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Abstract: Hepatocellular carcinoma (HCC) is usually diagnosed at an advanced stage, where first-line sorafenib ther-
apy frequently encounters acquired resistance. Natural compounds derived from traditional medicine may provide
alternative strategies to address this challenge. Here, we show that Schisandrin A, a lignan from Schisandra Chi-
nensis, inhibits HCC cell proliferation and induces G1/S cell cycle arrest in vitro while also downregulating sorafenib-
resistance genes and increasing sorafenib sensitivity. In a xenograft model, Schisandrin A acted synergistically with
sorafenib to improve antitumor efficacy without increasing toxicity. Supported by multi-omics analyses indicating the
involvement of retinol metabolism regulation. These findings identify Schisandrin A as a potential adjunctive agent
for overcoming sorafenib resistance in advanced HCC.
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Introduction

Hepatocellular carcinoma (HCC) is still the most
common type of primary liver cancer. HCC inci-
dence and mortality both continue to increase
all over the world. Being an early-stage disease
is usually asymptomatic, early detection is very
challenging in clinical practice. As such, most
HCC patients are found at advanced stages at
which curative surgery is no longer an option.
Thus, non-surgical treatments including sys-
temic therapies stand out as treatment op-
tions for advanced HCC patients [1]. Intro-
duction of sorafenib as the first approved tar-
geted treatment for HCC was a major break-
through of first-line treatment. However, the
real clinical benefit of sorafenib is limited.
Although sorafenib therapy can prolong median
overall survival in patients with advanced HCC,

the benefit is only about 3 months, with a very
low objective response rate. Of note, acquired
drug resistance usually develops after 4 to 5
months of therapy, thus severely eroding its
long-term efficacy of this agent [2, 3]. Despite
such limitations, there is great need to search
for new agents able to sensitize malignant
lesions to available targeted treatments or to
enhance the effects of available targeted
agents. Progress in this field will be critical to
improving outcomes in patients with HCC.

Derived mainly from nature, TCM is a promising
source for modern drug discovery. Various stud-
ies have shown that TCM compounds and tradi-
tional Chinese herbal medicines exhibit much
lower toxicity than that of normal chemothera-
peutic drugs and thus low adverse reactions in
patients [4, 5]. In clinical cancer therapy, the
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use of TCM has shown great therapeutic effi-
cacy. The incorporation of some TCM formulas
into the traditional treatment plan can mitigate
significantly the adverse effects of chemical
chemotherapy. This strategy is paired with im-
proved patient survival and a better quality of
life [6, 7]. Moreover, the concurrent use of TCM
agents together with the conventional cancer
drugs increases the overall efficacy of cancer
therapy, which is obviously attributable to their
underlying synergistic or sensitizing effects [8].

Extracted from the dried ripe fruit of Schisan-
dra chinensis, the lignan component Schi-
sandrin A (deoxyschizandrin) is a major effec-
tive component of a traditional Chinese herb
[9, 10]. Many reported works demonstrate
diverse biological activities of Schisandrin A in
various disease models, such as antioxidant
[11-13] and anti-inflammatory [14, 15] proper-
ties, for example. Notably, the clinical con-
tribution of Schisandrin A in the field of cancer
therapy are also emerging. Schisandrin A has
been reported to inhibit the development of
some cancers, such as the non-small cell lung
cancer (NSCLC) [16, 17], prostate cancer [18],
colorectal cancer [19], and bladder cancer [20].
However, whether Schisandrin A can exert anti-
tumor effects on HCC and how it plays such
effects have remained largely unclear.

Addressing this knowledge gap, in the present
study, we explored the specific impact of Schi-
sandrin A on HCC. We showed that this com-
pound significantly inhibits the proliferation of
HCC cells and induce cell cycle arrest of HCC
cells in vitro. Moreover, transcriptome sequenc-
ing found that Schisandrin A sensitizes HCC
cells to sorafenib, the typical first-line targeted
drug for treating advanced HCC. This sen-
sitizing effect was verified in vivo in a mouse
xenograft model; Schisandrin A administration
could significantly enhance the antitumor
effect of sorafenib. Overall, our study elucidat-
ed the mechanism of action of Schisandrin A
antitumor effect on HCC and highlighted its
ability as a tumor sensitizer, therefore giving
experimental evidence for its potential clinical
usage in the future.

