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Background: Epirubicin (EADM) is a common chemotherapeutic agent in hepatocellular carcinoma (HCC). The accumulation of
hypoxia-inducible factor-1o (HIF-1a) is an important cause of drug resistance to EADM in HCC. Tanshinone I (Tan I) is an agent with
promising anti-cancer effects alone or with other drugs. Some tanshinones mediate HIF-1a regulation via PI3K/AKT. However, the
role of Tan I combined with EADM to reduce the resistance of HCC to EADM has not been investigated. Therefore, this study aimed
to investigate the combined use of Tan [ and EADM in HCC and the underlying mechanism of PI3K/AKT/HIF-1a.

Methods: HCC cells were treated with Tan I, EADM, or the combined treatment for 48 hrs. Cell transfection was used to construct HIF-1a
overexpression HCC stable cells. Cell viability, colony formation, and flow cytometric assays were used to detect the viability, proliferation,
and apoptosis in HCC cells. Synergism between Tan I and EADM were tested by calculating the Bliss synergy score, positive excess over
bliss additivism (EOBA), and the combination index (CI). Western blotting analyses were used to detect the levels of B-actin, HIF-1a, PI3K
p110a, p-Akt Thr308, Cleaved Caspase-3, and Cleaved Caspase-9. Toxicity parameters were used to evaluate the safety of the combination
in mice. The xenograft model of mice was built by HCC stable cell lines, which was administrated with Tan I, EADM, or a combination of
them for 8 weeks. Immunohistochemistry staining (IHC) was used to assess tumor apoptosis in mouse models.

Results: Hypoxia could upregulate HIF-1a to induce drug resistance in HCC cancer cells. The combination of Tan I and EADM was
synergistic. Although Tan I or EADM alone could inhibit HCC cancer cells, the combination of them could further enhance the
cytotoxicity and growth inhibition by targeting the PI3K/AKT/HIF-1a signaling pathway. Furthermore, Tan I and EADM synergis-
tically reversed HIF-1a-mediated drug resistance to inhibit HCC. The results of toxicity parameters showed that the combination was
safe in mice. Meanwhile, animal models showed that Tan I not only improved the anti-tumor effect of EADM, but also reduced the
drug reactions of EADM-induced weight loss.

Conclusion: Our results suggested that Tan I could effectively improve the anti-tumor effect of EADM, and synergize EADM to
reverse HIF-1a mediated resistance via targeting PI3K/AKT/HIF-1a signaling pathway.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most malignant tumors worldwide." While surgery remains the only
curable option for early-stage patients, chemotherapy is mainly adopted for the prevention of post-surgical recurrence and
the treatment of advance-staged diseases.”* Epirubicin (EADM) is a frequently used chemotherapeutic agent in HCC.’
Existing studies have shown that epirubicin inhibits cancer cells by intercalating into DNA strands to inhibit DNA and
RNA synthesis.®” However, there is a high probability of adverse reactions (acute dose-limiting hematological toxicity,

cardiotoxicity, gastrointestinal stress, weight loss, and alopecia) and resistance to EADM, leading to treatment failure.*'°
Therefore, effective agents are needed to improve the effectiveness of chemotherapy.
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Tanshinones are derivatives from the herbal salvia miltiorrhiza which show great potential in anti-cancer therapies.""
Tanshinone I (also known as Tanshinone A, Tan I) is a less-studied agent of this kind, and also possesses powerful
cancer-killing effects. Recent studies have shown that Tan I can inhibit the proliferation and induce apoptosis of cancer
cells through the PI3K/AKT/mTOR signaling pathway, JAK/STAT3 signaling pathway, or by activating AMP-activated
protein kinase.''™'” Prior studies have also indicated the effective use of tanshinones combined with sorafenib, cisplatin,
and other drugs in solid tumors.'® 2° However, the potential combination of Tan I and EADM in HCC has not yet been
studied.

Hypoxia inducible factor-1a (HIF-1a) is a key target of tanshinones.?' > Meanwhile, the accumulation of HIF-1o is
an important cause of drug resistance to many chemotherapies.?* Strategies inhibiting HIF-1a have been shown to
improve the efficacy of EADM in treating several types of cancer including HCC.* 7 There is evidence pointing to the
regulation of HIF-1o by tanshinones via PI3K/AKT signaling.”® But the mechanism concerning the signaling pathway is
not clarified in the action of Tan I. Therefore, the purpose of this study was to investigate the novel combined use of Tan
I and EADM in HCC. Meanwhile, we hypothesized that Tan I can increase the efficacy of EADM by downregulation of
HIF-1a via PI3K/AKT signaling.

