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Hepatoma Cell Growth In Vitro and In Vivo
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Previous studies have shown that 5,2",4’-trihydroxy-6,7,5 -trimethoxyflavone (TTF1) is the primary antican-
cer constituent of the traditional Chinese medicinal plant Sorbaria sorbifolia (SS), which has been applied to
treat cancer in China. In this study, we investigated the in vitro and in vivo antitumor effects and biological
mechanisms of small-molecule TTF1 nanoparticles (TTF1-NPs). The effects of TTF1-NPs on cell growth and
apoptosis were investigated using human hepatoma cells. The molecular changes associated with the effects of
TTF1-NPs were analyzed by immunocytochemistry and Western blot analysis. The in vivo effect of TTF1-NPs
was investigated using the HepG2 tumor xenograft model. We found that TTF1-NPs exhibited antitumor effects
in vitro accompanied by induction of apoptosis in human hepatoma cells. Mechanistically, our data showed that
TTF1-NPs induced apoptosis via endoplasmic reticulum stress (ERS) pathway in hepatoma cells. Moreover,
inhibition of ERS activation blocked TTF1-NP-induced apoptosis in HepG2 cells. Finally, TTF1-NPs inhibited
the growth of HepG2 xenograft tumors. Taken together, our results demonstrated that TTF1-NP-induced apop-

tosis was mediated at least in part by the ERS pathway and thus inhibited hepatoma tumor growth.
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INTRODUCTION

Liver cancer is the third leading cause of cancer-related
mortality and the sixth most common type of neoplasm.
The most common form of liver cancer in adults is hepato-
cellular carcinoma (HCC, also known as malignant hepa-
toma), which causes more than 600,000 deaths annually,
about half of which are in China (1). The incidence of
HCC as a primary liver cancer is closely associated with
the incidence of hepatitis (2), and this cause is more com-
mon in Asia and Africa. In contrast, most liver cancers in
patients in North America and Western Europe are metas-
tases from tumors elsewhere in the body. Although the
etiology of HCC varies widely according to geographic
location, it has an extremely poor prognosis, and death
usually occurs within a period of 3—6 months (3,4).

The poor prognosis associated with HCC is partially
due to the limited treatment options available to clinicians.
Only 30-40% of HCC patients are considered eligible for
treatment, which may include chemoembolization, surgi-
cal resection, or liver transplantation, and only 10-20%
of HCCs may be entirely removed by surgery. Although

most HCC patients will receive chemotherapy at some
point during treatment as a means of prolonging life,
most currently used drugs show limited efficacy (5,6).
Doxorubicin was used for many years as the primary che-
motherapeutic agent for HCC patients despite a response
rate of only 15-20%, and other agents, including epirubi-
cin, cisplatin, and fluorouracil, show even lower efficacy
(6). Sorafenib, the first agent approved by the US FDA
for the treatment of advanced HCC, improved median
survival and time to progression by 3 months, but showed
no effect on quality of life measures, possibly due to its
toxicity (7).

The toxicity and limited efficacy of current treatments
for patients with HCC has led to significant research efforts
focused on developing drugs with fewer side effects and
greater therapeutic efficacy. Much of this effort has been
dedicated to exploring the anticancer potential of com-
pounds isolated from natural products (8). Natural prod-
ucts have been used in Western medicine to treat cancer
for more than 40 years, and more than 60% of the clini-
cally used antitumor compounds approved since 1940 are
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natural products or are derived from them. In the search
for new drugs from natural sources, traditional Chinese
medicine has proven to be an excellent source from which
lead compounds can be identified due to millennia of docu-
mented use of a diverse array of natural products.

The medicinal plant Sorbaria sorbifolia (SS), com-
monly known as False Spiraea, has been traditionally
used as an anticancer therapy in the area surrounding
Changbai Mountain in China. In previous studies, ace-
tic ether extracts of SS inhibited the growth of HepG2
and mouse 180 sarcoma cells and downregulated pS3 and
Bcl-2. Recently, we found that 5,2’,4’-trihydroxy-6,7,5’-
trimethoxyflavone (TTF1) is the major anticancer bioac-
tive constituent of SS, and we showed that TTF1 inhibited
angiogenesis in chick embryo chorioallantoic membranes
and induced apoptosis in HepG2 cells via a mitochondrial
pathway (9,10). However, in vivo evaluation of TTFI as
a potential anticancer drug has been limited by its low
absorbance and high biodegradability.