Methods and materials
Cell cycle analysis

Cell cycle distribution was analyzed by PI stain-
ing using a cell cycle detection kit (Beyotime,
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C1062S) according to the manufacturer’s in-
struction (Beyotime, C1052). Briefly, LO2, Huh7,
MHCC97H cells were seeded in 6-well plates at
a density of 2x10° cells per well and treated
with Schiszandrin A (TOPSCIENCE, T2926) at
different concentrations for 24 h. Following
treatment, both adherent and floating cells
were collected and combined. Then, cells were
fixed in 70% ethanol were treated with RNase
A and PI (50 pg/mL). DNA content was mea-
sured using a flow cytometer (CytoFLEX,
BECKMAN). Data were processed with FlowJo
software (version 10.8).

Cell apoptosis analysis

Cell apoptosis was quantitatively assessed us-
ing an Annexin V-FITC/PI apoptosis detection
kit (Beyotime, C1062S). Briefly, LO2, Huh7, and
MHCC97H cells were seeded in 6-well plates
at a density of 2x10° cells per well and treated
with various concentrations of Schisandrin A
for 24 h. After treatment, both adherent and
floating cells were collected, washed with cold
PBS, and resuspended in binding buffer. A
100 pL aliquot of cell suspension was stained
with 5 pL Annexin V-FITC and 5 L PI, followed
by 15 min incubation in the dark. Subsequen-
tly, 400 uL of binding buffer was added, and
samples were immediately analyzed on a
CytoFLEX flow cytometer (BECKMAN), acquir-
ing at least 10,000 events per sample. Cell
populations were distinguished as viable
(Annexin V/PI), early apoptotic (Annexin V*/PI),
late apoptotic/necrotic (Annexin V*/PI*), and
necrotic (Annexin V/PI*) using FlowJo software
(v10.8). All experiments were independently
repeated three times.

CCK-8 assay and synergistic inhibition analysis

Cell viability was assessed by a Cell Counting
Kit-8 (CCK-8, TOPSCIENCE, CO0O0b5). Briefly, the
LO2, Huh7, MHCCO7H cells were seeded in
96-well plates at the density of 20,000 cells
per well. After adherence for 24 h, the cells
were treated with various concentrations of
Schisandrin/Sorafenib (MedChemExpress, HY-
10201) for 24 h. Subsequently, 10 uL CCK-8
reagent was added into each well and the plate
incubated for 3 h at 37°C. The absorbance was
measured at 450 nm with a microplate reader.
Cell viability was calculated based on the un-
treated control group and the half maximal in-
hibitory concentration (IC, ) of drugs was calcu-
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lated from dose response curves with nonlin-
ear regression. Synergistic inhibitory effects of
SchA and Sorafenib were plotted by Synergy-
Finder (https://synergyfinder.org/).

Colony formation assay

To examine the long-term clonogenic survival
of LO2, Huh7, MHCC97H cells with the treat-
ment of Schisandrin A, colony formation assay
was conducted. Briefly, the cells were seeded
at low density (2000 cells per well) in a 6-well
plate and allowed to adhesion overnight. After
an overnight adhesion, the culture medium was
replaced with new medium containing the aim-
ed concentration of Schisandrin A for 48 h. The
medium containing Schisandrin A was aspirat-
ed and gently washed the cells with PBS, and
then added into fresh drug-free complete medi-
um, the plate was cultured for another 10 d to
promote colonies formation, the medium of
plate was replenished every 3 d. After the colo-
ny formation, colonies were fixed with 4% para-
formaldehyde solution (Servicebio, G1101) and
stained with 0.5% crystal violet (Servicebio,
G1014) and manually counted; colonies were
counted as a cluster of >50 cells. The survi-
val fraction was calculated compared to the
control.

