Citation: Clin Transl Sci (2021) 14, 2075-2084; doi:

ARTICLE

Hydrazinocurcumin Induces Apoptosis of Hepatocellular
Carcinoma Cells Through the p38 MAPK Pathway

Hongtao He'', Kuangyuan Qiao®, Chao Wang', Wuhan Yang', Zhuo Xu', Zhilei Zhang', Yuming Jia', Chong Zhang' and Li Peng'*

Hydrazinocurcumin (HZC), a synthetic derivative of curcumin (CUR), has been documented to show anticancer potential
in impeding tumor growth in several cancers, including hepatocellular carcinoma (HCC). However, the underlying molec-
ular mechanisms remain unclear. This study aimed to explore the function and underlying mechanisms of HZC on HCC
cells, which may involve the p38 mitogen activated protein kinase (MAPK) pathway. HZG was first purified and identified.
HepG2 cells were then subjected to treatment with HZC or CUR of different concentrations and p38 MAPK signaling inhibitor
(SB203580) to verify their effects on HCG cell apoptosis and proliferation. Furthermore, the functional relevance between HZC
and the p38 MAPK pathway in HCC was examined. It was observed that 40 uM HZC exhibited the best pro-apoptosis effect
in HCC cells. HZG was found to inhibit HCC cell proliferation and promote apoptosis, the effect of which was stronger than
5-fluorouracil (5-FU). More importantly, the anti-oncogenic effect of HZC and 5-FU was implicated with activation of the p38
MAPK pathway. /n vivo experimental results showed that HZC inhibited tumor growth more effectively than 5-FU through the
p38 MAPK pathway. These results provide evidence that HZC exerted anti-oncogenic and pro-apoptosis effects in HCC cells

through activation of the p38 MAPK pathway.
Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Hepatocellular carcinoma (HCC) is a frequently occur-
ring malignancy with a significant impact on public health
worldwide. New evidence suggests that inhibition of the
p38 mitogen activated protein kinase (MAPK) pathway may
have a protective effect on HCC. Hydrazinocurcumin (HZC)
is a patented multi-active compound isolated from plants.
WHAT QUESTION DID THIS STUDY ADDRESS?

The purpose of our study is to explore the effects and
the underlying mechanisms of HZC on HCC cells through
the p38 MAPK pathway.

Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related deaths around the world, with an estimated
incidence of 749,000 new cases each year.' At present, the
prognosis of HCC remains unfavorable with an average sur-
vival rate of 6-12 months.? The risk factors responsible for
occurrence of HCC have shown association with viral hep-
atitis infection, excessive alcohol intake, and nonalcoholic
cirrhosis, all of which also increase the morbidity of Hce.®
Currently, clinical approaches combating HCC include sys-
temic or local chemotherapy, radiotherapy, radiofrequency
ablative surgery, partial hepatectomy, and liver transplanta-
tion.* Unfortunately, despite advances in therapy options for
the treatment of HCC, the current chemotherapy methods
choice for HCC remains less than satisfactory.®

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

These results provided evidence that HZC could lead
to activation of the p38 MAPK pathway, thus inducing cell
apoptosis and alleviating HCC.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

This study provides a new drug target for the treatment
of HCC with natural products.

Accumulating evidences have identified natural products
from medicinal plants like sasanquasaponin,6 guggul-
sterone,” xanthohumol,? and isoliensinine polyphyllin VII° as
treatment options for tumors for their antiproliferative activ-
ities in different human tumor cell lines. Curcumin (CUR) is
a yellow chemical isolated from the spice Curcuma longa.
In addition, CUR has been widely used in pharmaceutical
and medical applications due to its nontoxicity and exten-
sive spectrum of biological functions, including antifungal,
antibacterial, antiviral, anti-amyloid, antioxidant, and antitu-
mor, as well as anti-inflammatory activities.'®'" Moreover,
modern advances have isolated hydrazinocurcumin (HZC),
a patented multi-active compound and an effective deriv-
ative of CUR, which might possibly exert antitumor roles
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as well.'”> HZC has been found to reduce an array of down-

stream targets of STAT3 that suppress cell proliferation and
induce cell apoptosis in breast cancer in vitro."® Moreover,
CUR has been highlighted to prevent regional myocardial
ischemia/reperfusion injury through inhibition of the p38
mitogen activated protein kinase (MAPK) pa’[hway.14 The
p38 MAPK is a serine threonine kinase that functions as
an important mediator of proliferation and apoptosis in
several different types of cancer cells.”® Activation of the
p38 MAPK pathway has also been documented to induce
apoptotic changes in cisplatin-resistant ovarian cancer
cells.'® Therefore, the current study aimed to investigate the
impact of HZC and the p38 MAPK pathway on the progres-
sion of HCC and to elucidate a deeper understanding of
the biological characteristics of HZC’s involvement in the
progression of HCC.