To address these limitations of TTF1, we prepared bio-
degradable small molecule TTF1 nanoparticles (TTFI1-
NPs) using an emulsion evaporation—solidification method
at low temperature, allowing us to study the in vivo anti-
hepatoma effects of TTF1 and its underlying molecu-
lar mechanism. In this study, we evaluated the effects of
TTF1-NPs on hepatoma cells and in a nude mouse HepG2
xenograft model. In addition, because we showed in a
previous report that TTFI induced apoptosis in HepG2
cells via a mitochondrial pathway, we also explored ERS-
meditated apoptosis as a potential antihepatoma mecha-
nism for TTF1-NPs.

MATERIALS AND METHODS
Preparation of TTF1-NPs

TTF1 was isolated from 10 kg of SS (collected from
Yanji, Jilin Province, China) using water extraction and
alcohol (WAE) precipitation as previously reported (9).
Biodegradable, small-molecule (average particle diam-
eter, 195.2+35.2 nm; average entrapment efficiency,
64.57+8.21%) TTF1-NPs were prepared with a stearic
acid solid lipid nanostructured carrier using an emulsion
evaporation—solidification method at low temperature, as
previously reported. The TTF1-NPs were highly soluble,
and TTFI diffusion was characterized by an initial stage
of burst release (11,12).

Cell Culture and TTFI1-NP Treatment

Human hepatoma cell lines (HepG2, Hep3B, and
PLC/PRF/5) were purchased from KeyGEN Co., Ltd.
(Nanjing, China) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Shanghai, China) sup-
plemented with 10% fetal bovine serum (FBS; Gibco,
Shanghai, China), 100 U/ml penicillin, and 100 mg/L
streptomycin at 37°C in a humidified incubator with a 5%
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CO, atmosphere. Cells in the logarithmic growth phase
were transferred to 96-well plates (6x 10%/well). After
24 h of growth, adherent cells were treated as follows:
50, 100, or 200 uM TTFI1-NPs for the TTF1-NP treat-
ment groups; 10 uM 5-fluorouracil (5-FU) for the posi-
tive control group; and DMEM medium for the negative
control group (vehicle). The cells were assayed after 24,
48, and 72 h of exposure to the appropriate treatment.
For the assays of HepG2 cells using the ERS inhibitor
4-phenylbutyrate (4-PBA), 5 mM 4-PBA was added to
cells treated with 200 uM TTF1-NPs or DMEM medium
after 24 h, and the cells were cultured for a further 48 h.

MTT Assay

The effect of TTF1-NP treatment on cell growth was
assessed in three human hepatoma cell lines (HepG2,
Hep3B, PLC/PRF/5, and human liver cells) using the
MTT assay. The cells were treated with TTF1-NPs (50,
100, or 200 uM), 5-FU (positive control), or vehicle after
24 h, and the MTT assay was performed after 48 and 72
h. Briefly, the cells were exposed to MTT (0.5 mg/ml) for
4 h at 37°C, 180 pl of DMSO was added, and the optical
density (OD) was measured at 490 nm with a spectro-
photometer (Thermo Fisher, Shanghai, China). The cell
growth inhibition ratio (%) was calculated as follows:

cell growth inhibition ratio (%) =(ODenicte = OD\veatment)/
ODvehicle x1 00

where OD, e 1S the OD of the vehicle group and ODeymen
is the OD of the treatment group.

