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Abstract: Hyperglycemia is an important factor for chemore-
sistance of hepatocellular carcinoma patients with diabetes
to therapeutics. In the present study, a series of selenadia-
zole derivatives have been rationally designed, synthesized,
and found be able to antagonize drug resistance in HepG2
cells to doxorubicin (DOX) under simulated diabetes condi-
tions. Hyperglycemia could promote the cell proliferation
through upregulation of ERK and AKT phosphorylation.
However, the synthetic selenadiazole derivatives effectively

potentiated the cellular uptake of DOX and enhanced the
antiproliferative activity of DOX on HepG2 cells by induction
of apoptosis, via regulation of ROS-mediated AMPK activa-
tion, inhibition of mTORC1, and an increase in DNA damage.
The selenadiazole derivatives that possess an increased lipo-
philicity could enhance the cellular uptake and anticancer ef-
ficacy of DOX. Taken together, this study provides a rational
design strategy of selenadiazole derivatives to overcome hy-
perglycemia-induced drug resistance.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant diseases worldwide; it is difficult to diagnose at an
early stage and lacks cure when diagnosed at a late stage.[1] In-
fection with hepatitis B or C virus, alcohol and non-alcoholic
fatty liver disease, and diabetes mellitus (DM) are the major
risk factors of HCC.[2] The therapeutic options fall into five main
categories: surgical interventions, percutaneous interventions,
transarterial interventions, radiation therapy and drugs, as well
as gene and immune therapies.[3] Many issues still exist after
successful HCC resection, and tumor recurrence in about
62.5 % of patients after 5 years is a major clinical problem.[4]

Furthermore, the fact that HCC is resistant to conventional
chemotherapy or radiotherapy leaves this disease with no ef-
fective therapeutic options and a very poor prognosis.[5] How-
ever, a new therapeutic platform which combines regular che-
motherapy with radiation therapy can minimize side effects as
well as increase drug-delivery efficiency.[6] Single-agent chemo-
therapy such as cisplatin, 5-fluorouracil (5-FU), and doxorubicin
(DOX) have been reported to cause a response rate of 10–
20 %. DOX is perhaps the most widely used agent in HCC, but
it has hematologic and gastrointestinal toxicities.[7]

As well as predilection sites of tumor, liver is also a vital
organ for energy metabolism whose functional changes play
an important role in DM. DM has become a very common
health problem and is one of the most common comorbid ill-
nesses which were found in patients with HCC.[8] According to
published statistics, 47 % of patients with HCC have DM.[8b] DM
characteristics are hyperglycemia, hyperinsulinemia, and insulin
resistance.[9] The latest statistics show that HCC with DM is in-
creasing and that such patients are often not sensitive to che-
motherapy; accordingly, their prognosis is poor.[10] Hyperglyce-
mia is an important clinical manifestation of DM and one im-
portant reason for why HCC patients with DM are not sensitive
to chemotherapy. Therefore, rational design of drugs that
could reverse hyperglycemia-induced drug resistance could
contribute significantly to cancer therapy.

Selenium (Se) acts as an essential element playing an impor-
tant role in maintaining the health of human beings. Epidemio-
logical, clinical studies also support the role of Se compounds
as potent antitumor drugs.[11] Many studies have shown that
Se-containing complexes lead to high selectivity between
cancer cells and normal cells.[12] Compared with inorganic sele-
nium, organoselenium compounds are of lower biochemical
cellular toxicity. Following the development of organoselenium
compounds, they have been used as antitumor agents, antioxi-
dants, enzyme inhibitors, anti-infective agents, and cytokine in-
ducers.[13] Organoselenium compounds are advantageous rela-
tive to inorganic selenium compounds as they can be generat-
ed under relatively mild reaction conditions and avoiding pro-
tection group chemistry.[14] Among the organoselenium com-
pounds, selenadiazole derivatives possess the highest
anticancer activity. For instance, Plano et al. synthesized four-
teen substituted selenadiazole derivatives, and they all exhibit-
ed good antiproliferative and cytotoxic activities in vitro, espe-
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cially against breast (MCF-7) cancer cells.[15] Chen et al. have
synthesized 1,2,5-selenadiazolo-[3,4-d] pyrimidine-5,7-(4 H,6 H)-
dione (SPO) and anthrax-[1,2-c]-[1,2,5]-selenadiazolo-6,11-dione
(ASDO). SPO induced apoptosis of MCF-7 cells by activation of
caspase-8 and caspase-9, overproduction of reactive oxygen
species (ROS), and depletion of mitochondrial membrane po-
tential (DYm) through regulating the expression of Bcl-2
family members, while ASDO induced caspase-dependent and
ROS-independent apoptosis in MCF-7 cells in a p53-dependent
manner.[11] Zhou et al. synthesized selenadiazole derivatives
that act as novel radiosensitizer which can enhance X-ray treat-
ment to induce G2/M arrest in cancer cells.[16] In our previous
study we demonstrated that selenocysteine (SeC) can enhance
the apoptosis induced by first-line antitumor drugs such as
DOX, 5-FU, and auranofin (AF) by overproduction of ROS, acti-
vation of the Bcl-2 family, and inactivation of Akt and extracel-
lular regulated protein kinases (ERKs).[17] These results suggest-
ed that organoselenium compounds have antagonizing drug-
resistance potential on hyperglycemia. Therefore, the aim of
our current study is to clarify whether hyperglycemia has an
impact on the antitumor activity of DOX and to then evaluate
the synergistic effects of selenadiazole derivatives and DOX on
HCC cells. Furthermore, we focus on the antitumor mecha-
nisms including the adenosine monophosphate-activated
kinase (AMPK) pathway and ROS-mediated DNA damage on
hyperglycemia. This study may provide an effective strategy to
design selenadiazole derivatives with potency to overcome hy-
perglycemia-induced drug resistance (Figure 1).