METHODS

Preparation, purification, and identification of HZC
With CUR as substrate, the compound was mixed with
ethanol and hydrazine hydrochloride and incubated for
7 hours. After being washed with distilled water, the puri-
fied compound was filtered and concentrated in vacuum,
and extracted with ethyl acetate and multistep column
chromatography. The purified compound was further
purified using liquid chromatography. Subsequently, the
structure of the compound was visualized by infrared
spectroscopy, with molecular quality and purity deter-
mined by mass spectrometry and liquid chromatography,
respectively.

Toxicological experiment

Male Sprague-Dawley (SD) rats (aged 8 weeks, weigh-
ing 200-250 @) purchased from Shanghai Institute of
Pharmaceutical Industry (Shanghai, China) were allowed to
acclimatize to specific pathogen-free conditions with free
access to sterilized food and water on laminar flow cabi-
nets. All animal experimentation protocols were approved
by the animal ethics committee of the Fourth Hospital of
Hebei Medical University. Subsequently, the SD rats were
randomly divided into the control and HZC groups (5 rats
each). Rats in the HZC group were intraperitoneally admin-
istered HZC (80 mg/kg),” whereas the rats in the control
group were injected with normal saline for a duration of
4 weeks, three times each week. The rats were euthanized
after 2 weeks, and the functions of livers and kidneys were
tested by measuring the levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatinine (CRE),
albumin (ALB), blood urea nitrogen (BUN), and total bilirubin
(TBL) using an automatic biochemical analyzer accord-
ing to kits purchased from Beijing Leadman Biochemical
(Beijing, China).

Hematoxylin-eosin staining

Heart, liver, lung, and kidney specimens were fixed with 4%
paraformaldehyde and sliced into 5-pm-thick serial sec-
tions. Next, myocardial tissues, hepatocyte, superior lobe
of right lung tissues, and kidney parenchymal tissues were
subjected to hematoxylin-eosin staining. The stained sec-
tions were finally observed under a light microscope.
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Cell culture and grouping

HepG2 cells from the Shanghai Cell Bank of Chinese
Academy of Sciences (Shanghai, China) were cultured in a
humified incubator at 37°C with 5% CO, in air and Roswell
Park Memorial Institute 1640 medium containing 10%
fetal bovine serum, 100 pg/mL penicillin, and 100 pg/mL
streptomycin. The cells were passaged every 2-3 days and
those at the logarithmic phase of growth were selected for
subsequent experimentation. Next, the cells were incu-
bated with 20 pM CUR (Sigma-Aldrich Chemical, St. Louis,
MO) or 10-40 pM HZC or 1 pg/mL 5-fluorouracil (5-FUI;
Shanghai Aladdin Bio-Chem Technology, Shanghai, China)
for 24 hours.

To study whether HZC had a concentration-dependent
effect on apoptosis of HepG2 cells, cells were respectively
incubated with 20 uM CUR, or 10, 20, 40, 50, and 60 uM
HZC for 24 hours. Aiming to identify whether HZC affected
apoptosis of HepG2 cells through the p38 MAPK pathway,
the cells were incubated with dimethylsulfoxide for 24 hours
(control group), or with 40 uM HZC for 24 hours (HZC group),
or with 5 pmol/L p38 MAPK signaling inhibitor SB203580
(SB203580 group), or with 5 pmol/L SB203580 and 40 uM
HZC (HZC + SB203580 group), or with 1 pg/mL 5-FU for
24 hours (5-FU group).

Flow cytometric analysis for cell apoptosis and cell
cycle

Annexin V-fluorescein isothiocyanate/propidium iodide (PI)
double staining kits were used to detect the apoptosis of
the treated cells. First, the cultured cells were suspended
and incubated with 5 uL Annexin V-fluorescein isothiocya-
nate at room temperature avoiding exposure to light. Next,
5 uL Pl was added to the cells 5 minutes prior to detection
on a Flow Cube 6 cytometer (Sysmex Partec, Germany).
In terms of cell cycle detection, the suspended cells were
treated with 100 pL RNase A for 30 minutes at 37°C and in-
cubated with 400 pL PI staining solution in darkness at 4°C
for 30 minutes. Subsequently, the cell cycle distribution was
detected using a flow cytometer.