Cell Morphology Observation

HepG2 cells were treated with TTF1-NPs (50, 100, or
200 uM), 5-FU (positive control), or DMEM (vehicle)
for 48 h, and staining was performed with hematoxylin
and eosin (H&E) and Hoechst 33258 stain. Briefly, the
cells were fixed for 20 min using 4% paraformaldehyde,
washed with PBS, and stained. For H&E staining, the
cells were exposed to hematoxylin for 3 min and eosin
for 1 min, washed with water, dehydrated with an alco-
hol gradient, exposed to xylene for 15 min, dried, and
mounted on slides with neutral balsam for microscopic
observation. For Hoechst 33258 staining (KeyGEN Co.,
Ltd., Nanjing, China), the cells were stained for 10 min,
washed with PBS, dried in the dark, and observed using a
fluorescence microscope.

Flow Cytometry Assay

To measure apoptosis, HepG2 cells treated with TTF1-
NPs (50, 100, or 200 uM; with or without 4-PBA), 5-FU
(positive control), or vehicle (with or without 4-PBA) for
48 h were analyzed by flow cytometry. Briefly, the cells
(1x10° per well) were stained [10 pl annexin V and 5 pl
propidium iodide (PI)] and analyzed using a flow cytom-
eter (Becton Dickinson, Franklin Lakes, NJ, USA).
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Western Blotting Analyses

Western blotting was performed as previously described
(10). Primary antibodies were obtained for PRKR-like
endoplasmic reticulum kinase (PERK; 1:1,000), inositol
requiring kinaselow (IRE1o; 1:1,000), activating transcrip-
tion factor 6 (ATF6; 1:1,000), caspase 4 (1:1,000), C/EBP-
homologous protein (CHOP; 1:800), glucose-regulated
protein 78 (GRP78; 1:1,000; Abcam, UK), p-JNK1 (1:200),
JNKI1 (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and caspase 12 (1:1,000; Merck Millipore,
Germany). The intensity of the protein bands was quanti-
fied using an ultraviolet crosslinker (Bio-Rad Laboratories,
Hercules, CA, USA) and normalized to B-actin (rabbit
polyclonal anti-B-actin antibodies; KeyGEN Co., Ltd.,
Nanjing, China).

Immunocytochemistry

Immunocytochemistry analyses were performed as
previously described (13). Primary antibodies were obtained
for caspase 4 (1:100) and GRP78 (1:100) (Abcam).

Tumor Implantation

The tumor implantation experiments were authorized
by the Institutional Animal Care and Use Committee of
Yanbian University. HepG2 cells (1x107 cells/0.1 ml)
were injected subcutaneously into the left posterior flank
of 28-day-old male BALB/c nude mice (n=38) (Shanghai
Laboratory Animal Co., Ltd., Shanghai, China). The
greatest longitudinal diameter (Ilength) and greatest trans-
verse diameter (width) were measured by caliper for
each tumor to estimate gross tumor volume (GTV) as
GTV=1/2(length x width?) (14).

When the GTV reached 50—-100 mm?, the mice were
randomly assigned to groups that received TTF1-NPs
(5, 10, or 20 umol/kg), adriamycin (ADM; doxorubicin;
2 mg/kg), or normal saline (vehicle) every other day for
20 days (10 intravenous administrations). GTV was mea-
sured 8, 10, 12, 14, 16, 18, and 20 days after the initiation
of treatment. The animals were sacrificed 20 days after
the initiation of treatment to measure tumor weight and
volume, from which the tumor growth ratio and tumor
growth inhibition ratio were calculated as indicated
below:

tumor growth ratio (%)= (GTV1,/GTV10)/(GTV a0/
GTVy) x 100

where GTVy, and GTVp,, were the GTVs of the treat-
ment group before treatment and on day 20, respectively,
and GTVy, and GTVy,, were the GTVs of the vehicle
group before treatment and on day 20, respectively.

tumor growth inhibition ratio

(%) = (vaehicle - Twll‘ealmenl)/vaehicle X 100

where TWeicle and TW eamene Were the tumor weights of
the vehicle and tumor groups, respectively.
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Statistical Analyses

All data were obtained from at least three independent
tests with triplicate samples and shown as mean=SD.
SPSS software version 17.0 (IBM Corporation, Armonk,
NY, USA) was used for statistical analysis (one-way
ANOVA for multiple groups and independent -test for
two groups). The threshold for significance was a value
of p<0.05.