Results and Discussion

Hyperglycemia Induces Chemoresistance

Three major mechanisms have been proposed to explain the
possible promoting impact of DM on cancer: hyperglycemia,
activation of the IGF signaling pathway, and activation of the
insulin signaling pathway.[18] Glucose is vital for cell survival,
however, the function of glucose regarding the viability of
HCC cells has not yet been defined. To this end, we maintained
HepG2 cells were in Dulbecco’s modified Eagle’s medium
(DMEM, glucose-free) with added glucose at various concentra-
tions. The concentrations of glucose were selected according
to the physiological conditions in healthy and diabetic individ-
uals. The diagnostic fasting plasma (blood) glucose value has
been lowered to �7.0 mm.[19] As a result of the normal blood
glucose concentration range from 3.89 to 6.11 mm, the forma-
tion and development of a tumor is a constant process to
overcome the lack of oxygen and nutrient-deficient environ-
ment. Tumor cells use the glucose and improve their glycolysis
to maintain their survival and growth. Normal blood glucose
levels averaging 5 mm conditions can be regarded as an
energy shortage for tumor growth conditions. A higher level of
25 mm is beneficial to the growth of tumor cells, as confirmed
by a large number of tumor cell culture experiments.[10] The
glucose concentrations of 2.78 and 5.5 mm represent hypogly-
cemia and normoglycemia, while 11 mm and 25 mm of glucose
are recognized as hyperglycemia. The results showed that with

increasing glucose concentration, the proliferation of HepG2
cells is increasing. At a glucose concentration of 5.5 mm,
HepG2 cells showed a similar rate of proliferation as in hypo-
glycemia (Figure 2 A). To further investigate whether the prolif-
eration is related to the proliferin in the signaling pathway, we
evaluated the expressions of ERK and Akt. As shown in Fig-
ure 2 B, the expressions of ERK and Akt are increased after
treatment with higher glucose concentrations. These data sug-
gested that hyperglycemia can promote the proliferation of
HepG2 cells, which has a positive correlation with the expres-
sion of proliferin.

In our study, we have demonstrated that glucose can signifi-
cantly promote the growth of HepG2 cells, however, it re-
mained unclear whether hyperglycemia contributed to the
chemotherapy resistance of HepG2 cells. Therefore, five anti-
cancer drugs, that is, lomustine (CCNU), cisplatin, cyclophos-
phamide (CTX), DOX, and taxol were selected to test their anti-
tumor activity. Cisplatin and DOX are known to be active cyto-
toxic agents in HepG2 cells, with DOX having the best anti-
cancer activity (Table S1, Supporting Information). Upon incu-
bation at a glucose concentration of 25 mm for 48 h, the IC50 is
2 mm which is higher than the value of 1.14 mm under treat-
ment at 5.5 mm glucose (Figure 2 C). Taken together, DOX has
better antitumor effects among the tested antitumor agents in

Figure 1. (A) Synthetic route for 1 a–1 d and 2 a–2 b. (B) Selenadiazole deriva-
tives antagonize hyperglycemia-induced drug resistance in HepG2 hepato-
cellular carcinoma cells.
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HepG2 cells, but hyperglycemia-induced DOX resistance re-
mained significant.

Rational Design and Anticancer Efficacy of Selenadiazole De-
rivatives

Although anticancer effects of DOX have been frequently re-
ported, the cardiomyopathy of DOX limited its use in clinical
therapy.[20] Therefore we need to find a strategy to reverse che-
motherapy resistance to DOX in order to achieve better anti-
cancer activities. Several studies have reported that organose-
lenium compounds can sensitize cancer cells to DOX-induced
apoptosis.[21] Several reports suggested that DOX-induced
apoptosis is mediated by the for-
mation of ROS and p53 phos-
phorylation.[22] Selenium particles
have been reported to possess
low toxicity and excellent anti-
cancer activity.[23] The selenium-
induced apoptosis has been re-
garded as ROS-mediated mito-
chondria dysfunction and p53
phosphorylation.[24] Thus, we de-
signed and synthesized a series
of novel selenadiazole deriva-
tives to overcome hyperglyce-
mia-induced drug resistance of
HepG2 HCC cells. The synthe-
sized selenadiazole derivatives
were characterized by IR spec-

troscopy, ESI mass spectrometry,
elemental analysis, and 1H NMR
spectroscopy (see the Experi-
mental Section for further details
and Figures S1–S12 in the Sup-
porting Information). The physi-
cochemical properties (melting
point and lipophilicity) of these
selenadiazole derivatives were
also examined.

Six novel benzo[c][1,2,5]sele-
nadiazole derivatives were syn-
thesized as shown in Figure 1 A.
The cell viability in the presence
of these compounds was tested
by MTT assay, and IC50 values
were calculated as described in
the Experimental Section. As
shown in Figure 3 B, 1 b exhibit-
ed significant anticancer activity
in HepG2 cells among the six
benzo[c][1,2,5]selenadiazole de-
rivatives, followed by 2 a. How-
ever, as shown in Table S2 in the
Supporting Information, relative
to 1 b, the toxicity of 2 a toward
human glandular kallikrein-2

(HK-2) cells (IC50 value >400 mm) was much lower. The lipophi-
licity (logP) and cell cytotoxicity are the key factors for evaluat-
ing the efficacy of anticancer drugs.[25] Thus, the six selenadia-
zole derivatives were examined in both aspects. As shown in
Figure 3 A, the difference in logP is due to their dissimilar func-
tional groups. An insignificant connection between the activity
and electronic effects could be observed as to electron-donat-
ing and -withdrawing groups. The compound 2 b results in the
highest distribution coefficient among those six selenadiazole
derivatives, and the logP of 2 a is second, followed by 1 b (con-
taining the functional group Cl). The logP of the other com-
pounds was lower, revealing its lower solution in the oil phase.
Meanwhile, the ratio of reactants could be an influencing

Figure 2. Glucose promotes the proliferation of hepatocellular carcinoma HepG2 cells and impairs its response to
DOX. (A) Glucose promotes the proliferation of HepG2 cells. The cells were incubated for 48 h in the absence and
presence of different concentrations of glucose, and the cell viability was determined by MTT assay. (B) Effects of
different glucose concentrations on the phosphorylation status and the expression level of Akt and ERK. (C) The
IC50 values of DOX in HepG2 cells were determined by using the MTT assay at different glucose concentrations fol-
lowing incubation for 48 h. (D) Light microscopy images of cells after treatment with DOX (1 mm) at different con-
centrations of glucose for 24 h and 48 h, respectively. The data shown in panels A and C represent the
means�SD of three independent experiments. *, P<0.05; **, P<0.01 versus the control.