TUNEL assay

TUNEL assay was applied using in situ cell death detection
kits (11684795910; Roche, Basel, Switzerland). The cultured
cells were treated with 0.1% Triton X-100 (Beyotime Institute
of Biotechnology, Shanghai, China) at 4°C for 3 minutes,
and then incubated with the TUNEL solution avoiding ex-
posure to light at 37°C for 1 hour. The cells were sealed
with antifluorescence quenching sealing solution and then
observed under a fluorescence microscope. At last, five
visual fields were randomly selected and photographed.
The Image J software was adopted to count the number of
TUNEL-positive cells in the photographed fields.

EdU assay

Cell proliferation was measured in accordance with the in-
structions of the EAU Apollo DNA in vitro kits. Each well was
added with the EAU medium and incubated for 2 hours,
and further incubated with glycine for 10 minutes. Next, the
cells were incubated with 1 x Apollo staining reaction solu-
tion in subdued light for 30 minutes, and then treated with



1 x Hoechst reaction solution avoiding exposure to light for
10 minutes. Cell proliferation was observed under a fluores-
cence microscope or flow cytometer, and analyzed using
the Image Pro Plus 6 software.

Transmission electron microscope for ultrastructure
observation

HepG2 cells were incubated with dimethylsulfoxide for
24 hours, and fixed with 2.5% glutaraldehyde for 12 hours,
and later with 1% osmium tetroxide at 4°C for 2 hours. After
rapid staining with uranium acetate, the cells were dehy-
drated, and the liquid was renewed thrice. The cells were
embedded and sliced before double staining with uranium
acetate and lead citrate, followed by observation of the
ultrastructural changes under an H-600IV transmission
electron microscope (Hitachi, Tokyo, Japan).

RNA isolation and quantitation

Total RNA content of HepG2 cells was extracted using the
Trizol method. Based on the instructions of the PrimeScript
RT reagent kit with gDNA Eraser kit (Takara Holdings,
Kyoto, Japan), the extracted RNA was reserve transcribed
into cDNA. Reverse transcription quantitative polymerase
chain reaction (RT-gPCR) was performed with the SYBR
Premix Ex Taq (Tli RNaseH Plus) kit (Takara Holdings). The
fold changes were calculated using relative quantification
(@ AAC method) with B-actin serving as the internal refer-
ence. The primers (Table S1) were provided by Shanghai
GenePharma (Shanghai, China).

Western blot analysis

Total extracted protein content from the cells and tissues
was separated with polyacrylamide gel electrophoresis
and electroblotted onto PVDF membrane (Amersham plc,
Buckinghamshire, UK), which was then blocked with 5%
skimmed milk for 1 hour. The membrane was then probed
with the following primary rabbit antibodies: p-p38 (1: 1000,
ab178867), p-extracellular signal-regulated kinase (ERK; 1:
1000, ab201015), c-Jun N-terminal kinase (UNK; 1: 1000,
ab179461), and p-JNK (1: 1000, ab124956), cleaved caspase
3 (1: 500, ab2302), pro-caspase-3 (1: 1000, ab32499), and
mouse antibody against p38 (1: 1000, ab31828), ERK (1:
1000, ab54230), p53 (1: 1000, ab1101), and p-actin (1: 1000,
ab8226; Table S2). All the above-mentioned antibodies
were purchased from Abcam (Cambridge, UK). Then, the
membrane was subjected to incubation with horseradish
peroxidase-labeled secondary goat anti-mouse or goat
anti-rabbit antibody (ab6721/ab205719; Abcam) at ambient
temperature for 1 hour. Subsequently, the blots were de-
veloped with an optical luminescence analyzer (GE Global
Research, Niskayuna, NY), and quantified using the Image
Pro Plus 6.0 software.