Western blot analysis

Western blot analysis was performed to evalu-
ate protein expression levels in response to
experimental treatments. Briefly, cells were
lysed using RIPA buffer supplemented with pro-
tease and phosphatase inhibitors (Beyotime,
P1046), and the protein concentration was de-
termined using a BCA assay (Beyotime, PO012).
Equal amounts of protein (20-30 ug) were sep-
arated by SDS-PAGE and subsequently trans-
ferred to PVDF membranes (0.22 um). The
membranes were blocked with 5% non-fat milk
in TBST for 1 hour at room temperature and
then incubated overnight at 4°C with specific
primary antibodies, GAPDH (cell signaling tech-
nology, #2118, source: rabbit, 1:5000), B-actin
(cell signaling technology, #4967, source: rab-
bit, 1:5000), p53 (cell signaling technology,
#2527, source: rabbit, 1:2000), p-p53 (serlb)
(cell signaling technology, #9284, source: rab-
bit, 1:2000), RB (cell signaling technology,
#9309, source: mouse, 1:2000), p-RB (ser780)
(cell signaling technology, #8180, source: rab-
bit, 1:2000). Following extensive washing, the
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membranes were incubated with HRP-conjugat-
ed goat anti rabbit (ABclonal, AS014, 1:5000)
or anti mouse (ABclonal, ASO03, 1:5000) sec-
ondary antibodies for 1 hour at room tempera-
ture. Protein bands were visualized using an
enhanced chemiluminescence (ECL, BIO-RAD,
#1705060) detection system and imaged with
a chemiluminescence imaging system (Tanon
4600).

EdU incorporation

The assessment of cell proliferation was per-
formed using a commercial EAU (5-Ethynyl-2’-
deoxyuridine) incorporation assay kit (Beyoti-
me, CO071S) according to the manufacturer’s
instructions. Briefly, cells seeded in 48-well
plates were incubated with a 10 yM EdU label-
ing solution for 4 hours prior to the termination
of the experiment. Following the labeling peri-
od, cells were fixed with 4% paraformaldehyde
(Servicebio, G1101) for 15 minutes and per-
meabilized with 0.3% Triton X-100 (Servicebio,
G1204) for another 15 minutes. The incorpo-
rated EdU was then reacted with a fluorescent
azide probe via a copper-catalyzed click reac-
tion for 30 minutes in the dark. To visualize all
nuclei, cells were counterstained with Hoechst
33342. Fluorescent images were captured
using a fluorescence microscope, and the per-
centage of EdU-positive cells (proliferating
cells) relative to the total number of Hoechst-
positive cells was automatically quantified
using ImageJ software across at least five ran-
dom fields per well. Each experiment was con-
ducted with a minimum of three replicates and
repeated independently three times.

RNA sequencing

Total RNA was isolated from cell samples with
TRIzol reagent (Sangon Biotech, #B511311)
according to the instruction of the manufactur-
er, and the library preparation was performed
according to the RNA concentration measure-
ment with ultramicrospectrophotometer (Ther-
mo Fisher, NanoDrop 2000). The libraries ob-
tained were sequenced on the DNBSEQ-T7
platform at Beijing Genomics Institute (BGlI).

Untargeted metabolomics

Cells were harvested by the digestion of 0.25%
trypsin. The supernatant was aspirated and
metabolites were extracted by adding the pre-
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mixed solvent mixture of methanol, acetonitrile
and water (2:2:1, v/v/v), chilled for low-temper-
ature sonication, then samples incubated for
protein precipitation at -20°C and, finally, high-
speed centrifugation. The collected superna-
tant was concentrated under vacuum and re-
constituted with 100 pl of acetonitrile/water
(1:1, v/v). Samples were centrifuged again to
get the final supernatant to inject. UHPLC-MS/
MS analysis was carried out using an ultra-high
performance liquid chromatography system
equipped with a HILIC column coupled to a
high-resolution mass spectrometer (Orbitrap or
Q-TOF). HPLC separation was achieved by gra-
dient elution with water (containing 25 mM of
ammonium acetate and 25 mM of ammonia)
and acetonitrile as mobile phases. Mass spec-
tra were collected in positive or negative ESI
mode to obtain full scan and MS/MS fragmen-
tation spectra. QC samples were evenly insert-
ed during the analysis run for regular monitor-
ing of system conditions. Raw MS data were
converted into the format. mzXML with Pro-
teoWizard and imported into XCMS software to
analyse peak alignment, retention time calibra-
tion and feature peak area extraction. Mean-
while, accurate structural annotation of the
metabolites and data normalisation were done
by peak area matching of retention time, exact
m/z value (mass accuracy error of <10 ppm)
and MS/MS spectra with in-house standards
of Shanghai Applied Protein Technology data-
base.