Figure 3. The lipophilicity (logP) of benzo[c][1,2,5]selenadiazole derivatives and their IC50 values. (A) The distribu-
tion of complexes in n-octanol and the aqueous phase using the “shake-flask” method. (B) Cells were treated with
various concentrations of tested compounds for 48 h. Cell viability was determined by MTT assay, and IC50 values
were calculated as described in the Experimental Section. Each point represents the mean�SD of three inde-
pendent experiments.
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factor. The reaction products of 1 mmol b and 2 mmol of the
corresponding aromatic aldehyde were of relatively high activi-
ty and proper lipid partition.

As shown in Figure 3 A and 3B, 2 a, and 2 b have a higher
solubility than other selenadiazole derivatives and possess
a good anticancer effect. Compound 2 a exhibited a high lipo-
philicity (logP = 1.74), low IC50 value (25.68 mm) in HepG2 cells,
and low toxicity toward HK-2 cells (IC50 >400 mm), which indi-
cated that 2 a has an increased potential to overcome hyper-
glycemia-induced drug resistance compared to the other sele-
nadiazole derivatives. The results showed that the increase in
logP may be concerned with a high solubility on lipids, which
probably facilitates their crossing of the cell membrane and
their entry into tumor cells, thus improving their anticancer ef-
ficacy. In summary, the cytotoxicities of the selenadiazole deriv-
atives toward cancer cells were entirely different.

Cellular Uptake and Apoptosis-Inducing Efficacy

Next, we compared the antitumor activity of 2 a toward HepG2
cells at concentrations of 5 mm, 10 mm, and 20 mm in the pres-
ence of glucose at concentrations of 5.5 mm, 11 mm, and
25 mm, respectively. As shown in Figure 4 A, at 5 mm 2 a, the
cell viability steadily increased from 63.8 % to 71.4 % with in-
creasing glucose concentration. A similar trend was found at
the two higher drug concentrations. The cell viability was de-
termined by MTT assay after treatment with 2 a and/or DOX for
48 h. As shown in Figure 4 B, 2 a enhanced the cell growth in-
hibitory effects of DOX in HepG2 cells : compared to single

treatment with a specific concentration of 2 a (control), the cell
viability was decreased upon combined 2 a/DOX treatment.
For instance, the cell viability of HepG2 cells treated with 2 a at
2.5 mm was 82 %, while that treated with 2 a (2.5 mm) and DOX
(0.625 mm) was 61 %. The results showed that treatment of
HepG2 cells with 2 a alone caused less inhibition of cellular
proliferation than the combination of 2 a and DOX. To assess
whether the mode of anticancer action in HepG2 cells of 2 a
and DOX was additive or synergistic, the proliferation inhibito-
ry effects were examined by MTT assay and then analyzed by
the isobologram method.[26]

Compared with the individual treatment, the in vitro anti-
cancer activities of 2 a and DOX at different ratios (5:4 and 5:1,
w/w) were investigated. The IC50 values of 2 a and DOX alone
in HepG2 cells are 25.68 mm and 2 mm, respectively. The combi-
nation index (CI) of 2 a and DOX was calculated as 0.4. The re-
sults of the isobologram analysis revealed that the growth in-
hibitory effect by 2 a and DOX was strongly synergistic, as the
location of the data point in the isobologram is far below the
line defining an additive effect (Figure 4 C). Taken together, our
results demonstrated that the combination treatment of 2 a
and DOX could be a better way to enhance the anticancer effi-
cacy in HepG2 cells. Moreover, based on the MTT assay results,
the combination of 2 a and DOX (ratio = 4:1) was selected as
an optimized condition for further study. Cellular uptake is an
important factor contributing to anticancer activity. The in-
crease in logP indicates an enhanced cellular uptake, thus im-
proving anticancer efficacy. In this study, DOX has a strong red
autofluorescence while 2 a is green fluorescent. Accordingly,

the drug uptake into cells can
be directly monitored. Therefore,
a quantitative analysis was con-
ducted by using a fluorescence
microplate reader to measure
the cellular uptake of 2 a and
DOX in HepG2 cells. It was
found that the intracellular drug
concentration increased in
a time- and dose-dependent
manner in the cancer cells. As
shown in Figure 4 D, after 12 h
incubation with 2 a followed by
treatment with DOX for 4 h, the
intracellular DOX concentration
was 18.8 mm/108 cells, which was
about 2–3 times higher than
that following treatment with 2 a
or DOX alone. Compound 2 a
significantly promoted the
uptake of DOX in a time-depen-
dent manner; however, treat-
ment with DOX alone can cause
a slight increase in HepG2 cells,
indicating the important role of
2 a. The intracellular trafficking
of 2 a and DOX can be moni-
tored by fluorescence imaging