Xenograft tumor formation in nude mice

The BALB/c-nu/nu nude mice (aged 4 weeks; purchased
from Beijing Huafukang Biotechnology (Beijing, China;
Animal license No.: CXK 2009-0007) were fed sterilized
food and water on a specific pathogen-free laminar flow
rack and housed under conditions with constant tempera-
ture (24-26°C) and constant humidity (45-55%).
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A total of 30 nude mice were divided into 6 groups and
subcutaneously inoculated according to their respective
grouping. Briefly, the nude mice were intraperitoneally anes-
thetized with 2% sodium pentobarbital (Beijing Propbs
Biotechnology, Beijing, China) at 40 mg/kg. The cells were
suspended with concentration adjusted to 2 x 10'° cells/L.
Then, 0.2 mL of cells (4 x 10° cells) were subcutaneously
injected into the left scapula of each mouse using a 1 mL
empty needle for transplantation tumor model establishment.
The mice were then randomly divided into the following six
groups: negative control (treatment of 80 mg/kg normal sa-
line, 3 times/week), high-dose HZC (treatment of 80 mg/kg,
3 times/week), 5-FU positive control (treatment of 25 mg/kg
5-FU), SB203580 (treatment of 5 pmol/L SB203580, an in-
hibitor of the p38 MAPK pathway), and HZC + SB203580
(co-treatment of 5 pmol/L SB203580 and 80 mg/kg HZC).
Treatment time lasted 4 weeks and the administration was
conducted by intraperitoneal injection. From the beginning
of injection, the tumor size was measured every 3 days, and
a tumor growth curve was drawn. When the tumor volume
reached ~ 1,000 mm3, the nude mice were euthanized, and
blood samples were obtained from the heart before death.'®
Levels of ALT, AST, CRE, ALB, BUN, and TBL were mea-
sured in order to evaluate pharmacokinetics, efficacy, and
toxicity parameters of HZC. The maximum length and verti-
cal short diameter (mm) of tumor were denoted by a and b,
respectively, and measured with a Vernier caliper. The tumor
volume (V) was calculated according to the following for-
mula: V = a x b? x 0.5.

Immunohistochemistry

Paraffin sections of HCC tissues were dewaxed and hy-
drated, and treated with diluted potassium citrate solution
for antigen repair at 90°C for 10 minutes. Next, the sections
were incubated with 3% H,O, for 10 minutes to terminate
endogenous peroxidase activity, blocked with 5% goat
serum (Beijing Solarbio Science & Technology, Beijing,
China) for 20 minutes, and incubated with mouse anti-
proliferating cell nuclear antigen (PCNA; 1: 10,000, ab29;
Abcam) overnight at 4°C. After incubation with goat
anti-mouse working solution (ZSGB-Bio, Beijing, China),
the sections were developed with diaminobenzidine and
analyzed with a multifunctional true color cell image analy-
sis system (Media Cybernetics, Rockville, MD).

Statistical analysis

All data were processed using the SPSS 21.0 statistical
software (IBM, Armonk, NY). Measurement data were ex-
pressed as mean = SD and considered to be statistically
significant at P < 0.05. Comparisons between the two
groups were analyzed using the independent sample t-test,
whereas comparisons among multiple groups were as-
sessed by one-way analysis of variance.

RESULTS

Purification and characterization of HZC

The structure of HZC is shown in Figure 1a. The in-
frared spectrum demonstrated the disappearance of
1,820-1,600cm™' C=0 peak, indicating that CUR was suc-
cessfully converted to HZC. The N-H stretching vibration
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Figure 1 Successful purification of hydrazinocurcumin (HZC). (a) Chemical structure of HZC; (b) separation and purification of HZC by

high-performance liquid chromatography.

peak of 3,319 cm™" was sharp, possibly due to the presence
of O-H. In addition, O-H peak at 3,479 cm™, and 1,593 cm™
presented with N-H bending vibration peak. The 'H NMR
spectrum showed 7.16 (2H, CH_, ..), 6.76 (2H, d), 6.97
(2H, dd), 7.09 (2H, d), 6.95 (2H, d), 6.64 (1H, s), and 3.86
(6H, s, OMe). Mass spectrometry results revealed that the
molecular mass of the compound was 365. The purity of
the compound was further evaluated using liquid chroma-
tography, which (Figure 1b) displayed that the obtained
compound had a purity of > 97%.

HZC has little toxicity in vivo

Determining the levels of ALT, AST, CRE, ALB, BUN, and
TBL revealed no significant differences (Table S3). The
histological images of different tissues in both groups are
shown in Figure 2. There were no obvious pathological
changes, such as injury, inflammation, and necrosis in the
HZC group relative to the normal group. As a result, it was
deemed that 80 mg/kg dosage of HZC would cause no sig-
nificant organ damage in mice within 2 weeks, with little
toxicity in vivo.

