ± 0.78
11.16 ± 0.94
1.20 ± 0.24
10.49 ± 0.85
1.06 ± 0.27
0.94 ± 0.28
1.27 ± 0.41
1.04 ± 0.26

49.93 ± 1.86
50.34 ± 1.40
62.50 ± 0.94
53.57 ± 1.16
61.77 ± 1.72
61.36 ± 2.91
62.85 ± 1.29
66.64 ± 1.24

37.44 ± 1.46
36.76 ± 1.01
37.48 ± 0.94
37.44 ± 1.25
37.92 ± 1.41
38.61 ± 2.91
37.01 ± 1.29
33.35 ± 1.24

12.63 ± 3.18
12.89 ± 1.95
0.02 ± 0.01
8.99 ± 0.72
0.31 ± 0.54
0.03 ± 0.01
0.14 ± 0.01
0.01 ± 0.00

Note: Data are expressed as mean ± SD.
Abbreviations: GEM, gemcitabine; GEM-C14, 4-N-myristoyl-gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin nanoparticle; NBMPR, S-(4-nitrobenzyl)6-thioinosine.

Table S2 The apoptosis rate of each group in BxPC-3 and SW1990 cell lines
Group

BxPC-3

Control
NBMPR
GEM
GEM + NBMPR
GEM-C14
GEM-C14 + NBMPR
GEM-HSA-NP
GEM-HSA-NP + NBMPR

SW1990

Early
apoptosis
rate (%)

Late
apoptosis
rate (%)

Total
apoptosis
rate (%)

Early
apoptosis
(%)

Late
apoptosis
(%)

Total
apoptosis
(%)

4.71 ± 0.44
4.58 ± 0.35
6.20 ± 0.94
4.18 ± 0.37
7.29 ± 0.94
8.49 ± 0.43
7.55 ± 0.69
8.78 ± 0.78

10.64 ± 1.16
10.90 ± 1.81
19.23 ± 1.19
10.38 ± 0.86
19.60 ± 0.78
19.44 ± 1.88
21.41 ± 1.10
22.67 ± 0.78

15.35 ± 0.71
15.48 ± 1.55
25.43 ± 1.69
14.56 ± 1.09
26.89 ± 1.19
27.93 ± 1.45
28.96 ± 1.11
31.45 ± 0.94

3.10 ± 0.41
3.06 ±0.21
7.22 ± 0.31
3.16 ± 0.37
8.15 ± 0.81
4.65 ± 1.19
6.54 ± 1.51
8.31 ± 0.97

9.41 ± 1.16
9.46 ± 0.91
29.11 ± 1.31
10.61 ± 1.20
21.95 ± 2.15
21.33 ± 3.57
24.48 ± 1.26
24.73 ± 2.48

12.51 ± 0.97
12.52 ± 0.73
36.33 ± 1.30
13.77 ± 0.93
30.10 ± 1.34
25.98 ± 2.41
31.02 ± 1.72
33.04 ± 1.59

Note: Data are expressed as mean ± SD.
Abbreviations: GEM, gemcitabine; GEM-C14, 4-N-myristoyl-gemcitabine; GEM-HSA-NP, gemcitabine-loaded human serum albumin nanoparticle; NBMPR, S-(4-nitrobenzyl)6-thioinosine.
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