RESULTS
TTF1-NPs Inhibit Human Hepatoma Cell Growth

HepG2 cells were treated with TTF1-NPs (50, 100,
or 200 uM) and assayed after 24, 48, and 72 h. After
48 h, 100 uM of TTFI-NPs significantly (p <0.05) inhib-
ited HepG2 cell growth in comparison with that of the
vehicle-treated cells. Moreover, the inhibitory effects of
TTFI-NPs on HepG2 cells were time and dose dependent
(Fig. 1A). In Hep3B and PLC/PRF/5 cells, 48 h of expo-
sure to 200 uM TTFI-NPs significantly (p<0.01) inhib-
ited growth in comparison with that of the corresponding
vehicle-treated cells (Fig. 1B, C). TTF1-NPs at 50, 100,
and 200 uM did not significantly inhibit the growth of
human liver cells (Chang cell line) in comparison with
that of vehicle-treated cells (Fig. 1D). The ICs, value of
TTF1-NPs against HepG2, Hep3B, and PLC/PRF/5 cells
is 98.26, 114.5, and 109.9 umol/L, respectively.

TTFI1-NPs Inhibit HepG2 Tumor Growth in Nude Mice

Because TTF1-NPs showed a significant inhibitory
effect on human hepatoma cells, we tested their effects
on implanted HepG2 cell tumor growth in nude mice.
As shown in Figure 2A, TTF1-NP-treated mice (5, 10,
and 20 pmol/kg) showed GTV significantly smaller
than that of the vehicle-treated mice after 16 (p<0.05),
18 (p<0.01), and 20 (p<0.01) days of treatment. The
tumors were collected and weighed after 20 days of
treatment (Fig. 2B), and the tumors of the TTF1-NP-
treated mice were significantly lighter than those of the
vehicle-treated mice (p <0.01 for 20 pmol/kg TTF1-NPs,
p<0.05 for 5 and 10 umol/kg TTF1-NPs) (Fig. 2C, D). In
addition, the tumor growth ratio of the TTF1-NP-treated
mice was significantly (p<0.01) lower than that of the
vehicle-treated mice (Fig. 2E), and the tumor growth
inhibition ratio of the TTF1-NP-treated mice was signifi-
cantly (p<0.01) higher than that of the vehicle-treated
mice (Fig. 2F).

TTF1-NPs Induce Apoptosis in HepG?2 Cells

Because TTF1-NPs inhibited tumor growth in vitro
and in vitro, we performed experiments aimed at eluci-
dating the mechanism underlying this effect. H&E stain-
ing of TTF1-NP-treated HepG2 cells showed altered cell
morphology and pyknosis (Fig. 3A). In comparison with
the number of vehicle-treated HepG2 cells, there were
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Figure 1. TTF1-NPs inhibit human hepatoma cell growth. After 24, 48, and 72 h of treatment with TTF1-NPs (50, 100, and 200 uM), 10 uM
S-fluorouracil (5-FU), or DMEM medium (vehicle), the cell growth inhibition ratios (%) for human hepatoma cells and liver cells were
calculated. (A) HepG2 cells, (B) Hep3B cells, (C) PLC/PRF/5 cells, and (D) human liver cells (Chang cell line). Results are presented as
mean=SD from three independent tests with triplicate samples. *p<0.05 and **p<0.01 for the designated treatment versus vehicle.

significantly fewer cells treated with 100 uM (p<0.05)
and 200 uM (p<0.01) of TTFI1-NPs (Fig. 3D). Hoechst
staining showed clear blue fluorescence in the nuclei of
cells treated with 100 or 200 uM TTF1-NPs, but almost
no blue fluorescence was observed in the vehicle-treated
cells (Fig. 3B), suggesting that apoptosis occurred in
the TTF1-NP-treated HepG2 cells. Quantification of the
number of blue fluorescence-positive (BFP) cells in the
groups shown in Figure 3B demonstrated that there were
fewer BFP HepG2 cells in the groups treated with TTF1-
NPs (100 or 200 uM) in comparison with the vehicle-
treated group (Fig. 3E).