HzC

The effects of CUR and HZC on apoptosis of HepG2
cells

Cell apoptosis was measured using TUNEL staining and
the Annexin-V/PI double staining method. TUNEL results
demonstrated that the nuclei of cells were clear and round
or oval in shape, and the chromatin was uniformly distrib-
uted in the control group. However, in the CUR and HZC
groups, some of the nuclei were condensed with crescent
or spherical shapes, and the chromatin was aggregated to
form granular clusters (Figure 3a,c). Subsequently, HepG2
cells were treated with different concentrations of HZC,
which suggested that apoptosis was the strongest at the
concentration of 40 pM HZC, accompanied by the high-
est apoptosis rate. When cells were incubated with HZC
at concentrations lower than 40 pM, the effect of apop-
tosis induction was increased with the increase of HZC
concentration. When cells were incubated with HZC at
concentrations higher than 40 pM, the effect of apoptosis
induction of HepG2 cells decreased with the increase of
HZC concentration (all P < 0.05; Figure 3b,e). Compared
with the 20 pM CUR group, the apoptosis rate of HepG2

Figure 2 No histopathological changes in heart, liver, lung, and kidney tissues of mice in response to hydrazinocurcumin (HZC)

treatment, according to hematoxylin-eosin staining (x400).
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Figure 3 Hydrazinocurcumin (HZC) of 40 pM exerts the strongest promotive effect on apoptosis of HepG2 cells. (a,b) representative
images and quantitative analysis of HepG2 cell apoptosis in response to treatment with different concentrations of HZC assessed by
TUNEL staining (x200); (c,d) representative images and quantitative analysis of HepG2 cell apoptosis in response to 20 uM curcumin
(CUR) and 20 uM HZC detected by TUNEL staining (x200); (e) HepG2 cell apoptosis upon treatment with different concentrations
of HZC assessed by flow cytometry; (f) HepG2 cell apoptosis upon treatment with 20 pM CUR and 20 pM HZC assessed by flow
cytometry; (g) half maximal inhibitory concentration values of cells treated with different concentrations of CUR and HZC measured
by EdU assay. The experiment was repeated three times to obtain the mean value. The above results were measurement data and
expressed as mean + SD. The comparisons among multiple groups were tested by one-way analysis of variance; *P < 0.05 vs. the
control group; *P < 0.05 vs. the 20 pM CUR group; "P < 0.05 vs. the 40 pM HZC group. FITC, fluorescein isothiocyanate.

cells in the 20 pM HZC group was much higher, with sig-
nificantly elevated apoptotic cells (P < 0.05; Figure 3d,f).
In addition, the half maximal inhibitory concentration val-
ues of CUR and HZC were calculated to be 17.96 pM and
29.16 pM, respectively (Figure 3g). Therefore, the 40 pM
dosage of HZC was chosen to treat HepG2 cells.

HZC inhibits proliferation, promotes apoptosis, and
damages the structure of HepG2 cells through the p38
MAPK pathway

Ultrastructural electron microscopy (Figure 4a) was used to
analyze the effects of HZC, 5-FU, and p38 MAPK pathway
on the apoptosis, proliferation, and cell cycles of HepG2
cells. It was observed that cell morphology was irregular
and the nucleus was larger with an increased nucleus to
plasma ratio in the control group. There were no degener-
ated organelles in the cells, and the density of cytoplasm
matrix was homogeneous. In the HZC and 5-FU groups,
the nuclei were smaller with reduced, condensed, or even
disappeared nucleolus, whereas the heterochromatin in
the nucleus was increased, and the nuclei were aggre-
gated along the edge of the nuclear membrane. In addition,
the cytoplasm was filled with vacuoles of different sizes,
and was partially dissolved with the appearance of auto-
phagic bodies. Meanwhile, the SB203580 group exhibited

normal nuclear morphology, no degenerated organelles in
the cells, and homogeneous cytoplasm matrix density. The
HZC + SB203580 group displayed regular nuclear morphol-
ogy in most cells, and degenerated and atrophic organelles
in a few cells.

Moreover, EdU assay (Figure 4b,c) and TUNEL assay
(Figure 4d,e) demonstrated that HepG2 cells exhibited de-
creased proliferation and increased apoptosis of HepG2 cells
in the HZC and 5-FU groups (P < 0.05), whereas HZC exerted
stronger effects compared with 5-FU (P < 0.05). Additionally,
relative to the control group, the SB203580 group exhibited
reduced HepG2 cell apoptosis and increased HepG2 cell
proliferation, whereas the HZC + SB203580 group showed
similar trends (P < 0.05), indicating that the individual ef-
fects of HZC were reversed by a combination of HZC and
SB203580.