Materials and Methods
Cell Culture

HCC cancer cell lines (HepG2, Huh7) were obtained from the Cancer Center, Sun Yat-sen University, Guangzhou,
Guangdong, People’s Republic of China. All cells were cultured in Dulbecco modified eagle medium (DMEM medium,
Gibco, USA), which was supplemented with 10% fetal bovine serum (FBS), 50 U/mol penicillin (Sigma-Aldrich, USA),
and 50 mg/mL streptomycin (Sigma-Aldrich, USA). Tan I was purchased from Selleck (Lot No. S236403). The
physicochemical properties of Tan I are: Molecular formula: C18H1203; Molecular weight: 276.29; Solubility: easily
soluble in methanol, ethanol, DMSO, and other organic solvents; Melting point: 233-234°C; Form: powder; and Color:
red. Epirubicin (EADM) was purchased from Selleck (Lot No. S122306). We used DMSO as the solvent for Tan I and
EADM. Cultured cells were kept in a humidified incubator at the temperature of 37°C, under the concentration of 5%
CO, and 1% O,.

Cell Transfection

We purchased lentiviruses from Vigene Biosciences with the HIF-1a overexpression plasmid (HIF-1a) and the empty
vector (control), both with GFP fluorescent sequences. Human HCC cells (Huh7 and HepG2) were seeded into six-well
plates (2x10° cells/well). 24 hrs later, human HCC cells (Huh7, HepG2) were transfected with 5 pL of empty vector
(control) lentivirus or 10 pL of HIF-1a overexpression plasmid lentivirus, and then kept in a humidified incubator at the
temperature of 37°C. After 48 hrs, stable cell lines were screened by using the DMEM (10% FBS) containing 2 pg/mL
puromycin. After being fixed with 70% methanol, the cells were stained by DAPI (Abcam, ab285390) and observed
under a fluorescence microscope to determine the successful construction of HCC stable cell lines. Meanwhile, cellular
proteins were collected for Western blot analysis to verify the successful construction of HCC stable cell lines.

Cell Viability Assays

Cell proliferation was analyzed by the cell counting kit-8 (CCK-8, MedChemExpress, Cat. No. HY-K0301). Cells were
seeded at a density of 1 x 10%/well into 96-well microplates. Then, the cells were treated with various concentrations of
Tan 1 (1.25, 2.5, 5, 10, 20, 40, 80 and 160 uM), and EADM (0.04, 0.08, 0.16, 0.31, 0.63, 1.25, 2.5 and 5 uM). The CCK-8
assay was performed after 48 hrs of treatment. Treated cells were incubated for 4 hrs with a culture medium containing
the CCK-8 reagent, and absorbance was recorded at 450 nm using the iMark™ Microplate Absorbance Reader (Bio-Rad,
iMark, United States). All experiments were repeated three times. The inhibition of cell proliferation was expressed by
the absorbance.
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The Synergy Evaluation of Drugs Combination
After we calculated the 50% inhibitory concentrations (IC50) of Tan I and EADM in HCC cancer cell lines. We
treated HCC cancer cells with a mixture of Tan I and EADM by using a constant ratio from a fraction of their IC50. 48
hrs later, CCK-8 assays were performed. Treated cells were incubated with a medium containing CCK-8 reagent for 4
hrs, and absorbance was recorded at 450 nm using an iMark™ Microplate Absorbance Reader (Bio-Rad, iMark,
USA). All experiments were repeated three times. The inhibition of cell proliferation was expressed by the
absorbance.

Then, the synergism between Tan I and EADM was tested in HCC cell lines. The Bliss synergy score

2930 293132 and the drug combination index (CI)*

(SynergyFinder), positive excess over bliss additivism (EOBA),
were calculated to assess whether Tan I and EADM were synergistic, additive, or antagonistic. These assays allowed
us to observe the level of synergy between Tan I and EADM at different dose combinations, while allowing us to
visualize the pattern of synergy and predict the dose combination that exhibited the greatest inhibition of proliferation.
Furthermore, based on the results of the Bliss synergy score (SynergyFinder), EOBA, and CI, we selected the most
reasonable and effective combination concentration as the combined concentration of Tan I and EADM to treat HCC
cancer cell lines.?*?

Synergism between Tan I and EADM was defined as Bliss synergy score (SynergyFinder),””® EOBA,**'=? and
CL>® The Bliss synergy score was calculated by SynergyFinder, in which 0 means additive, < 0 antagonistic, and > 0
synergistic. EOBA was evaluated by equation (C),*> where 0 means additive, < 0 antagonistic, and > 0 synergistic. CI
was calculated by the Compusyn software for any value of the fraction affected (fa), where 1 means additive, < 1
synergistic, and > 1 antagonists. Median effects plots were used for curve fitting and deriving doses required for
all fa.

Equation (C): EOBA=AxB-AB, where A refers to the growth of HCC cells treated with Tan I alone, B refers to the
growth of HCC cells treated with EADM alone, and AB refers to the growth of HCC cells treated with the combination

of Tan I and EADM.>*?

Cell Apoptosis Analysis Detected by Flow Cytometric

For apoptosis analysis, cells were implanted into a 6-well plate. Then, the medium was replaced with a fresh medium
supplemented with 40 uM Tan I and 0.25 uM EADM. Meanwhile, based on the results of the Bliss synergy score
(SynergyFinder), EOBA, and CI, we selected the most reasonable and effective combination concentration as the
combined concentration of Tan I and EADM to treat HCC cancer cell lines. After treatment of 48 hrs, the cell apoptosis
was detected by Apoptosis Detection Kit (eBioscience™ Annexin V Apoptosis Detection Kits (its components are
Annexin V and PI), Thermo Fisher Scientific, Lot No. 2106736). All cells were detected by Polychromatic analytical flow
cytometry (Beckman, Cytoflex LX, United States).