Cell-Derived Xenograft (CDX) models

To establish cell-derived xenograft (CDX) model,
5x106 Huh7 cells in a 1:1 mixture of matrigel
and RPMI-1640 medium were subcutaneously
injected into right flank of 6-week-old male
BALB/c nude mice. The tumor volume was
counted and calculated by the formula: Volume
= (Length x Width2)/2. When the average tu-
mor volume was about 100 mms3, these tumor-
bearing mice were divided randomly into con-
trol and treatment groups (n=6 mice in each
group). The treatment groups were dosed with
Schisandrin A (25 mg/kg), Sorafenib (10 mg/
kg) or mixed with each other respectively by
gavage of oral administration every day, and
the control group was treated with equal
amount of saline by oral administration every
day. Tumor volume and mouse body weight
were measured every 2 days during the period
of treatment. Mice were euthanized with car-
bon dioxide (CO,) inhalation when the experi-
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ment finished, with flow displaced 30%-70% of
the amount of the chamber per minute. Then
the tumors were excised, weighed and pre-
served for additional immunohistochemical
analysis. All animal experiments were approv-
ed by the Animal Care and Use Committee of
Hubei University of Chinese Medicine and fol-
lowed animal welfare regulations (approval no:
HUCMS 84481763).

Immunohistochemical staining of Ki67

Immunohistochemical (IHC) staining for Ki67
was conducted on 4-um-thick, FFPE-tissue sec-
tions to determine cell proliferation. Simple. In
brief, sections were deparaffinized in xylene
and rehydrated by serial concentrations of eth-
anol. Antigen retrieval was conducted in citrate
buffer (pH 6.0) with a microwave heating sys-
tem. Endogenous peroxidase was quenched
with 3% hydrogen peroxide for 15 min. After
blocking with 5% normal goat serum for 1 h at
room temperature, sections were incubated
overnight at 4°C with rabbit polyclonal anti-
Ki67 antibody (Abcam, #ab92742) at appro-
priate optimal dilution (1:500). Sections were
then incubated with appropriate HRP-con-
jugated secondary antibody at room tempera-
ture for 1 h and DAB substrate kit (Abcam,
#ab64238) was used to develop a signal. Last,
sections were counterstained with haematoxy-
lin, dehydrated, cleared and mounted. Twins
Ki67 index: The Ki67 proliferation index was
calculated as percentage of positive nuclei
among the overall number of tumor cells count-
ed in 5 random high power fields.

Bioinformatical analysis

All bioinformatics analyses, including the gen-
eration of volcano plots, Venn diagrams, heat-
map analysis, LASSO regression, and the per-
formance of Gene Ontology (GO), were condu-
cted employing the Xiantao Academic platform
(https://www.xiaotaozi.com). The joint pathway
analysis of transcriptomic and metabolomic
data was performed using the online analysis
tool MetaboAnalyst 6.0 (https://www.metabo-
analyst.ca).

Statistical analysis

All statistical analyses were performed using
GraphPad Prism (Version 10.0). Data are pre-
sented as the mean + standard deviation (SD),
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unless otherwise stated. Differences between
two independent groups were assessed using
an unpaired Student’s t-test. For data analysis
among multiple groups, a one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc
test was utilized. Comparisons involving multi-
ple time points or repeated measurements
were analyzed using a repeated measures
ANOVA followed by post hoc test. A two-sided P
value <0.05 was considered statistically signi-
ficant.