Figure 4. Compound 2 a enhanced the cellular uptake and apoptosis-inducing efficacy of DOX in HepG2 cells.
(A) Cells were treated with 2 a for 48 h in DMEM containing 0 mm (control), 5.5 mm, 11 mm, and 25 mm glucose,
respectively, and the cell viability was determined by MTT assay. (B) Cell viability was determined by MTT assay
after treatment with 0.625 mm DOX for 48 h (squares) or pre-treatment with 2.5 mm 2 a for 12 h followed by incu-
bation with 0.625 mm DOX for 24 h (circles) The data show that 2 a enhances the cell growth inhibitory effects of
DOX on HepG2 cells. (C) Isobologram analysis of the antiproliferative effects of 2 a and/or DOX on HepG2 cells.
(D) HepG2 cells were pre-treated with 2 a (20 mm) for 12 h and then treated with DOX (4 mm) at 37 8C for different
times. The cellular uptake was determined as described in the Experimental Section. Each data point represents
the mean�SD of three independent experiments. *, P<0.05; **, P<0.01 versus the control.
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to determine the location of
compounds. DAPI (blue) is a spe-
cial fluorescent tracer, which was
used to label the nuclei. The
change of DOX fluorescence
from the cytoplasm in HepG2
cells further confirmed the sensi-
bilization of the antitumor effect
of 2 a. As shown in Figure 5, rela-
tive to a single treatment with
DOX, the results of fluorescence
microscopy showed that upon
pre-treatment with 2 a for 12 h
followed by treatment with DOX
for 1–8 h, which accumulates in
the cell after 1 h, the amount of
internalized DOX increased in
a time-dependent manner. This
result indicates that pre-treat-
ment with 2 a caused a faster
aggregation of DOX in the cyto-
plasm.

Apoptosis Signaling Pathways
Induced by 2a and DOX

In order to investigate the mech-
anism underlying the death of
HepG2 cells induced by 2 a and/
or DOX, propidium iodide (PI)
staining followed by flow cyto-
metric analysis was used to de-
termine the apoptotic sub-G1
fraction in the treated cells. As
shown in Figure 6 A, PI-flow cy-

tometric analysis of cells treated with 2 a (2.5 mm) or DOX
(0.625 mm) alone increased cell apoptosis from 1.2 % to 31 %
and 8.8 %, respectively, at a glucose concentration of 5.5 mm.
However, the combined treatment with 2 a (2.5 mm) and DOX
(0.625 mm) caused 69.2 % of cell apoptosis at the same glucose
concentration. Similarly, at 25 mm glucose, single treatment
with 2 a (2.5 mm) or DOX (0.625 mm) resulted in subG1 fractions
of 22.3 % and 5.4 %, respectively, whereas the combined 2 a/
DOX treatment caused 47.5 % of cell apoptosis. These data
clearly showed that high glucose concentrations enhance the
resistance to 2 a and/or DOX in HepG2 cells (Figure 6 B). Since
2 a could amplify the in vitro anticancer and apoptosis-induc-
ing effects of DOX, we next conducted further studies to evalu-
ate the molecular mechanism by which 2 a sensitizes the
cancer cells to DOX. Caspases play a role as mediators of apop-
tosis by cleavage to activate various cellular substrates. In this
study, a fluorometric assay was used to measure the protein
activation of executor caspases, that is, caspase-3, caspase-8
(Fas/TNF-mediated), and caspase-9 (mitochondrial-mediated).
As shown in Figure 6 C, treatment with 2 a or DOX alone slight-

Figure 5. Compound 2 a enhanced the cellular uptake of DOX and induces
apoptosis in HepG2 cells. HepG2 cells were pre-treated with 2 a (20 mm) for
12 h and then treated with DOX (4 mm) for different times. Cells were then
stained with DAPI (nuclei) at 37 8C for 1 h and visualized under a fluorescent
microscope.

Figure 6. Compound 2 a enhanced DOX-induced apoptosis by regulating the expression of Bcl-2 family proteins.
(A, B) 2 a (2.5 mm) enhanced DOX (0.625 mm)-induced apoptosis in HepG2 cells. After treatment with 5.5 mm and
25 mm glucose for 36 h, cells were harvested and fixed with 70 % ethanol before being stained with PI. Apoptotic
cells with hypodiploid DNA content were measured by quantifying the sub-G1 peak. (C) Analysis of caspase activi-
ty in HepG2 cells treated with 2 a and/or DOX. HepG2 cells were pre-treated with 2.5 mm 2 a for 12 h and then
treated with 2.5 mm DOX for 24 h. Caspase activities were determined by using synthetic fluorogenic substrates.
(D) Western blot analysis of the expression levels of Bcl-2, Bcl-xL, Bad, Bax, and Bid in HepG2 cells. Equal protein
loading was confirmed by analysis of b-actin in the protein extracts. Similar results were obtained from three inde-
pendent experiments.

Chem. Asian J. 2015, 00, 0 – 0 www.chemasianj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &&

These are not the final page numbers! ��

Full Paper

http://www.chemasianj.org


ly increased the activation of caspase-3/8/9, indicating that
either 2 a or DOX can also induce extrinsic death receptor-
mediated apoptotic pathways. By contrast, the combined
treatment of 2 a and DOX synergistically enhanced the activa-
tion of caspase-3/8/9. Taken together, these results demon-
strate the contribution of extrinsic and intrinsic pathways to
cell apoptosis.

Mitochondria integrity is central to both extrinsic and intrin-
sic apoptosis signals induced by the accumulation of ROS and
consequently changed the cellular redox state.[17a, 27] Depletion
of the mitochondrial membrane potential (DYm) and release
of apoptogenic factors from the mitochondria into the cyto-
plasm will cause apoptosis and is lethal to the cells. Bcl-2
family proteins, the key regulators of DYm, also have been de-
scribed as critical regulators of the mitochondrial apoptosis
pathway. The mitochondrial apoptosis pathway ensures that
cell death is controlled by the leakage of pro-apoptotic pro-
teins from the intermembrane space of mitochondria under
the tight regulation of the Bcl-2 family that comprise both
anti-apoptosis factors, such as Bcl-2 and Bcl-xL, and pro-apop-
tosis proteins, such as Bax, Bad, and Bid.[28] Once the balance is
disrupted, apoptosis will be initiated via the mitochondrial-
mediated pathway. The Bcl-2 and Bcl-xL proteins are overex-
pressed in many cancer cell types and contribute to the che-
motherapy and radiation therapy resistance in cancer cells.[29]