Flow cytometry was performed to quantify the apop-
tosis rate in HepG2 cells (Fig. 3C), and the apoptosis rate
was calculated as shown in Figure 3F. In comparison
with the apoptosis rate of the vehicle-treated cells (7.63 +
9.85%), the apoptosis rates of the cells treated with 50
uM TTF1-NPs (39.28 £10.81%; p<0.05), 100 uM TTF1-
NPs (68.11+15.89%; p<0.01), or 200 uM TTF1-NPs
(73.43+£17.39%; p<0.01) were significantly increased.
There was no significant difference (p>0.05) in the
apoptosis rate of the cells treated with 200 uM TTF1-
NPs and those treated with positive control drug 5-FU
(92.00+2.66%).

Inhibition of ERS Activation Blocks TTFI-NP-Induced
Apoptosis in HepG2 Cells

To investigate the mechanism by which TTF1-NPs
induced apoptosis in HepG2 cells, we analyzed expres-
sion of the ERS initial response signaling protein GRP78
and the ERS-specific proapoptotic protein caspase 4
in HepG2 cells using immunocytochemistry. GRP78-
positive and caspase 4-positive cells were observed
in the group treated with 200 uM TTF1-NPs (Fig. 4A,
B). To quantify the expression of GRP78 and caspase
4 and investigate the expression of other ERS-related
signaling molecules (PERK, IRElco, and ATF6) and
apoptosis mediators (JNK, p-JNK, and CHOP) in TTF1-
NP-treated HepG2 cells, Western blotting was performed
(Fig. 4C). In comparison with the vehicle-treated cells,
the cells treated with 200 uM TTF1-NPs showed signifi-
cantly increased expression of GRP78 (p<0.01), PERK
(p<0.05), IREla (p<0.05), ATF6 (p<0.05), caspase
4 (p<0.01), and CHOP (p<0.01) (Fig. 4D), while the
cells treated with 100 uM TTF1-NPs showed signifi-
cantly increased expression of GRP78 (p<0.05), IREla
(p<0.05), and ATF6 (p<0.05) (Fig. 4D).

To confirm the involvement of ERS in TTF1-NP-
induced apoptosis, we tested the effect of ERS inhibition
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Figure 2. TTF1-NPs inhibit the growth of tumors from HepG2 cells implanted into nude mice. (A) Dynamic changes in gross
tumor volume (GTV) in HepG2 cells implanted into nude mice after 8, 10, 12, 14, 16, 18, and 20 days of treatment (every other day)
with TTF1-NPs (10 administrations at 5, 10, or 20 pmol/kg), adriamycin (ADM, 10 administrations at 2 mg/kg), or saline (vehicle).
(B) Tumors were obtained from nude mice (n=8) after 20 days of treatment, and (C) tumor weight (g) and GTV (cm?®) were deter-
mined. (E) Tumor growth ratio (%) was calculated based on the GTV data. (F) Tumor growth inhibition ratio (%) was calculated
based on the tumor weight data. The results are shown as mean=+SD from eight independent samples. *p <0.05 and **p<0.01 for the

designated treatment versus vehicle.

in TTF1-NP-treated (200 uM) HepG2 cells using the
ERS inhibitor 4-PBA. The apoptosis rate of the TTF1-
NP-treated cells pretreated with 4-PBA was signifi-
cantly decreased (Fig. 4E) in comparison with that of
the TTFI1-NP-treated cells that were not pretreated