Results

Schisandrin A suppresses proliferation of
hepatocellular carcinoma cells in vitro

To study the anti-tumor effect of schisandrin A
(SchA, chemical structure shown in Figure 1A)
on HCC, we first checked its cytotoxicity aga-
inst two types of HCC cell lines Huh7 and
MHCC97H. As shown in Figure 1B and 1C,
SchA showed an IC, value of 43.96 yM and
45.47 uM in Huh7 and MHCC97H cells, respec-
tively, providing reference concentration for
the following experiments. EdU incorporation
assay showed that SchA dose-dependently
reduced the percentage of actively proliferating
cells of HCC cells (Supplementary Figure 1). We
then checked the long-term proliferative ability
of HCC cells by two-dimensional colony forma-
tion assay. Treatment with SchA dose-depend-
ently reduced colony formation of Huh7 (Figure
1D, 1E) and MHCC97H (Figure 1F, 1G) cells. To
evaluate the tumor-selectivity, we first checked
the effect of SchA on non-tumorigenic hepato-
cyte cell line LO2. Interestingly, at the equiva-
lent concentrations, SchA had no effect on the
colony forming of LO2 (Figure 1H, 1l), which
means that SchA has selective cytotoxicity to
malignant hepatocytes. In all, these studies
showed that SchA impaired the clonogenic abil-
ity of HCC cells in vitro selectively and did not
harm normal hepatocytes.

Schisandrin A arrests HCC cell cycle at G1/S
boundary

Subsequently, we further investigated whether
the inhibitory effect of SchA on HCC cell prolif-
eration is associated with cell cycle arrest.
Cells were stained with propidium iodide (PI),
followed by FACS (fluorescence activated cell
sorting) analysis of DNA content to determine
cell cycle distribution. The results showed that
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SchA treatment had no significant effect on the
cell cycle in LO2 cells (Figure 2A-D). However,
SchA treatment significantly increased the pro-
portion of cells in the GO/G1 phase while
decreasing the proportion in the S phase in
both Huh7 (Figure 2E-H) and MHCC97H (Figure
2I-L) cells. These results indicate that SchA
induces G1 phase arrest in HCC cells, suggest-
ing it may interfere with the G1/S checkpoint.
Therefore, we examined the expression levels
of p53 and retinoblastoma protein (RB), which
are key regulatory proteins involved in G1/S
checkpoint control. p53 is a well-establish-
ed tumor suppressor, its phosphorylation at
serl5 activates downstream signaling path-
ways, leading to apoptosis or cell cycle arrest,
thereby exerting its tumor suppressive func-
tion. Western blot analysis revealed that SchA
treatment significantly promoted phosphoryla-
tion of p53 at Serl5 in both Huh7 (Figure 2M,
2N) and MHCC97H (Figure 20, 2P) cells. RB is
a critical tumor suppressor protein; phosphory-
lation at ser780 inactivates RB, leading to cell
cycle arrest by inhibiting progression through
the G1/S checkpoint. Western blot analysis
showed that SchA treatment dose-dependently
inhibited phosphorylation of RB at ser780 in
both Huh7 (Figure 2Q, 2R) and MHCC97H
(Figure 2S, 2T) cells. Taken together, these find-
ings demonstrate that Schisandrin A suppress-
es HCC cell proliferation by inducing G1 phase
cell cycle arrest.

Schisandrin A cell exerts no significant effect
on apoptosis of HCC cells

Subsequently, we also investigated whether
SchA could induce apoptosis in HCC cells. The
effect of SchA treatment on apoptosis was
analyzed by FACS. The results demonstrated
that SchA treatment did not induce significant
apoptosis in any of the cell lines tested, includ-
ing the normal hepatocyte line LO2 (Figure
3A-D) and the HCC cell lines Huh7 (Figure 3E-
H) and MHCC9O7H (Figure 3I-L).

Schisandrin A sensitized HCC cells to sorafenib

Sorafenib is a first-line chemotherapeutic agent
for HCC in clinical practice. However, its effica-
cy is often limited by the development of drug
resistance in cancer cells. In this study, we in-
vestigated whether SchA, an active component
derived from traditional Chinese medicine, cou-
Id reverse sorafenib resistance in HCC cells.
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Figure 1. IC_, determination of Schisandrin A and colony formation assay in HCC cells. (A) The chemical structure
of Schisandrin A. (B) IC,, of SchA on Huh7 cells detected by CCK-8. (C) IC,, of SchA on MHCC9O7H cells detected by
CCK-8. (D) Representative images of colony formation assay of Huh7 cells treated with different concentration of
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colony number in (F), n=3. (H) Representative images of colony formation assay of LO2 cells treated with different

concentration of SchA (0O uM, 15 uM, 30 uM). (l) Statistics of colony number in (H), n=3. Unpaired Student’s t test,
**%P<0.001, n.s represents no significance.