Western Blotting Analyses

Cells were lysed in sample buffer, homogenized, and denatured with f-mercaptoethanol (Sigma-Aldrich, USA). After the
sample protein was separated by SDS-PAGE gel, it was transferred to the PVDF membrane, and then blocked with 5%
skimmed milk. It was subsequently incubated with the primary antibody and secondary antibody for 1 hour. In the end,
the automatic fluorescence/chemiluminescence image analysis system (Tanon, Shanghai, China) was used to detect and
acquire images. The primary antibodies were used to incubate the target protein, including B-actin (abclonal, AC026,
1:1000), hypoxia-inducible factor-1a (HIF-1a) (Cell Signaling Technology, D1S7W, 1:1000), Cleaved Caspase-3 (Cell
Signaling Technology, SA1E, 1:500), Cleaved Caspase-9 (Cell Signaling Technology, ESZ7N, 1:500), PI3K p110a (Cell
Signaling Technology, C73F8, 1:1000), p-Akt Thr308 (Cell Signaling Technology, D25E6, 1:1000). The targeted bands
were analyzed by ImagelJ software (v1.8.0; National Institutes of Health, USA). The B-actin was used as the internal
control. The relative protein levels were quantified through comparison to B-actin.
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Colony Formation Assay

Cells were implanted into a 6-well plate. Then, the medium was replaced with fresh medium supplemented with 40 uM
Tan I and 0.25 uM EADM. Meanwhile, based on the results of the Bliss synergy score (SynergyFinder), EOBA, and CI,
we selected the most reasonable and effective combination concentration as the combined concentration of Tan I and
EADM to treat HCC cancer cell lines. After treatment of 15 days, cells were fixed with 4% paraformaldehyde and stained
with crystal violet (5%). Each experiment was done thrice. Cells colonies formation rate = Number of colonies formed in
each treatment group (the well of Tan I, EADM, and the combination of them) /Number of colonies formed in the control
group (the well of NC) x 100%.

Animal Xenograft Models

Firstly, we assessed whether the combination of Tan I and EADM is safe or not in vivo. A total of 12 C57BL/6J mice (4
weeks old; 12 male) were purchased from Guangdong Medical Laboratory Animal Center (Guangdong, China) and
housed with a 12 hrs light/dark cycle, and fed standard laboratory chow and water. We randomly divided 12 mice into the
control group (NC group) and the combination of Tan I and EADM group (the combination group). There were 6 mice in
each group. The mice in the NC group were treated with saline by tail vein injection, and the mice in the combination
group were treated with Tan I (15 mg/kg) and EADM (3 mg/kg) by tail vein injection.

Furthermore, the growth of the tumor was observed in vivo. A total of 24 BALB/c mice (4 weeks old; 24 males) were
purchased from Guangdong Medical Laboratory Animal Center (Guangdong, China) and housed with a 12 hrs light/dark
cycle and fed standard laboratory food and water. We randomly divided the 24 mice into vector and HIF-1a groups
equally, with 12 mice in each group. Among them, those mice in vector and HIF-1a groups were divided into NC, Tan I,
EADM, and combination groups, respectively. There were 3 mice in each group.

2 x 10° HepG2 vector cells (100 uL) were injected subcutaneously into the left and right flanks of nude mice in the
vector group. And 2x10° HepG2 HIF-1la cells (100 pL) were injected subcutaneously into the left and right flanks
of nude mice in the HIF-1a group. Therefore, we would get 6 tumors in each group. The tumor volume (mm®) = (length
of tumor x width of tumor?)/2. When tumor volume reached 200-250 mm?, the mouse began to receive tail vein injection
of an equal volume of normal saline, Tan I (15 mg/kg), EADM (3 mg/kg), or the combination of both for 8 weeks. All
animal procedures were performed under the “Guide for the Care and Use of Laboratory Animals” (NIH publication 86-
23, revised 1985), and were approved by the Committee on the Ethics of Animal Experiments of the Fifth Affiliated
Hospital of Sun Yat-sen University (NO. 00164).

Biochemical Analyses

Blood, Serum, and urine biochemical assays of mice were conducted at the Laboratory of the Fifth Affiliated Hospital of
Sun Yat-Sen University, using approved standard operating procedures and kits. The biochemical parameters, including
Complete Blood Count (CBC), Reactive Oxygen Species (ROS), Total Antioxidant Capacity (T-AOC), Aspartate
aminotransferase (AST), Alanine aminotransferase (ALT), Serum Creatinine (Scr), Blood Urea Nitrogen (BUN), and
24 hrs Urine protein, were determined by standard techniques using the Automatic blood analyzer (Sysmex, XN-10(B3),
Japan) and the iMark™ Microplate Absorbance Reader (Bio-Rad, iMark, United States).