Furthermore, the findings of RT-qPCR and Western blot
assays displayed that the mRNA and protein expressions of
p53 and caspase 3 were upregulated in HepG2 cells in the
HZC and 5-FU groups, along with reduced pro-caspase 3
protein level (P < 0.05). Relative to the HZC group, the mRNA
and protein expressions of p53 and caspase 3 were lower
in the 5-FU group, accompanied by higher pro-caspase 3
protein level (P < 0.05), whereas the SB203580 group also
exhibited decreased mRNA and protein expressions of p53
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Figure 4 Hydrazinocurcumin (HZC) promotes apoptosis, inhibits proliferation, and damages the structure of HepG2 cells through the
p38 MAPK pathway. (a) Ultrastructure of HepG2 cells in each group observed by ultrastructural electron microscopy; (b,c) representative
images and statistical results of proliferation of HepG2 cells in each group examined by EdU assay (x200); (d,e) representative images
and statistical results of apoptosis of HepG2 cells in each group determined by TUNEL staining (x200); (f,g) apoptosis of HepG2
cells in each group determined by flow cytometry; (h) the mRNA expression of p53 and cleaved caspase 3 of HepG2 cells in each
group examined by reverse transcription quantitative polymerase chain reaction; (i,j) protein bands and quantitative analysis for the
protein expression of p53, pro-caspase 3, and cleaved caspase 3 in HepG2 cells examined by Western blot assay; (k,l) cell cycle
distribution of HepG2 cells examined by flow cytometry. The above results were measurement data and expressed as mean + SD. The
comparisons among multiple groups were examined by one-way analysis of varlance (ANOVA), and the cell cycle of different groups
was analyzed by repeated measures ANOVA; *P < 0.05 vs. the control group; *P < 0.05 vs. the HZC group. 5-FU, 5-fluorouracil; FITC,

fluorescein isothiocyanate.

and caspase 3, accompanied by diminished pro-caspase 3
protein level (P < 0.05; Figure 4h-j), and the individual effect
of HZC was reversed by the combined effect of HZC and
SB203580.

Additionally, the flow cytometric data of apopto-
sis (Figure 4f,g) and cell cycle distribution (Figure 4k,l)
demonstrated that the HZC group and 5-FU group ex-
hibited increased cells arrested at the G /G, phase and
reduced cells at the S phase compared with the control
group, corresponding to enhanced apoptosis (P < 0.05).
Relative to the HZC group, the 5-FU and SB203580 groups
displayed fewer cells at the G,/G, phase and increased
cells at the S phase (P < 0.05), with similar results de-
tected in the HZC + SB203580 group, corresponding to
suppressed apoptosis (P < 0.05). No significant differences
were detected in regard to the cells arrested at the G2/M
phase (all P > 0.05). Therefore, it was inferred that HZC
could induce apoptosis, decrease proliferation, and dam-
age the structure of HepG2 cell, whose effects were much
stronger than 5-FU.

Clinical and Translational Science

HZC or 5-FU activates the p38 MAPK pathway in
HepG2 cells

RT-gPCR (Figure 5a) showed that, in contrast to the con-
trol group, the mRNA expressions of p38, ERK, and JNK
in HepG2 cells were significantly upregulated in the HZC
and 5-FU groups (all P < 0.05), with the HZC group ex-
hibiting stronger upregulation of these factors (P < 0.05).
Meanwhile, the mRNA expressions of p38, ERK, and JNK
in HepG2 cells were repressed in the SB203580 group, and
the combined treatment of HZC and SB203580 weakened
the effect of HZC on these factors (P < 0.05). In addition,
Western blot analysis (Figure 5b,c) revealed that compared
with the control group, p-p38/t-p38, p-ERK/-ERK, and
p-JNK/t-JNK in HepG2 cells were significantly increased in
the HZC group and 5-FU groups (all P < 0.05), and these ra-
tios were significantly higher in the HZC group (all P < 0.05).
Whereas, the SB203580 group displayed inhibited p-p38/
t-p38, p-ERK/t-ERK, and p-JNK/t-JNK in HepG2 cells, and
the effects of HZC on these ratios were reversed by the
combined treatment of HZC and SB203580 (all P < 0.05).
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Figure 5 Hydrazinocurcumin (HZC) and 5-fluorouracil (5-FU) activates the p38 MAPK pathway in HepG2 cells. (a) The mRNA expression
of p38, extracellular signal-regulated kinase (ERK) and Jun N-terminal kinase (JNK) in HepG2 cells examined by reverse transcription
quantitative polymerase chain reaction; (b) the gray value of p38, p-ERK, t-ERK, p-JNK, and t-JNK protein bands in HepG2 cells
examined by Western blot analysis; (c) statistical results of Western blot analysis. The above results were measurement data and
expressed as mean + SD. The comparisons among multiple groups were examined by one-way analysis of variance. *P < 0.05 vs. the

control group; *P < 0.05 vs. the HZC group.