First, we selected two transcriptomic sequenc- es (DEGs) in the resistant sublines relative to
ing datasets from the GEO database (GSE24- the sensitive ones for each dataset (Figure 4A).
2333 and GSE213615), comparing sorafenib- Subsequently, to identify genes significantly
resistant and sorafenib-sensitive Huh7 sub- associated with sorafenib resistance in HCC
lines. We identified differentially expressed gen- cells, we determined the intersection of the
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Figure 2. FACS analysis of cell cycle and associated protein expression in SchA treated HCC cells. (A-C) Representa-
tive histograms of cell cycle assay of LO2 cells treated with different concentration of SchA (O uM, 15 pM, 30 uM).
(D) Statistics of the proportion of different cell cycle phase from (A-C), n=3. (E-G) Representative histograms of
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**P<0.01. ***P<0.001, n.s represents no significance.
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Figure 3. FACS analysis of apoptosis in SchA treated HCC cells. (A-C) FACS plots of LO2 cells treated with different
concentration of SchA (0O uM, 15 uM, 30 uM) by cell apoptosis assay. (D) Statistics of early apoptotic cell ratio (Q3)
from (A-C), n=3. (E-G) FACS plots of Huh7 cells treated with different concentration of SchA (O uM, 15 uM, 30 uM)
by cell apoptosis assay. (H) Statistics of early apoptotic cell ratio (Q3) from (E-G), n=3. (I-K) FACS plots of MHCC97H
cells treated with different concentration of SchA (0 uM, 15 uM, 30 uM) by cell apoptosis assay. (L) Statistics of early
apoptotic cell ratio (Q3) from (I-K), n=3. Unpaired Student’s t test, n.s represents no significance.

upregulated DEGs from both datasets. As
shown in Figure 4B, this yielded 464 common
upregulated genes. Next, integrating data from
TCGA related to liver hepatocellular carcinoma
(LIHC), we performed LASSO regression analy-
sis (Figure 4C, 4D) to screen for genes associ-
ated with poor prognosis in LIHC, resulting in
21 candidate genes (Supplementary Table 1).
We then subjected these 21 genes to further
screening using COX regression analysis, ulti-
mately identifying 13 genes highly associated
with sorafenib resistance (Supplementary
Figure 2). The expression changes of these 13
genes in SchA-treated Huh7 cells were ana-
lyzed using a heatmap. As depicted in Figure
4E, treatment with SchA induced significant
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downregulation in over half of these genes in
Huh7 cells. Finally, we performed drug sensitiv-
ity analysis using the transcriptomic data from
SchA treated Huh7 cells (Figure 4F). The results
demonstrated a significant decrease in the
drug sensitivity index following SchA treatment,
indicating enhanced sensitivity of HCC cells to
sorafenib.

Schisandrin A potentiates sorafenib efficancy
in HCC tumor

Based on bioinformatic evidence that SchA
increases the sensitivity of HCC cells to
sorafenib, we next examined whether SchA
could act synergistically with sorafenib to sup-
press HCC growth. A CCK-8 assay in Huh7 cells
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first confirmed a significant synergistic inhi- lished a Huh7 xenograft tumor model in mice
bitory effect between SchA and sorafenib (Figure 5A). Mice were divided into four treat-
(Supplementary Figure 3). Therefore, we estab- ment groups: control, SchA alone, sorafenib
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Figure 5. Schisandrin A improves sensitivity of HCC tumor xenograft to sorafenib. (A) Schematic illustration of HCC
xenograft mouse model and drug treatment regimen. (B) Longitudinal assessment of body weight in HCC xenograft
mouse models during drug treatment, n=5. (C) Tumor volume assessment of HCC xenograft mouse models, n=5. (D,
E) Statistics of tumor weight (D) and spleen/weight ratio (E) at D21, n=5. (F) Representative gross morphology of re-
sected HCC Xenografts following Schisandrin A and sorafenib based therapies. (G) Comparative IHC analysis of Ki67
expression in resected HCC xenografts, scale bar: 100 um, magnification: 200x. (H) Quantification of Ki67 positive

cells in (G). One-way repeated measures ANOVA (C), unpaired Student’s t test (D, E, H), **P<0.01, ***P<0.001.