All Kits for the detection of the above biochemical parameters, including the Reactive Oxygen Species (ROS) Assay
Kit (Nanjing Jiancheng Bioengineering Institute, E004-1-1); Total Antioxidant Capacity (T-AOC) Assay Kit (Nanjing
Jiancheng Bioengineering Institute, E015-3-1); Alanine aminotransferase (ALT/GPT) Assay kit (Nanjing Jiancheng
Bioengineering Institute, C009-2-1); Aspartate aminotransferase (AST/GOT) Assay kit (Nanjing Jiancheng
Bioengineering Institute, C010-2-1); Serum Creatinine (Cr) Assay Kit (Nanjing Jiancheng Bioengineering Institute,
C011-2-1); Urea Nitrogen (BUN) Assay Kit (Nanjing Jiancheng Bioengineering Institute, C013-2-1); Urine protein
Assay Kit (Nanjing Jiancheng Bioengineering Institute, C035-2-1). Meanwhile, the Complete Blood Count (CBC) was
detected by the Automatic blood analyzer (Sysmex, XN-10(B3), Japan).
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Immunohistochemistry Staining (IHC)
The xenograft tumors of mice were sectioned into Sum slices. Hematoxylin and eosin staining was applied to confirm the
status of cancer or cancer-free. All tissue sections were baked, dehydrated, hydrated, and antigen-retrieved. They were
then incubated with primary and secondary antibodies. An N-ACHROPLAN microscope (ZEISS, Germany) was used to
photograph the representative areas. Image-Pro Plus v6.0 software (Media Cybernetics Inc., Bethesda, MD, USA) was
used to analyze the Information Object Definition (IOD) values of all images. We calculated the relative IOD values
based on three parameters (sum of area, average density, and IOD), which were used for further analysis.**?

IHC was performed according to the kits (Boster, SA1028, SA1027). Primary antibodies were used for IHC staining:
Cleaved Caspase-3 (Cell Signaling Technology, SA1E, 1:300), hypoxia-inducible factor-1a (HIF-1a) (Boster, A00013-3,

1:300).

Statistical Analysis

All data were repeated at least three times. All data were presented as mean = SEM. Graphs were generated by GraphPad
Prism software (version 7.0, LaJolla, CA, United States). The mean values of the two groups were compared by Student’s
t-test. One-way analysis of variance (ANOVA) and Brown-Forsythe tests were carried out for multiple group compar-
isons. For each test, values of p < 0.05 were considered statistically significant. *p < 0.01; **p < 0.001; ***p < 0.0001;
***%p < 0.00001; n.s, no statistical significance.

Results
Tan | Synergizes with EADM to Enhance the Inhibition of HCC Cell Proliferation

To verify the relationship between hypoxia and HIF-1a, we performed the Western blotting analyses. The results revealed
that hypoxia could significantly promote the expression of HIF-1a in HCC cell lines (HepG2 and Huh7) (Figure 1A).
Furthermore, to investigate the effects of Tan I and EADM on HCC, we performed cell viability assays of the HCC cell
lines (HepG2 and Huh?7), treated with different concentrations of Tan I and EADM. The results showed that Tan I and
EADM alone inhibited the proliferation of HCC cells in a concentration-dependent manner. In Huh7, the 50% inhibitory
concentration (IC50) of Tan I against Huh7 was 7.0 uM, and the IC50 of EADM was 0.25 pM (Figure 1B). And in
HepG2, the IC50 of Tan I was 8.56 pM, and the IC50 of EADM was 0.26 uM (Figure 1C). To assess whether the
combination of Tan I and EADM was synergistic, additive, or antagonistic, we calculated the Bliss synergy score
(SynergyFinder), positive excess over bliss additivism (EOBA), and drug combination index (CI). As shown in
Figure 1D and E, the combination of Tan I and EADM exhibited synergism in the HCC cancer cell lines (Bliss synergy
score > 0, EOBA > 0, and CI < 1). It means that Tan I effectively synergized with EADM to inhibit the proliferation of
HCC cell lines (HepG2 and Huh7). In Huh7, the most effective combination range was 1.75-7 uM Tan I (peak 7 uM)
with 0.06-0.25 pM EADM (peak 0.06 uM) (Figure 1D). In HepG2, the most effective combination range was 2.14-8.56
uM Tan I (peak 2.14 pM) with 0.07-0.26 uM EADM (peak 0.07 uM) (Figure 1E).

According to the results of the Bliss synergy score (SynergyFinder), EOBA, and CI, we selected the most reasonable
and effective combination concentration as the combined concentration of Tan I and EADM in Huh7 and HepG2. In
Huh7, the combined concentration was 7 uM Tan I and 0.06 uM EADM (Figure 1D). In HepG2, the combined
concentration was 2.14 uM Tan I and 0.07 uM EADM (Figure 1E).

Additionally, Flow cytometry revealed that Tan I or EADM alone could induce apoptosis of HCC cells. Meanwhile,
compared with Tan I or EADM alone, the combination of Tan I and EADM increased apoptosis of HCC cells more
significantly (Figure 1F and G). These results suggested that the synergistic combination of Tan I and EADM could
inhibit the proliferation of HCC cells more effectively than Tan I and EADM alone.