Thus, it was suggested that both HZC and 5-FU induced
the activation of p38 MAPK pathway to affect HepG2 cells.

HZC inhibits tumor growth in nude mice through the
p38 MAPK pathway

The current study also evaluated the effects of HZC on
tumor growth in nude mice with HCC. Tumor growth curves
in nude mice (Figure 6a) displayed that both the HZC and
5-FU groups exerted inhibitory effects on tumor growth
(P < 0.05), with HZC producing a much stronger inhibitory
effect (P < 0.05), whereas the SB203580 group exerted a
promoting effect on tumor growth (P < 0.05). The tumor
weight of nude mice is shown in Figure 6b,c, and was de-
termined to be reduced in the HZC and 5-FU groups while
showing an increase in the SB203580 group compared with
the control group (P < 0.05), whereas the effect of HZC on
tumor weight was reversed in the HZC + SB203580 group.
Compared with the HZC group, the tumor weight was sig-
nificantly higher in the 5-FU group (P < 0.05). In addition, the
results of TUNEL staining (Figure 6d,e) demonstrated that
apoptotic cells were stained by brown coloration with clus-
tered or fragmented nucleus and condensed chromatin.
Apoptotic cells were irregular or few in the control group,
whereas a large number of apoptotic cells were observed in
the HZC and 5-FU groups (all P < 0.05). Apoptosis levels were
significantly increased in the HZC and 5-FU groups, with
highest values in the HZC group (all P < 0.05). Meanwhile,
the SB203580 group exhibited decreased apoptosis levels,
and the impact of HZC on apoptosis was reversed in the
HzZC + SB203580 group (all P < 0.05). Moreover, PCNA-
positive cell levels were regarded as an indicator of the
proliferation. Immunohistochemistry (Figure 6f,g) revealed
that the positive rate of PCNA was significantly lower in the
HZC and 5-FU groups compared with the control group

(P < 0.05), and the positive rate of PCNA protein was
much lower in the HZC group than that in the 5-FU group
(P < 0.05). Expectedly, the SB203580 group displayed in-
creased positive rate of PCNA protein, and the impact of
HZC on the positive rate of PCNA protein was overturned in
the HZC + SB203580 group (P < 0.05). Western blot anal-
ysis demonstrated an increase in the protein expression
of cleaved PARP and cleaved caspase 3 along with the
extent of p38 and JUN phosphorylation in the HZC group
and the 5-FU group in comparison with the control group
(P < 0.05). Meanwhile, the 5-FU group showed diminished
protein expression of cleaved PARP and cleaved caspase
3 along with the extent of p38 and JUN phosphorylation,
as compared with the HZC group (P < 0.05). Whereas, the
SB203580 group exhibited reduced protein expression of
cleaved PARP and cleaved caspase 3 along with extent of
p38 and JUN phosphorylation, whereas all these effects
were abolished in the HZC + SB203580 group (P < 0.05;
Figure 6h,i). Detection results of the biochemical indexes
of liver and kidneys of nude mice in each group showed that
the drugs in each group exerted no obvious toxic effects on
the nude mice (Table 1). These results revealed that HZC
decreased proliferation and increased apoptosis of HCC
tissues, and inhibited the growth of tumor in nude mice
more effectively than 5-FU through the p38 MAPK pathway.

DISCUSSION

HCC cells proliferate, invade, and metastasize through a
variety of signaling pathways during tumor progression.'®
In the current study, we uncovered that HZC could promote
the activation of the p38 MAPK pathway, then potentiating
apoptosis of HepG2 cells and ultimately retarding the pro-
gression of HCC.

www.cts-journal.com
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Figure 6 Hydrazinocurcumin (HZC) suppresses proliferation and promotes apoptosis of tumor growth in nude mice through the p38
MAPK pathway. (a) The growth curve of tumors in nude mice in each group (n = 5); (b) tumor weight of nude mice in each group; (c)
statistical analysis of the tumor weight of nude mice in each group (n = 5); (d) TUNEL staining reflecting apoptosis level of tumor tissue
of nude mice in each group (n = 5; x400); (e) statistical analysis of TUNEL staining; (f) positive rate of proliferating cell nuclear antigen
in tumor tissue of nude mice examined by immunohistochemistry (n = 5; x400); (g) statistical analysis of immunohistochemistry; (h,i)
Western blot analysis of cleaved PARP and cleaved caspase 3 proteins as well as the extent of p38 and JUN phosphorylation in each
group. The above results were measurement data and expressed as mean + SD. The results among multiple groups were examined by
one-way analysis of variance (ANOVA). Repeated measures ANOVA was used to compare the results at different time points; *P < 0.05
vs. the control group; *P < 0.05 vs. the HZC group. 5-FU, 5-fluorouracil.