alone, and SchA + sorafenib combination. Body
weight and tumor volume were monitored
throughout the treatment period. No significant
differences in body weight emerged among the
groups (Figure 5B). Tumor volumes, however,
were significantly smaller in both monotherapy
groups than in the control group, and were fur-
ther reduced in the combination group relative
to either treatment alone (Figure 5C). At the
endpoint, tumors were excised and weighed.
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Tumor weights were significantly lower in the
monotherapy groups than in the control, and
the combination group exhibited the lowest
tumor weight overall (Figure 5D). Notably,
spleen index did not differ between four groups
(Figure 5E). Representative pictures of excis-
ed tumor tissues were shown in Figure 5F.
Staining for Ki67 of tumor tissue sections by
immunohistochemistry (Figure 5G, 5H) showed
fewer Ki67-positive cells in all groups of mono-
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therapy than in control group, and there was
the largest difference in the combination group,
which exhibited the weakest cell proliferation.
All these data indicate that Schisandrin A syn-
ergistically augments the anti-tumor effect of
sorafenib on HCC.

Multi-omics analysis of the mechanism of
SchA

To identify the effects of SchA on downstream
genes expressed and signalling pathways in
HCC cells, we analysed RNA sequencing (RNA-
seq) data from control (Ctrl) and SchA-treated
Huh7 and MHCC97H cells. DEGs (differentially
expressed genes) induced by SchA treatment
were identified. The results showed that SchA
induced huge changes in gene expression in
the two cell lines. For Huh7 cells (Figure 6A),
228 DEGs were identified, 144 DEGs were
upregulated genes and 84 DEGs were down-
regulated genes. For MHCCO7H cells (Figure
6B), 157 DEGs were identified, 36 DEGs were
upregulated genes and 121 DEGs were down-
regulated genes. We then analysed Gene Ont-
ology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways enrichment
of DEGs from Huh7 cells and MHCC97H cells.
Both analyses revealed that the DEGs generat-
ed by SchA treatment in Huh7 and MHCC97H
cells were mainly enriched in processes related
to liver functions, such as cholesterol biosyn-
thesis and metabolism (Figure 6C, 6D). Be-
cause the transcriptomic analysis indicated
that SchA might regulate the metabolic switch
of HCC cells, we then analysed the cell samples
by an untargeted metabolomics method. A joint
pathway analysis was then conducted on both
transcriptomics data and metabolomics data
to further discover the metabolism-associated
signalling pathways generated by SchA. Our
analysis showed that SchA treatment dramati-
cally decreased the retinol metabolism path-
way in both Huh7 and MHCC97H cells (Figure
6E, 6F), which provides a necessary basis for
subsequent study of the mechanism.

Discussion

Advanced HCC is extremely hard to cure due to
its few treatment options. For patients with
unresectable HCC, the primary treatment is tar-
geted systemic treatment. Sorafenib, the first
multiple kinase inhibitor approved by the FDA
for advanced HCC, extends survival time of
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advanced HCC by inhibiting tumor angiogene-
sis and cell proliferation. However, the clinical
effect of sorafenib is not sustained. Drug resis-
tance usually occurs within 4 to 5 months of
continuous drug administration, so the efficacy
of sorafenib is greatly restricted in the long
term. Due to the quick loss of the therapeutic
effect, more strategies to avoid acquired drug
resistance and restore the tumor sensitivity by
combination treatment are developed to better
improve patient outcomes [21].

Traditional Chinese Medicine formulations have
strong therapeutic relevance for cancer treat-
ment [22]. For example, icaritin, a natural com-
pound isolated from the herb Epimedium, has
been approved by Chinese Medicines Admini-
stration for advanced and inoperable HCC. This
agent lowers the mortality risk by inhibiting the
growth of tumor and regulating the immune
response [23, 24]. Postoperative application of
HuaChanSu and Huaier granule can obviously
improve liver function and quality of life of pa-
tients with HCC [25, 26]. Of note, these gran-
ules can enhance antitumor effect of sorafenib
in HCC [27, 28]. Together, these results show-
ed the potential of natural agents to serve as
an adjuvant of conventional targeted therapies
[22]. Based on this background, we focused on
Schisandrin A, one of the active ingredients in
Schisandra chinensis, and showed its strong
antitumor effect against HCC and their sen-
sitivity-inducing capacity to malignant cells for
sorafenib. These results provide new potential
clinical directions for incorporating traditional
medicine into modern HCC treatments.