with 4-PBA. Moreover, protein levels of GRP 78, cas-
pase 4, and p-JNK were significantly decreased in cells
treated with 200 uM TTF1-NPs and 4-PBA in compari-
son with those treated with 200 uM TTF1-NPs alone
(Fig. 4F, G).
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Figure 3. TTF1-NPs induce apoptosis in HepG?2 cells. HepG2 cells treated with TTF1-NPs (50, 100, or 200 uM), 10 uM 5-fluorouracil
(5-FU), or DMEM (vehicle) for 48 h were subjected to (A) hematoxylin and eosin staining (400x magnification), (B) Hoechst staining
(400x magnification), and (C) flow cytometry. (D) Quantification of cell numbers from the fields shown in (A) was performed using
three independent tests with triplicate samples. (E) Quantification of blue fluorescence-positive (BFP) cell numbers from the fields
shown in (B) was performed using three independent tests with triplicate samples. (F) Quantification of cell apoptosis rate (%) was
performed based on the results shown in (C) from three independent tests with triplicate samples. The graph shows the corresponding
quantified data as mean+SD. *p<0.05 and **p<0.01 for the designated treatment versus vehicle.

DISCUSSION

In the past decade, the endoplasmic reticulum stress
(ERS) response has been increasingly exploited as a
mechanism for anticancer drugs because studies show
that this response is an important facilitator of solid tumor
growth under stressful conditions commonly encoun-
tered by such tumors, including glucose deprivation and
hypoxia (15,16). In this study, we tested the hypothesis
that TTF1-NPs produced from TTF1, the primary anti-
cancer component of S. sorbifolia, are an effective ther-
apy against HCC in vivo and in vitro that act by inducing
apoptosis. Moreover, we explored the involvement of the
ER stress response as a mediator of TTF1-NP-induced
apoptosis because we have previously shown that TTF1

induced apoptosis via a mitochondrial pathway, but this
pathway did not seem to be completely responsible for
the proapoptotic effects of TTF1 (10).

TTF1-NPs produced dose- and time-dependent inhibi-
tory effects on HepG2 cell growth, and 100 uM of
TTF1-NPs significantly inhibited cell growth after 48
h. TTF1-NPs seemed to be less potent in Hep3B and
PLC/PRF/S cells, but 200 uM TTF1-NPs significantly
inhibited growth in both of these cell lines. In contrast,
TTFI1-NPs did not inhibit the growth of human liver cells,
demonstrating its specificity for tumor cells over normal
cells. These results confirmed our expectation that TTF1-
NPs would inhibit human hepatoma cell growth, which
was based on our previous studies (9).
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Figure 4. Inhibition of ERS blocked TTF1-NP-induced HepG2 cell apoptosis. HepG2 cells treated with TTF1-NPs (50, 100, or
200 uM), 10 uM S-fluorouracil (5-FU), or DMEM (vehicle) for 48 h were subjected to immunocytochemical staining for (A) GRP78
and (B) caspase 4 (400x magnification), as well as (C) Western blot analysis. (D) ERS-related proteins were quantified from three
independent tests with triplicate samples. (E) Quantification of apoptosis rate (%) in TTF1-NP-treated (200 uM) cells without 4-PBA
treatment and in TTF1-NP-treated (200 uM) cells pretreated with 4-PBA. (F) Expression of GRP78, caspase 4, and p-JNK in TTF1-
NP-treated (200 pM) cells without 4-PBA treatment and in TTF1-NP-treated (200 uM) cells pretreated with 4-PBA. (G) The results
shown for GRP78, caspase 4, and p-JNK in (F) were quantified from three independent tests with triplicate samples. The graph shows
the corresponding quantified data as mean+SD. *p<0.05 and **p<0.01 for the designated treatment versus vehicle (D) or for the
designated treatment versus 200 uM TTF1-NPs (E, G).

After confirming that TTF1-NPs showed a significant the tumors of the TTF1-NP-treated mice were signifi-
inhibitory effect on human hepatoma cells, we tested their cantly lighter than those of the vehicle-treated mice at
effects on implanted HepG2 cell tumor growth in nude all tested doses after 20 days of treatment. Finally, the
mice (17). At doses of 5, 10, and 20 umol/kg, TTF1-NPs TTF1-NP-treated mice showed a significantly reduced
significantly reduced GTV in comparison with vehi- tumor growth ratio and a significantly increased tumor

cle after 16, 18, and 20 days of treatment. Moreover, growth inhibition ratio, in comparison with those of the
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vehicle-treated mice. These in vivo results demonstrate
that TTF1-NPs produce antitumor effects in animals,
corroborating our in vitro results. Moreover, these results
confirm that nanoparticle formulations can be used to
improve the pharmacokinetic and pharmacodynamic
characteristics of anticancer compounds (18), including
compounds from natural products that may not be ideal
for in vivo therapeutic use in their raw form (19,20).