Therefore, an obvious decrease in the Bcl-2/Bax and Bcl-xL/Bad
expression could be a primary mechanism by the combined
treatment of 2 a and DOX inducing mitochondria-mediated
apoptosis in HepG2 cells. Western blotting was applied to ex-
amine the expressions of pro-survival and pro-apoptotic Bcl-2
family proteins in HepG2 cells, which can provide evidence of
the effects of 2 a and DOX. As shown in Figure 6 D, the treat-
ment with 2 a and DOX decreased the expression level of the
anti-apoptotic proteins Bcl-xL and Bcl-2, whereas it increased
the expression levels of the pro-apoptotic proteins Bad and
Bax. Truncation of Bid (tBid) leads to an activated form of Bid
which has potent pro-apoptotic activity. The activation of Bid
could translocate Bax from the cytoplasm to the mitochondrial
membrane and then induce aggregation.[28] The combined
treatment of HepG2 cells with 2 a and DOX caused a significant
increase in tBid that confirmed the activation of the extrinsic
apoptosis pathway. Taken together, these results demonstrated
that the sensitization of DOX-induced apoptosis by 2 a is corre-
lated with the expression levels of Bcl-2/Bax, Bcl-xL/Bad, and
tBid. These results suggest that mitochondria could be the in-
tracellular targeting organelle of selenadiazole derivatives. Mi-
tochondria are pivotal in controlling cell growth and death. We
observed the changes of mitochondria (stained by Mito-Track-
er; nuclei stained by DAPI) in HepG2 cells treated with 2 a and/
or DOX. As shown in Figure 7, obvious mitochondrial fragmen-
tation could be observed after treatment for 2 h.

ROS Overproduction

ROS are well known to be produced from the normal cellular
oxygen metabolism and mainly include hydrogen superoxide,
peroxide, and hydroxyl radicals; they are involved in cancer

cell apoptosis induced by chemotherapeutic agents and radio-
therapy.[30] DOX-induced cell apoptosis or cell cycle arrest is
mostly viewed as the generation of ROS nowadays.[31] The
overproduction of ROS induced by DOX in many cancer cells
including HepG2 cells has been previously reported by our
group.[32] Therefore, we examined whether 2 a has the ability
to trigger ROS generation that would enhance the apoptosis
signal induced by DOX by measuring the fluorescence intensi-
ty of 2’,7’-dichlorofluorescein (DCF). The results showed that
pre-treatment of HepG2 cells with 2 a led to a rapid increase in
ROS generation which is much higher than that upon treat-
ment with 2 a or DOX alone (Figure 8 A). To further confirm the
important role of ROS generation in cell apoptosis, we next in-
vestigated the intracellular fluorescence intensity of DCF in
HepG2 cells treated with 2 a and/or DOX. As shown in Fig-
ure 8 B, pre-treatment of 2 a followed by incubation with DOX
significantly enhanced the fluorescence intensity. Taken togeth-
er, these results suggested that 2 a synergized with DOX to
induce apoptosis of HepG2 cells in a ROS-dependent manner.
Generally, overproduction of ROS could act on protein modifi-
cation and DNA damage-activated p53 signaling pathways,
which could trigger cell apoptosis.

AMPK Signaling Pathway

The mechanisms of DM that promote the development of HCC
are unknown. However, many researchers have inferred that
oxidative stress is the key event in the pathogenesis and com-
plications of DM as a result of hyperglycemia.[33] Glucose
uptake occurs primarily by phosphoinositide kinase-3 (PI3K) ac-
tivation and enhancement of GLUT-1 expression.[34] Processes
in normal cells and the proliferation of tumor cells both need

Figure 7. Treatment with 2 a and DOX caused mitochondrial fragmentation
in HepG2 cells. Representative photomicrographs of mitochondria fragmen-
tation and nuclear condensation induced by 2 a (2.5 mm) and DOX
(0.625 mm) at different periods of time using a MitoTracker–DAPI co-staining
assay.
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energy. Furthermore, the tumor cell generation must evade
the checkpoint under the abnormal tumor microenvironment.
The main mechanism is regarded as Warburg effect in tumor
cells, which is a shift from ATP generation through oxidative
phosphorylation to ATP generation through glycolysis, even
under the conditions of normal oxygen concentrations. This
effect is regulated by p53, PI3K, and AMPK-liver kinase B1
(LKB1) pathways as well as hypoxia-inducible factor (HIF) and
MYC.[35] AMPK is a serine/threonine protein kinase, which

serves as a regulator of energy
metabolism in all eukaryotic cell
types. Several studies indicated
that the activation of AMPK
strongly suppresses cell prolifer-
ation in normal cells and in
tumor cells.[36] Activation of
AMPK requires LKB1, which is
well recognized as a tumor sup-
pressor. Many reports proposed
that AMPK is an emerging drug
target, probably because of mi-
tochondrial dysfunction in type-
2 diabetes, suggesting that
AMPK-mediated mitochondrial
improvement may overcome the

metabolic sensitivity and insulin resistance.[37] To investigate
whether DOX-induced apoptosis enhanced by 2 a affected the
mammalian target of the rapamycin (mTOR) signaling pathway,
we detected the signaling by assessing the expression of
mTOR kinase, p70S6 kinase (p70S6 K), eIF4E-binding protein1
(4E-BP1), and other related proteins. As shown in Figure 9 B,
the phosphorylation of AMPKa (Thr172) was significantly in-
creased in HepG2 cells treated with 2 a alone, and the combi-
nation of 2 a and DOX caused even higher activation. However,

Figure 8. The role of intracellular ROS generation in apoptosis of HepG2 cells induced by 2 a and/or DOX. (A) Cells
were exposed to 2 a (2 mm) and/or DOX (0.2 mm), and the level of the intracellular ROS was analyzed by measuring
the fluorescence intensity of DCF. (B) Changes in the fluorescence intensity induced by 2 a (2 mm) and/or DOX
(0.2 mm) in HepG2 cells. The fluorescence intensity was detected by fluorescence microscopy of DCF. Glu, Glucose.