Tan | Combined with EADM Increased Inhibition of PI3K/AKT/HIF-1a in HCC

Then we validated if Tan I and EADM induced HCC cells apoptosis by targeting HIF-1a via PI3K/AKT. According to
the results of IC50, Bliss synergy score (SynergyFinder), EOBA, and CI, we applied the single drug or the combined
treatment of Tan [ and EADM in both HCC cell lines (HepG2 and Huh7). Western blotting analysis showed that the PI3K
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Annexin V

Figure | Tan | synergizes with EADM to inhibit the proliferation and increased apoptosis of HCC cells. (A) Cellular hypoxia increased the expression of HIF-1a in HCC
cancer cell lines (Huh7 and HepG2). 1% oxygen concentration (1% O,) induces hypoxia. (B) Cell viability was observed Huh7 cells treated with Tan | and EADM for 48h. (C)
Cell viability was observed HepG2 cells treated with Tan | and EADM for 48h. (D) We treated Huh7 with a mixture of Tan | and EADM by using a constant ratio from
a fraction of its IC50. Synergism between Tan | and EADM was tested in Huh7 (D-i). Bliss synergy score (D-ii, SynergyFinder), EOBA (D-iii), and CI (D-iiii) were calculated to
predict the potential synergism of Tan | and EADM. Synergism was shown by Bliss synergy score > 0, EOBA > 0, and Cl < |. (E) We treated HepG2 with a mixture of Tan
| and EADM by using a constant ratio from a fraction of its IC50. Synergism between Tan | and EADM was tested in HepG2 (E-i). Bliss synergy score (E-ii, SynergyFinder),
EOBA (E-iii), and CI (E-iiii) were calculated to predict the potential synergism of Tan | and EADM. Synergism was shown by Bliss synergy score > 0, EOBA > 0, and Cl < |.
(F) The cell apoptosis of Huh7 and HepG2 treated with Tan I, EADM, or the combination treatment for 48 hrs was analyzed by flow cytometry. The horizontal axis is
Annexin V, and the vertical axis is Pl. (G) Statistical analysis was performed on the cell apoptosis in Figure |F. The mean was compared between all groups. The data
presented mean +/- SEM. *p < 0.01; **p < 0.001; ****p < 0.00001. All data were repeated three times.
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isoform (PI3K p110a) and the phosphorylated AKT (p-Akt Thr308) were inhibited by Tan I or EADM, and they were
further inhibited by the combined treatment (Figure 2A—D). Meanwhile, HIF-1a expression levels were also decreased,
which was paralleled with the changes of PI3K p110a and p-Akt Thr308 (Figure 2A-D). Furthermore, Tan I could inhibit
the expression levels of PI3K pl110a, p-Akt Thr308, and HIF-1a, which was consistent with the results of the PI3K
inhibitor (alpelisib). And they were further inhibited by the combined treatment of Tan I and EADM or alpelisib and
EADM (Supplementary Figure 1A-D).

To further prove that Tan I synergized EADM to target HIF-1a to induce apoptosis in HCC cancer cells, we
combined EADM with different concentrations of Tan I to treat HCC cancer cells (Huh7 and HepG2). The results
showed that the higher concentration of Tan I, the stronger effect of Tan I synergized EADM to inhibit the expression

level of HIF-1a. Meanwhile, the expression levels of two apoptosis markers (cleaved caspase-3 and cleaved caspase-9)
also up-regulated with the increased concentration of Tan I combined with EADM (Figure 2E-H). Therefore, the results
suggested that Tan I or EADM could induce HCC cancer cell apoptosis by inhibiting PI3K/AKT/HIF-1a. And the
combination of Tan I and EADM could further induce more HCC cancer cell apoptosis by targeting HIF-1a through
PI3K/AKT.

HIF-10 Mediated Tan | and EADM Resistance in HCC

To confirm if HIF-1a was the key molecule behind the combined Tan I and EADM, we constructed HepG2 and Huh7 cell
lines with stable overexpressing HIF-1a (HIF-1a) and the empty vector (control). Both Western blotting and cellular
fluorescence validated the success of stable cell line construction (Figure 3A and B).

Cell viability assays showed that overexpression of HIF-1a increased the drug resistance of Tan I and EADM in both
HCC cell lines. As for the Huh7 vector and Huh7 HIF-1a, the IC50 of Tan I was 10.1 pM and 40.8 pM, respectively
(Figure 3C). And the IC50 of EADM was 0.28 uM and 0.36 puM, respectively (Figure 3D). In the HepG2 vector and
HepG2 HIF-1a, the IC50 of Tan I was 6.78 pM and 46.3 uM, respectively (Figure 3E). And the IC50 of EADM was 0.24
uM and 0.40 uM, respectively (Figure 3F).