To demonstrate that our TTF1-NP formulation pro-
duced antitumor effects by inducing apoptosis, as we pre-
viously demonstrated for TTF1 (10), we performed cell
morphology and flow cytometry studies using HepG2
cells. Confirming our previous results, H&E and Hoechst
staining showed that TTF1-NPs at concentrations of 100
or 200 uM altered cell morphology and induced pykno-
sis. Moreover, flow cytometry showed that TTF1-NPs
induced apoptosis dose dependently at concentrations
from 50 to 200 uM, and no significant difference was
found between the effect of 200 uM TTF1-NPs and that
of the positive control drug 5-FU.

We have previously demonstrated that TTF1 induced
apoptosis via a mitochondrial pathway; however, several
proapoptotic pathways exist in mammalian cells that may be
exploited in tumor cells to induce death (21-23). Therefore,
we used Western blotting and immunohistochemistry to fur-
ther investigate the mechanism by which TTF1-NPs induce
apoptosis by measuring levels of specific apoptosis-related
proteins. The ERS response, the endogenous mitochondrial
pathway, and the exogenous death receptor pathway are the
three major independent apoptotic pathways in eukaryotic
cells (24-26). The endoplasmic reticulum is kept in dynamic
equilibrium under normal physiological conditions, but
pathological and physiological stimuli can induce imbal-
ance in endoplasmic reticulum homeostasis and thus induce
the ERS response. The ERS response is primarily mediated
by the molecular chaperone GRP78 and three transmem-
brane signaling molecules: PERK, IRE1c., and ATF6 (27).
When misfolded and unfolded proteins accumulate in the
ER and threaten to disrupt proper protein folding, the insuf-
ficient supply of GRP78 leads to activation of the unfolded
protein response (UPR) (28,29) and ER-associated degra-
dation (ERAD) of misfolded proteins through the ubiquitin
proteasome system, thus alleviating ER dysfunction (30,31).
However, under conditions of prolonged ER stress, the func-
tion of the UPR shifts from prosurvival to proapoptotic, and
this proapoptotic potential can be exploited as a therapeutic
mechanism for anticancer drugs (15).

The primary apoptotic pathway utilized by the UPR
is mediated by the CHOP transcription factor, which is
uniquely responsive to ERS (32). Under conditions of ERS,
GRP78 dissociates from PERK, IRE1, and ATF6, allowing
PERK and IREI to homodimerize and become activated
via self-phosphorylation. Activated PERK phosphorylates
elF2q, leading to inhibition of translation, cell cycle arrest,
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and activation of the downstream signaling molecule ATF4
as part of the PERK-elF20.-ATF4 complex, which induces
CHOP expression (33). Moreover, activated IRElo acti-
vates apoptosis signal-regulating kinase 1 (ASK1) by
recruiting TNF-o receptor-associated factor 2 (TRAF2),
thus inducing CHOP expression. Upon dissociation from
GRP78, ATF6 is activated by proteolytic cleavage inside
the Golgi apparatus, after which the activated ATF6 frag-
ment translocates to the nucleus and forms a complex
with transcription factor X-box-binding protein 1 (XBP1),
which directly activates CHOP expression (33).