Figure 9. Mechanisms underlying the induction of apoptosis upon treatment of HepG2 cells with 2 a and/or DOX. (A) Schematic illustration of DOX
(0.625 mm)-induced apoptosis of HepG2 cells enhanced by 2 a (2.5 mm. (B, C) 2 a (2.5 mm) and DOX (0.625 mm) induced apoptosis via the AMPK signaling path-
way and its upstream kinase in HepG2 cells. Equal protein loading was confirmed by analysis of b-actin in the protein extracts.
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treatment by DOX alone only slightly activated the expression
of AMPKa. The activation of AMPKa can inhibit the expression
of mTOR (Ser2448) by TSC (tuberous sclerosis complex) and
downregulate the expression of p70S6K (Ser371) and 4E-BP1
(Thr37/46), leading to cell growth inhibition and apoptosis.
The expression levels of mTOR and 4E-BP1 were decreased
slightly after treatment with DOX alone, while they were signif-
icantly downregulated by 2 a and co-treatment, which indicat-
ed an important role of 2 a in the induction of apoptosis.
These results indicated that 2 a promoted largely the DOX-in-
duced apoptosis in HepG2 cells via the AMPK signaling path-
way. Several lines of evidence suggest that organoselenium
compounds cause cell death via activating the p53 signaling
pathway and induced ROS-mediated DNA damage.[38] DOX-in-
duced apoptosis is known to be dependent on p53.[21] The
tumor suppressor protein p53 is a transcription factor that
plays a critical role in cell-cycle arrest and apoptosis by regulat-
ing the expression of a variety of genes located upstream in
the mTOR signaling pathway. Phosphorylation of p53 at Ser15
can induce cells apoptosis upon treatement with many anti-
cancer drugs. To investigate whether cell apoptosis induced by
2 a and/or DOX was regulated by the p53 pathway, we exam-
ined the phosphorylation status of p53 in HepG2cells. As
shown in Figure 9 C, treatment of HepG2 cells with DOX result-
ed in insignificant p53 activation. By contrast, the treatment
with 2 a alone or in combination with DOX significantly upre-
gulated the expression level of phosphorylated p53. Akt and
ERK, the up-stream kinases of mTORC1, were also activated
after treatment with 2 a and/or DOX. Taken together, 2 a en-
hanced DOX-induced apoptosis mainly by activation of the
AMPK-mTORC1-p70S6K and AMPK-p53 signaling pathways.
Here, we propose a general apoptosis pathway for the action
of these two drugs on signal mediators in HepG2 cells (Fig-
ure 9 A). From the analysis above we can propose a signaling
network for the synergistic action of 2 a and DOX. Pre-treat-
ment with 2 a enhanced the cellular uptake of DOX, which
subsequently increased the generation of intracellular ROS and
DNA damage and triggered the p53 pathway, causing mito-
chondrial dysfunction by regulating the expressions of Bcl-2
family proteins, which finally activated the AMPK signaling
pathway. p53 is an upstream factor of the AMPK signaling
pathway. Mitochondrial dysfunction results in the leakage of
apoptogenic factors into the cytosol, which subsequently acti-
vated several caspase cascades, finally inducing cell apoptosis.
In addition, ROS led to inactivation of Akt, promoted the phos-
phorylation of AMPK, and changed the status of its down-
stream kinase. The present study demonstrated that 2 a results
in ROS generation and, interestingly, pretreatment of HepG2
cells with 2 a significantly enhanced DOX-induced apoptosis
through triggering ROS overproduction. Relative to DOX, 2 a
performed better in the activation of the AMPK signaling path-
way to induce cell apoptosis, though the combination treat-
ment of 2 a and DOX caused a greater response in HepG2
cells. Therefore, phosphorylation of Akt and AMPK, and the in-
activation of mTOR may be incurred by ROS and potentiated
the apoptosis cascade in this synergism (Figure 10).

Conclusions

In this study, we demonstrate the effects of diabetes mellitus
on the chemotherapy of hepatocellular carcinoma and report
on new apoptosis-inducing agents with low toxicity. Firstly, we
show that hyperglycemia promotes the proliferation of HepG2
cells. Secondly, we reveal that hyperglycemia inhibits the che-
motherapeutic effects of antitumor drugs such as DOX. By con-
trast, selenadiazole derivatives, in particular 2 a, can reverse the
chemotherapeutic resistance of DOX. Lastly, we elucidate the
synergistic mechanisms of selenadiazole derivatives and DOX
to induce apoptosis in HepG2 cells. Taken together, we have
rationally designed a series of selenadiazole derivatives with
the potential to overcome hyperglycemia-induced drug resist-
ance in HepG2 cells by enhancement of cellular uptake of
DOX, activation of ROS-mediated DNA damage, mitochondrial
fragmentation, and activation of the AMPK signaling pathway.

Experimental Section

Materials

Glucose-free Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Gibco. d-Glucose, propidium iodide (PI), 2’,7’-di-
chlorofluorescein diacetate (DCF-DA), thiazolyl blue tetrazolium
bromide (MTT), bicinchoninic acid (BCA) kit, doxorubicin (DOX) and
4’,6-diamidino-2-phenyindole (DAPI) were purchased from Sigma.
Fetal bovine serum (FBS) and the antibiotic mixture (penicillin/
streptomycin) were purchased from Invitrogen (Carlsbad, CA, USA).
The caspase-3 substrate (Ac-DEVD-AMC), caspase-9 substrate (Ac-
LEHD-AFC) and caspase-8 substrate (IETD-AFC) were purchased

Figure 10. Proposed apoptotic signaling pathways of DOX-induced apopto-
sis of HepG2 cells enhanced by 2 a. DOX causes DNA damage by activation
of p53, whereas 2 a synergistically activated AMPK and then inactivates
mTORC1 by inducing intracellular ROS generation and inactivation of Akt
and ERK. Thus, the DOX-induced DNA damage is enhanced, resulting in fur-
ther activation of the p53 pathway, which in turn triggeres mitochondrial
dysfunction to amplify the apoptotic signals.
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from Calbiochem. All of the antibodies used in this study were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). All of
the solvents used were of high-performance liquid chromatogra-
phy (HPLC) grade. The water used for all experiments was supplied
by a Milli-Q water purification system from Millipore.