As shown in Figure 4A-D, the combination of Tan I and EADM exhibited synergism in HCC stable cell lines
(Bliss synergy score > 0, EOBA > 0, and CI < 1). Furthermore, according to the Bliss synergy score, EOBA, and
CI, we got the most effective combination range of HCC stable cell lines. In Huh7 vector, the most effective
combination range was 2.53-10.1 uM Tan I (peak 10.1 pM) with 0.07-0.28 uM EADM (peak 0.07 pM)
(Figure 4A). In Huh7 HIF-1a, the most effective combination range was 10.2-40.8 pM Tan I (peak 10.2 pM)
with 0.09-0.36 uM EADM (peak 0.09 uM) (Figure 4B). In HepG2 vector, the most effective combination range
was 1.7-6.78 puM Tan I (peak 3.39 uM) with 0.06-0.24 uM EADM (peak 0.12 puM) (Figure 4C). In HepG2 HIF-
la, the most effective combination range was 11.58-46.3 uM Tan I (peak 11.58 pM) with 0.1-0.4 uM EADM
(peak 0.1 uM) (Figure 4D).

Meanwhile, based on the results of the Bliss synergy score (SynergyFinder), EOBA, and CI, we selected the most
reasonable and effective combination concentration as the combined concentration of Tan I and EADM in HCC stable
cancer cell lines. In Huh7 vector, the combined concentration was 10.1 uM Tan I and 0.07 uM EADM (Figure 4A). In
Huh7 HIF-1a, the combined concentration was 10.2 uM Tan I and 0.09 pM EADM (Figure 4B). In HepG2 vector, the
combined concentration was 3.39 uM Tan I and 0.12 uM EADM (Figure 4C). In Huh7 HIF-1la, the combined
concentration was 11.58 pM Tan I and 0.1 uM EADM (Figure 4D). The results revealed that Tan I could synergize
with EADM to inhibit HIF-1a-induced drug-resistant HCC cancer cell lines.

Then the stable HCC cell lines were treated with Tan I, EADM, and the combination of Tan I and EADM. The results
showed that HCC cancer cells in the HIF-1a overexpression group (HIF-1a) expressed lower levels of two apoptosis
markers (cleaved caspase-3 and cleaved caspase-9) than those in the control group (vector) (Figure 4E and F). These
results suggested that HIF-1o mediated drug resistance in HCC. Meanwhile, we speculated that Tan I could synergize
with EADM to inhibit HIF-1a-induced drug-resistant HCC cancer cells.
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Figure 2 Tan | combined with EADM enhanced the inhibition of PI3K/AKT/HIF-1a signaling to promote HCC cell apoptosis. (A and B) Western blotting was performed to
detect the expression of PI3K pl100, p-Akt Thr308 and HIF-la in Huh7 and HepG2 treated with Tan I, EADM, or the combination treatment, compared with the group
without treatment. (C and D) The relative expressions of PI3K p | 10a, p-Akt Thr308, and HIF-la in Huh7 and HepG2 were quantified via normalization to B-actin. (E and F)
Western blotting was performed to detect the expression of HIF-la, Cleaved Caspase-3, and Cleaved Caspase-9 in Huh7 and HepG2 treated with EADM, and different
concentrations of Tan | combined with EADM, compared with the group without treatment. (G and H) The relative expressions of HIF-1a, Cleaved Caspase-3, and Cleaved
Caspase-9 in Huh7 and HepG2 were quantified via normalization to B-actin. The data presented mean +/- SEM. *p < 0.01; **p < 0.001; ***p < 0.0001; ****p < 0.00001. All

data were repeated three times.
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Figure 3 HIF-1a mediated Tan | and EADM resistance in HCC. (A) HIF-1o overexpressing stable cell lines (HIF- 1) was constructed (Huh7 and HepG2). Cells transfected
with the corresponding empty vector were used as the control in the following experiments. And the relative expressions of HIF-10 were quantified via normalization to -
actin. (B) As green fluorescence protein (GFP) was constructed with the plasmid vector, typical green fluorescence was observed in the stable cell lines after staining of
nuclei with DAPI. (C) Cell viability of HIF-1a overexpressing stable cell of Huh7 treated with Tan | for 48 hrs, compared with the control cell lines. (D) Cell viability of HIF-
lo overexpressing stable cell of Huh7 treated with EADM for 48 hrs, compared with the control cell lines. (E) Cell viability of HIF-1a overexpressing stable cell of HepG2
treated with Tan | for 48 hrs, compared with the control cell lines. (F) Cell viability of HIF-10 overexpressing stable cell of HepG2 treated with EADM for 48 hrs, compared
with the control cell lines. The data presented mean +/- SEM. **p < 0.001. All data were repeated three times.