Table 1 Quantitative analysis for biochemical indexes of nude mice in each group

Index Control group HZC group 5-Fu group SB203580 group HZC + SB203580 group
ALT, U/L 23.61 +2.26 26.01 +2.54 25.45 +2.23 28.37 +2.84 2719 +2.8

AST, U/L 63.1 +6.39 65.53 + 7.29 64.69 + 7.58 70.33 £ 6.26 68.47 + 5.97

CRE, umol/L 55.35+3.94 59.29 + 6.06 51.28 +5.29 60.27 + 6.93 58.7 +5.99

ALB, g/L 32.9+3.16 32.84 +3.29 36.56 + 4.01 39.55 +4.75 39.91 +3.83

BUN, mmol/L 77 £1.21 7.54 £ 0.97 7.61 +0.89 7.49 £1.03 7.78 £ 0.92

TBL, mg/dL 1.61+£0.21 1.69 = 0.17 1.8 £0.19 1.74 £0.18 1.91 £0.30

ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; HZC, hydrazinocurcumin; TBL,

total bilirubin.
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CUR, a polyphenol compound isolated from turmeric
rhizome is well-known to possess abilities to inhibit the prolif-
eration of various tumor cells.?° Currently, low bioavailability
hinders the widespread application of CUR in chemother-
apy, but the advent of techniques allowing the synthesis of
CUR analogues might solve that problem.?! HZC, a novel
CUR derivative, has been previously demonstrated to have
the potential to inhibit the proliferation of bovine aortic en-
dothelial cells at nanomolar concentrations (IC50 = 520 nM)
without causing cyto‘toxicity,22 which was in partial agree-
ment with our findings; HZC post-isolation exerted little to
no toxicity in vivo. In addition, our results indicated that HZC
exerts a much stronger effect on the elicitation of HepG2 cell
apoptosis compared with CUR. Similarly, a former investi-
gation documented that HZC reduced the migration and
invasive abilities of MDA-MB-231 and MCF-7 cells much
more effectively than CUR.2" Additionally, our findings re-
vealed that HZC exerts a superior inhibitory effect on cell
biological functions than 5-FU, which also demonstrates an-
ticancer functions in HCC.%3

Interestingly, evidence has also shown that CUR promotes
apoptosis-associated mitochondrial membrane potential
and intracellular free Ca®* concentration in HepG2 cells.?*
In addition, another study demonstrated that CUR perturbs
cell cycle distribution in HepG2 cells through means of cy-
toskeletal alignment.?> Moreover, our findings indicated that
HZC could inhibit proliferation, induce apoptosis, and dam-
age the cell structure of HepG2 cells much more effectively
than CUR. We also discovered that the inhibitory function
of HZC was exerted in a dose-dependent manner. Similarly,
Arif et al. illustrated that HZC treatment attenuated tumor
growth in nude mice with oral cancer, partly resulting from
the induction of cell apoptosis, which is in accordance with
our findings.?® Furthermore, we found that HZC and 5-FU
upregulated the expressions of p53 and caspase 3 and
downregulated that of pro-caspase 3, all of which have been
previously demonstrated to regulate tumor development.?”28

More importantly, the current study uncovered the in-
volvement of the p38 MAPK pathway in the functioning and
underlying mechanisms of HZC on HCC cells. Members
of the p88 MAPK family operate in a context-specific and
type-specific manner to integrate signals that affect prolif-
eration, differentiation, survival, and migra’rion.29 In addition,
Kim et al. also reported that sauchinone elicits apoptosis
of Hun-7 cells by activating the JNK/p38 pathway.*® A re-
cent study further demonstrated the capacity of S100A9
to trigger the growth and invasion of HCC through recep-
tor for advanced glycation end products mediated ERK1/2
and p38 MAPK pathway.®' Furthermore, it was found that
honokiol activated p38 MAPK pathway and caspase-3 to
induce apoptosis in HCC.®2 These studies were consistent
with our study supporting that activation of the p38 MAPK
pathway could induce apoptosis in HCC.

In summary, our findings demonstrated that HZC could
induce apoptosis of HCC cells through a molecular mecha-
nism associated with the p38 MAPK pathway. Nevertheless,
further studies based on human specimens are warranted
to confirm the underlying molecular mechanism and to min-
imize possible adverse events of HZC in clinical treatment
of HCC.
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