Synthesis of Selenadiazole Derivatives

Synthesis of compound b: (1,1’-Biphenyl)-3,3’,4,4’-tetraamine (a,
3 mmol, 642.8 mg) was dissolved in 250 mL hydrochloric acid solu-
tion (conc. HCl/H2O = 1:5) in a 500 mL flask. Then SeO2 (3 mmol,
332.9 mg) dissolved in 20 mL hot distilled water was added drop-
wise, and the mixture was stirred for 2 h at room temperature.
Subsequently, sodium hydroxide solution was used to adjust the
pH to about 7.0. The mixture was then filtered to afford 4-
(benzo[c][1,2,5]selenadiazol-5-yl)benzene-1,2-diamine (b, 2.7 mmol,
780.8 mg) in a yield of 90 %.

Synthesis of 1 a–1 d : Compound b (1 mmol, 289.2 mg) was dis-
solved in 25 mL DMF in a 50 mL flask. Then, the corresponding ar-
omatic aldehyde (1 mmol) was added together with a catalytic
amount of p-methylbenzene sulfonic acid. The mixture was stirred
for 40 min at 80 8C. Subsequently, the mixture was poured into
200 mL saturated aqueous Na2CO3 and stirred for 30 min at room
temperature. The mixture was then filtered to give crude product,
which was purified by column chromatography on silica gel (petro-
leum ether/EtOAc = 5:1) to afford pure product 1a–1d.

Synthesis of 2 a–2 b : Compound b (1 mmol, 289.2 mg) was dis-
solved in 25 mL DMF in a 50 mL flask. Then, the corresponding ar-
omatic aldehyde (R = H, 2 mmol, 212 mg; R = CH3, 2 mmol,
240 mg) was added together with a catalytic amount of p-methyl-
benzene sulfonic acid. The mixture was then stirred for 2 h at
80 8C. Subsequently, the mixture was poured into saturated aque-
ous 200 mL Na2CO3 and stirred for 30 min at room temperature.
The mixture was then filtered to give crude product, which was
purified by column chromatography on silica gel (petroleum ether/
EtOAc = 7:1) to afford pure product 2 a–2 b.

Characterization of 1 a–1 d, 2 a–2 b

1 a : Yield: 40 %; ESI-MS: m/z 377.2 [M+H+]+ . M.p. 328–329 8C. Ele-
mental analysis calcd (%) for C19H12N4Se: C, 60.81; H, 3.22; N, 14.93;
found (%) : C, 60.71; H, 3.12; N, 14.99; IR (KBr): ñ= 704,584 (Se-N-
Se), 1159, 1074 (C�N), 1608, 1450, 1388 cm�1 (C=C arom); 1H NMR
(500 MHz, CDCl3): d= 7.74 (m, 3 H),7.94 (m, 1 H), 8.00 (m, 3 H), 8.18
(m, 1 H), 8.24 ppm (m, 3 H).

1 b : Yield: 45 %; ESI-MS: m/z 409.4 [M�H+]� . M.p. 315–316 8C. Ele-
mental analysis calcd (%) for C19H11ClN4Se: C, 55.70; H, 2.71; N,
13.67; found (%): C, 57.05; H, 2.75; N, 13.51; IR (KBr): ñ= 730, 584
(Se-N-Se), 1207, 1058 (C�N), 1635, 1486,1432 cm�1 (C=C arom);
1H NMR (500 MHz, CDCl3): d= 8.04 (m, 1 H), 8.17 (s, 1 H), 8.21 (d,
1 H), 8.24 (m, 1 H), 8.27 (m, 1 H), 7.06 (d, 2 H), 7.38 (m, 1 H),
7.68 ppm (m, 5 H).

1 c : Yield: 50 %; ESI-MS: m/z 391.1 [M+H+]+ . M.p. 303–304 8C. Ele-
mental analysis calcd (%) for C20H14N4Se: C, 61.70; H, 3.62; N, 14.39;
found (%): C, 61.72; H, 3.65; N, 14.51; IR (KBr): ñ= 729 (Se-N-Se),
1360 (C�N), 1610, 1560, 793 cm�1 (C=C arom); 1H NMR (500 MHz,
CDCl3): d= 8.12 (d, 4 H), 8.03 (d, 1 H), 7.94 (d, 1 H), 7.71 (t, 2 H), 7.39
(d, 2 H), 2.40 ppm (s, 3 H).

1 d : Yield: 40 %; ESI-MS: m/z 393.3 [M+H+]+ . M.p. 309–310 8C. Ele-
mental analysis calcd (%) for C19H12N4OSe: C, 58.32; H, 3.09; N,
14.32; found (%): C, 58.20; H, 3.03; N, 14.31; IR (KBr): ñ= 750 (Se-N-
Se), 3480 (C–N), 1590, 1480, 804 cm�1 (C=C arom); 1H NMR

(500 MHz, CDCl3): d= 8.30–7.98 (m, 3 H), 7.93 (d, 1 H), 7.80–7.54 (m,
1 H), 6.94 ppm (d, 1 H).

2 a : Yield: 31 %; ESI-MS: m/z 467.3 [M+H+] + . M.p. 295–296 8C. Ele-
mental analysis calcd (%) for C26H18N4Se: C, 67.10; H, 3.90; N, 12.04;
found (%): C, 67.05; H, 3.95; N, 12.11; IR (KBr): ñ= 696,586 (Se-N-
Se), 2919 (C�H), 1245, 1106 (C�N), 1633, 1469, 1400 cm�1 (C=C
arom); 1H NMR (500 MHz, CDCl3): d= 7.76(m, 3 H), 7.93(d, 1 H),
8.02(d, 1 H), 8.12(s, 1 H), 8.21 (s, 1 H), 5.64 ppm (s, 2 H).