Tan | and EADM Synergistically Reverse HIF-1a-Mediated Resistance in HCC

Then we treated the stable cell lines with Tan I, EADM, or the combination of Tan I and EADM again. Western
blotting analysis showed that the expression levels of two apoptotic markers (cleaved caspase-3 and cleaved
caspase-9) were increased, after treatment with Tan I and EADM alone. Meanwhile, the combination of Tan

I and EADM more significantly increased the expression of both apoptotic markers, compared with Tan I or
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Figure 4 HIF-1a mediated drug resistance in HCC, while Tan | synergized with EADM to increase apoptosis of HCC cells. (A) We treated Huh7 vector with a mixture of Tan | and
EADM by using a constant ratio from a fraction of its IC50. Synergism between Tan | and EADM was tested in Huh7 vector (A-i). Bliss synergy score (A-ii, SynergyFinder), EOBA
(A-iii), and CI (A-iiii) were calculated to predict the potential synergism of Tan | and EADM. Synergism was shown by Bliss synergy score > 0, EOBA >0, and CI < |. (B) We treated
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quantified via normalization to B-actin. The data presented mean +/- SEM. *p < 0.001; ***p < 0.00001; ns, no statistical significance. All data were repeated three times.
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Figure 5 Tan | and EADM synergistically reverse HIF-1a-mediated resistance in HCC. (A and B) Western blotting was performed to detect the expression of B-actin,
Cleaved Caspase-3 and Cleaved Caspase-9 in HIF-lo overexpressing stable cell lines (Huh7 and HepG2) treated with Tan |, EADM, and the combination treatment,
compared with the control cell lines (Huh7 and HepG2). And the relative expressions of Cleaved Caspase-3 and Cleaved Caspase-9 were quantified via normalization to -
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EADM alone (Figure 5SA and B). Flow cytometry showed that Tan I and EADM alone could induce significant
apoptosis. The combination of both drugs induced even more apoptosis in HCC cancer cell lines, compared with Tan
I and EADM alone (Figure 5C and D). Meanwhile, when treated with Tan I, EADM, and the combination of Tan
I and EADM, the HIF-1a overexpression groups revealed fewer apoptotic cells than the control groups (Figure SE).
The results confirmed that HIF-1a mediated drug resistance in HCC, which was the target of the Tan I and EADM
drug combination. Cloning formation experiments showed that Tan I and EADM could inhibit HCC cancer cell
proliferation when applied alone. The combination of both drugs achieved the greatest inhibitory effect on cancer
cell clone forming (Figure SF and G). Similarly, when treated with the combined Tan I and EADM, the HIF-1la
overexpression groups revealed more clones than the control groups (Figure 5H). In sum, HIF-1a mediated drug
resistance in HCC. And the combination of Tan I and EADM could reverse the HIF-1a mediated resistance in HCC.

Tan | and EADM Synergistically Reverse HIF-1a-Mediated Resistance in vivo

First, we evaluated the safety of the combination of Tan I and EADM in vivo. The results showed that the toxicity
parameters (CBC, ROS, T-AOC, ALT, AST, BUN, Scr, and 24 hrs Urine protein) of the Tan I and EADM combination
groups were not statistically different from those of the control group (Table 1; Figure 6A-G).

Next, to further verify the effects of Tan I and EADM on cancer cells in vivo, the xenograft model of nude mice
was established (Figure 7A—C). Although Tan I had no significant effect on the weight of mice, Tan I could
attenuate the effect of EADM on weight loss in mice compared with the single EADM group (Figure 7D). Those
tumor volumes of combination treatment were significantly smaller than those treated by Tan I and EADM alone
(Figure 7E). Immunohistochemistry staining of Cleaved Caspase-3 showed that both Tan I and EADM could induce
cancer cell apoptosis, and the combination has the most significant effect (Figure 7F and G). In addition, the effect
of drug-induced cancer cell apoptosis in the HIF-1a overexpression group was lower than that in the control group
(Figure 7H). The results suggested that HIF-1a was the target of Tan I and EADM, which could enhance the drug
resistance of tumors.

In conclusion, compared with monotherapy, the combination treatment group had more significant inhibition of tumor
growth. Tan I could enhance the anti-tumor effect of EADM, and reduce the drug reactions of EADM in vivo.

Table | Completed Blood Counts of Mice in NC Group and the Combination
of Two Drugs Group

NC Combination of Tan P
I and EADM
(n=6) (n=6)

White blood cell (10A9/L) 3.87 4.04 0.72
Red blood cell (10712/L) 8.10 8.60 0.37
Blood platelet (1049/L) 655.50 582.17 0.58
Hemoglobin (g/L) 121.50 129.67 0.33
Mean corpuscular volume (fL) 53.48 53.67 0.64
Mean corpuscular hemoglobin (pg) 15.05 15.03 0.90
Mean corpuscular hemoglobin 281.00 280.33 0.72
concentration (g/L)

Neutrophils (1029/L) 0.67 0.95 0.09
Lymphocytes (1029/L) 297 2.86 0.77
Monocytes (1079/L) 0.02 0.01 0.28
Eosinophils (1079/L) 0.03 0.02 0.47
Basophils (1049/L) 0.18 0.20 0.80
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Figure 6 Toxicity parameter analyses assess the safety of the combination of Tan | and EADM in mice. (A) The ROS levels in the liver and kidney tissues of mice between the
control group and the combined treatment group. (B) The T-AOC levels in the serum of mice between the control group and the combined treatment group. (C) The ALT
levels in the serum of mice between the control group and the combined treatment group. (D) The AST levels in the serum of mice between the control group and the
combined treatment group. (E) The Scr levels in the serum of mice between the control group and the combined treatment group. (F) The BUN levels in the urine of mice
between the control group and the combined treatment group. (G) The 24 hrs Urine protein levels in the urine of mice between the control group and the combined
treatment group. The data presented mean +/- SEM. n.s, no statistical significance. All data were repeated three times.
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Abbreviation: n.s, no statistical significance.
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Discussion