Schisandra chinensis is a traditional medi-
cinal herb for traditional Chinese medicine and
it has proven hepatoprotective, cardioprotec-
tive and immunomodulatory effects. The major
bioactive components of Schisandra are the
Schisandra lignans [9]. Schisandrin A, also
named Deoxyschizandrin, is a major lignan
component of the Schisandra herb, with sub-
stantial attention to its antitumor effect, espe-
cially on HCC. A previous study found that
Schisandrin A triggers ferroptosis in HCC cells
by increasing mitochondrial reactive oxygen
species (ROS), activating the AMPK pathway
and inactivation mTOR pathway [29]. Our study
was to investigate the direct antitumor effects
of Schisandrin A and investigate its practical
value in combination treatment. We first evalu-
ated the activities of this drug using classic in
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Figure 6. Bioinformatical analysis of HCC cells treated with SchA. (A) Vocalno plots showing DEGs in SchA treated
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vitro and in vivo studies. Furthermore, our data
showed that Schisandrin A can induce cell cycle
arrest of HCC cells, markedly inhibits cell prolif-
eration of HCC cells and markedly inhibits
tumor growth in vivo.

With this information in hand, we were interest-
ed in the clinical impact of these findings. We
therefore investigated whether Schisandrin A
could synergistically enhance the effects of
sorafenib, a first-line targeted drug therapy for
HCC. A key problem of sorafenib therapy is
the frequent occurrence of acquired treatment
resistance. To address this problem, we ana-
lyzed transcriptome data from sorafenib-resis-
tant HCC cell lines and then used the data
together with survival data from patients to
look for key genes related to treatment resis-
tance. We then used computational modeling
to predict whether the pharmacological effects
of Schisandrin A that are known to us can affect
those resistance-related genes and result in
recovery of sorafenib sensitivity. The computa-
tional modelling suggested that Schisandrin A
could in fact reverse the resistant phenotype.
To confirm this prediction, we evaluated the
combination of Schisandrin A and sorafenib in
cell culture and in animal tumor models. Our
results demonstrated that co-administration of
Schisandrin A greatly increased the cytotoxic
effect of sorafenib against HCC cells.

For full understanding of the molecular mecha-
nisms mediating the antitumor and sora-
fenib-sensitizing effects of Schisandrin A, we
employed transcriptomic and metabolomic pro-
filing. Our study revealed the pharmacological
efficacy of Schisandrin A with respect to modu-
lation of retinol metabolism. Previously, the
retinol metabolic pathway was reported to be
hyperactivated during HCC progression [30]. In
terms of drug response, excessive retinoic
acid, one of the core downstream metabolites
of retinol, leads to acquired sorafenib resis-
tance mainly via providing resistance to ferrop-
tosis. Inhibition of this metabolic pathway
effectively reversed resistance and resensi-
tized HCC cells to sorafenib [31]. Connecting
the above observations with our multi-omics
results, we proposed that Schisandrin A could
mediate the abrogation of aberrantly activated
retinol metabolism, thus directly inhibiting the
progression of HCC and simultaneously erasing
metabolic protection from sorafenib, which
accounts for the synergistic therapeutic effect.
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In summary, we showed that Schisandrin A
inhibits HCC cell proliferation by inducing cell
cycle arrest and significantly sensitizes malig-
nant cells to sorafenib. Although its molecular
targets are not completely clear, integration of
data from multiple biological datasets leads us
to conclude that Schisandrin A leads to syner-
gistic effect by inhibiting hyperactivated retinol
metabolism. These data indicate the therapeu-
tic value of Schisandrin A used as supplemen-
tary therapy with standard targeting therapy
and provide experimental evidences for its use
in clinical trials in patients with hepatocellular
carcinoma.
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Supplementary Figure 1. EdU incorporation of SchA treated HCC cells.
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Supplementary Figure 2. COX regression of identified genes.
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Supplementary Figure 3. The synergistic effect of SchA and Sorafenib on Huh7 cells.