2 b : Yield: 25 %; ESI-MS: m/z 495.3 [M+H+] + . M.p. 277–278 8C. Ele-
mental analysis calcd (%) for C28H22N4Se: C, 68.15; H, 4.49; N, 11.35;
found (%): C, 68.2; H, 4.45; N, 11.31; IR (KBr): ñ= 577,485 (Se-N-Se),
2953 (C�H), 1286, 1124 (C�N), 1630, 1550, 802 cm�1 (C=C arom);
1H NMR (500 MHz, CDCl3): d= 8.19 (s, 1 H), 8.13 (s,1 H), 8.09–7.97
(m, 2 H), 7.97–7.88 (m, 1 H), 7.87–7.72 (m, 2 H), 7.11 (t, 2 H), 6.94 (d,
2 H), 5.63 (d, 2 H), 2.39 (s, 3 H), 2.22 ppm (d, 3 H).

Cell Lines and Cell Culture Conditions

The cell lines used in this study, HepG2 (hepatocellular carcinoma
cells) and HK-2 (human glandular kallikrein-2 cells) were obtained
from the American Type Culture Collection (ATCC, Manassas, VA,
USA). These cell lines were cultured in DMEM medium supplement-
ed with 10 % fetal bovine serum (FBS), penicillin (100 units mL�1)
and streptomycin (50 units mL�1) in a 37 8C humidified atmosphere
containing 95 % air and 5 % CO2 as described previously.[18]

MTT Assay

Cell viability was determined by MTT assay according to the pub-
lished procedure.[10, 39] Cells (4 000 per well) were maintained in
DMEM with 10 % FBS. After 24 h incubation, various concentrations
of glucose were added to DMEM without glucose with 0.5 % FBS in
parallel to replace the original DMEM after washing with phos-
phate buffered saline (PBS). After 48 h, the cytotoxic effect of anti-
tumor drugs and selenadiazole derivatives was evaluated using the
previously reported methods.[40]

Measurement of Lipophilicity

The partition coefficient of each selenadiazole derivative (1 a–1 d,
2 a–2 b), defined as logP = lg([solute]octanol/[solute]water), was ex-
perimentally determined by using the “shake-flask” method as pre-
vious described.[41]

Synergy Analysis

In this study, the isobologram method was used to analyze the
synergistic effect between 2 a and DOX as previously de-
scribed.[32, 41] The extent of addition, synergism or antagonism was
evaluated by combination index (CI). A CI value <1 indicates a syn-
ergistic effect between two drugs, while a CI value of 1 indicates
an additive effect, and a CI value >1 indicates an antagonistic
effect.

Cellular Uptake of 2 a and/or DOX

A fluorescence microplate reader (Spectra Max M5, Bio-Tek) was
used to quantify the cellular uptake of compounds by fluorescence
intensity as described previously.[42] Cells (8 000 per well ; 0.1 mL)
were pre-treated with 2 a for 12 h and then incubated with DOX
for various periods of time at 37 8C in a CO2 incubator. Then the
protocol of the MTT assay was followed. The excitation and emis-
sion wavelengths of intracellular DOX are 430 and 485 nm, respec-
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tively. Values were expressed as the percentage of the fluores-
cence.

Intracellular Localization of 2 a and/or DOX

HepG2 cells were incubated in high glucose DMEM with 10% FBS
in 2 cm cell culture dishes for 24 hat 37 8C. After 24 h, cells were
pre-treated with 20 mm 2 a for 12 h at 37 8C. Then, 4 mm DOX was
added to some samples, followed by incubation for the indicated
times at 37 8C. After that, 1 mg mL�1 of DAPI was added to the
dishes for 30 min. A fluorescence microscope (Nikon Eclip-
se 230 80i) was used to evaluate the stained cells after rinsing the
cells with PBS for three times.

Determination of Cell Apoptosis

The effects of 2 a and/or DOX on the cell cycle progression and the
apoptosis rate were quantified by flow cytometric analysis (Epics-
XL, Beckman Coulter) following the previously described
method.[43] The caspase activity was detected by fluorescence
assay with specific substrates.[17c]

Mitochondria Fragmentation

Mito-Tracker Green, a fluorescent dye which can stain mitochon-
dria in living cells, was used. First, HepG2 cells were incubated in
high glucose DMEM with 0.5 % FBS in 2 cm dishes with 2.5 mm 2 a
and 0.625 mm DOX at 37 8C for 1 h, 2 h, and 4 h, respectively. Con-
trol experiments were conducted without 2 a and DOX. The cells
were stained with Mito-Tracker (final concentration of 100 nm) for
2 h. A fluorescence microscope (Nikon Eclipse 230 80i) was used to
detect mitochondria fragmentation and nuclear condensation in-
duced by 2 a and DOX at different times.

Intracellular ROS Generation

DCF fluorescence assay was used to evaluate the effects of 2 a
and/or DOX on intracellular ROS generation as previously de-
scribed.[40] Briefly, HepG2 cells (10 000 cells/well) were pre-incubat-
ed in high glucose DMEM with 10 % FBS for 24 h at 37 8C in a 96-
well plate. Subsequently, the medium was replaced with DMEM
(glucose-free) containing glucose at various concentrations, fol-
lowed by incubation for another 24 h at 37 8C. Next, cells were
treated with 2 mm 2 a and/or 0.2 mm DOX. After 12 h, the solution
was loaded in 10 mm DCF at 37 8C for 30 min. A Tecan Safire fluo-
rescence reader was then used to evaluate the ROS level immedi-
ately, with excitation and emission wavelengths of 488 nm and
525 nm, respectively.

Western Blot Analysis

The BCA kit was used to quantitatively detect the cellular proteins
exposed to 2 a and/or DOX in HepG2 cells. Then the expression
levels of proteins in HepG2 cells after treatment with 2 a and/or
DOX were investigated by Western blotting as previously descri-
bed.[17b]
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