Combined therapy has been recommended in the NCCN guideline for HCC, for example, the combination of atezoli-
zumab and bevacizumab.>® EADM is one of the most commonly used chemotherapeutic agents in practice.>’ But adverse
reactions and the inherent resistance of cancer cells remain the major obstacles for EADM that lead to uneventful
treatment outcomes. In this study, we found that EADM can induce apoptosis of HCC cancer cells, but EADM causes
weight loss in mice. Therefore, further study on new combined therapies to overcome EADM resistance and reduce
adverse reactions can ultimately improve the clinical outcome of HCC patients.

Chinese herbal extracts can enhance chemotherapy efficacy and reverse chemo-resistance of cancer.”® ** As a member of
the tanshinone family, Tan I possesses the therapeutic potential in treating a variety of diseases and causes few adverse
reactions.'** Tan I could inhibit proliferation and induce apoptosis of HCC, ovarian cancer, gastric cancer, and other solid
tumors.'”*' Among the many functions of Tan I in cancer biology, more attention was paid to its role in increasing the chemo-
sensitivity of cancer cells.'? Furthermore, the combination of Tan I and paclitaxel could synergistically inhibit the proliferation
of ovarian cancer cells and induce cancer apoptosis, while Tan I could enhance the anti-tumor effect of paclitaxel.'* These
findings suggested that Tan I can be developed in combination with other anti-tumor agents as a novel regimen for
postoperative adjuvant therapy. For example, it could align with EADM during trans-arterial chemoembolization (a.k.a.
TACE). And several types of tanshinone could inhibit HCC cell proliferation and induce HCC cell apoptosis in combination
with other drugs, and the effect was significant.'***

However, there is no related report on the combination of Tan I and EADM in the treatment of HCC. This study
found that the combination of Tan I and EADM was synergistic in HCC cancer cell lines. Furthermore, with the increase
of Tan I concentration, the effect of Tan I on enhancing EADM-induced apoptosis and inhibited proliferation of HCC
cells was stronger. Meanwhile, the combination of Tan I and EADM inhibited HIF-1a in HCC cancer cells more
significantly than the single drug.

Existing research revealed that hypoxia contributes to the development of chemotherapeutic and other drug resistance
via the accumulation of HIF-1a, which is an indicator of poor prognosis in HCC patients.** In addition, HIF-1o has been
known as the vital druggable target for tanshinones.*? Therefore, we speculated that HIF-1a is also a potential target for
the combination therapy of Tan I and EADM. And the combination of Tan I and EADM can enhance the effect of
treating HCC.

To understand the underlying mechanism between drug resistance, hypoxia, and the two drugs (Tan I and EADM),
we further analyzed the related results. We confirmed that the accumulation of HIF-1a in HCC cancer cells under
hypoxia resulted in drug resistance in HCC. Meanwhile, when HIF-la was inhibited by Tan I and EADM, the
expression levels of PI3K pl10a and p-Akt Thr308 were also down-regulated. Therefore, we believed that Tan
I synergized with EADM by targeting HIF-la via the inhibition of PI3K pl10a/p-Akt Thr308 signaling.
Furthermore, we also found that the combination of Tan I and EADM could further induce more apoptosis and inhibit
more proliferation of HCC cancer cell lines by targeting the PI3K/AKT/HIF-1a signaling pathway, compared with the
single drug of Tan I or EADM. Meanwhile, animal models showed that Tan I not only effectively improved the anti-
tumor effect of EADM, but also effectively reduced the drug reactions of EADM-induced weight loss in vivo.
Therefore, the results revealed that Tan I synergize with EADM to induce cancer cell apoptosis by inhibiting PI3K/
AKT/HIF-1a signaling pathway in HCC. Meanwhile, the drug combination may be a potential clinical anti-HCC
treatment option.

Although we found that the combination of Tan I and EADM has a stronger anti-tumor effect, further studies are
needed to understand more possible mechanisms behind the combination. We also need more molecular biological
evidence to confirm how Tan I inhibits the PI3K/AKT/HIF-1a signaling pathway. Such detailed investigation can also
help us understand the drug better, and more specific inhibitors resembling the action of Tan I can be developed
accordingly.

Conclusion
In conclusion, this study found that Tan I can synergize with EADM to inhibit the proliferation and apoptosis induction
of HCC cells. Compared with Tan I and EADM alone, the combination therapy of Tan I and EADM play a greater anti-
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cancer effect. Further analysis revealed that Tan I enhance the anti-cancer efficacy of EADM in HCC by inhibiting the
PI3K/AKT/HIF-1a signaling pathway. Meanwhile, Tan I can reduce the drug reactions of EADM-induced weight loss
in vivo. Therefore, the novel combination of Tan I and EADM can be a potent drug regimen for HCC treatment.
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