The second apoptotic pathway utilized by the UPR is
mediated by c-Jun N-terminal kinases (JNKs). Upon dis-
sociation from GRP78, activated IRE-1 forms the IRE-
1-TRAF2-ASK1 complex, which phosphorylates JNK1,
promoting apoptosis (32). The third apoptotic pathway
utilized by the UPR is a caspase-mediated pathway
involving caspase 12. Activated IREI recruits T33RAF2
located at the ER membrane to cleave the caspase 12 pre-
cursor into an activated caspase 12 fragment, which is an
ERS-specific proapoptotic factor. Upon activation, cas-
pase 12 activates downstream caspase family members to
induce an apoptotic cascade. Animal studies have shown
that the functions of caspase 4 in humans are equivalent
to those of caspase 12 in rodents. Studies on the diverse
apoptotic mechanisms utilized by the UPR demonstrate
that GRP78, CHOP, JNKI1, and caspase 12 (caspase 4
in humans) are key mediators of ERS-related apoptosis
(32,34).

Confirming our hypothesis that TTF1-NPs induce
apoptosis via ERS, treatment with 200 uM TTF1-NPs
significantly increased the proportion of GRP78-positive
and caspase 4-positive cells. Moreover, treatment with
200 uM TTF1-NPs significantly upregulated GRP7S,
PERK, IRE1a, ATF6, caspase-4, and CHOP, while 100 uM
TTF1-NPs upregulated only GRP78, IRE10, and ATF6,
demonstrating dose-related effects on proapoptotic sig-
naling. To further strengthen our results, we examined
the effect of ERS inhibitor 4-PBA, a low molecular
weight fatty acid that acts as a chemical chaperone, pre-
venting or reversing aggregation and mislocalization
of misfolded proteins in the ER. In our study, 4-PBA
significantly decreased the apoptosis rate in TTF1-NP-
treated cells and inhibited regulation of apoptosis-related
proteins by TTF1-NPs. The expression levels of key
proteins includes GRP78, caspase 4, p-JNK, and CHOP
in HepG2 xenograft tumor tissues were significantly
increased in TTF1-NP-treated groups compared to the
vehicle group. These results suggest that ERS plays a
central role in TTF1-NP-induced apoptosis in vivo and
in vitro demonstrating that TTF1 may induce apoptosis
in tumor cells via multiple mechanisms.

Our study has some limitations as a result of limited
time and resources. We have only tested TTF1-NPs in a
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limited number of hepatoma cell types, including the
HepG2, Hep3B, and PLC/PRF/5 cell lines. However,
HCC shows significant variation in characteristics among
patients, and thus our results may not be generalizable to all
types of HCC in all patients, despite our promising results.
In a related limitation, we implanted only HepG2 cells into
mice, and it should be noted that these cells were also the
most susceptible of the tested cell lines to TTF1-NPs. In
addition, we tested the effects of TTF1-NPs on implanted
tumors in mice only, and the use of other model organisms,
such as rats or rabbits, would strengthen our conclusions.
Finally, we tested the off-target effects of TTF1-NPs in
only one cell type, limiting the strength of our conclusions
regarding toxicity in normal cells.

Future studies should address the limitations of our
study, with the goal of providing sufficient evidence for
the efficacy of TTF1-NPs against HCC to merit clinical tri-
als. Toward this end, studies should be conducted on other
hepatoma cell types using a larger range of TTF1-NP doses
and longer period of treatment and observation. In addition,
in vivo studies of longer duration in other animal models
will allow for investigation of the long-term efficacy of
TTF1-NPs and associated toxicity. Evaluation of toxicity
is particularly important because toxicity may underlie the
failure of current treatments such as sorafenib to improve
quality of life, and thus lower toxicity would represent a
significant advantage for TTF1-NPs (7). Toxicology stud-
ies should be performed on other normal cell types and in
vivo to determine off-target effects of TTF1-NPs and max-
imum tolerated doses. Future studies with knockout mice
and inhibitors of specific signaling pathways would allow
for finer dissection of the mechanism underlying the pro-
apoptotic effects of TTF1-NPs, which seem to be medi-
ated by multiple pathways. Finally, in silico modeling to
explore the pharmacodynamics of TTF1 will facilitate the
development of more effective anticancer drugs.

Taken together, our results demonstrate that TTF1-NPs
generated from TTF1, the primary bioactive constituent
of Sorbaria sorbifolia, are a promising new therapeutic
vector for HCC that merits extensive further study in vivo
and in vitro.
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