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ABSTRACT
Although Erk1/2 has been linked to oxidative stress regulation in hepatocellular carcinoma (HCC), the interplay among Erk1/2, 
reactive oxygen species (ROS), and iron metabolism remains poorly characterised. The steroidal saponin SSPH I, a recognised 
ferroptosis inducer, exerts dual pharmacological effects via Erk1/2 and ROS-dependent pathways. This study aimed to investi-
gate the regulatory mechanisms of Erk1/2 in ferroptosis and oxidative stress and analyse their feedback regulatory effects on 
Erk1/2 in HCC using SSPH I as a pharmacological probe, and further elucidate the anti-HCC effects and mechanisms of SSPH 
I in  vitro and in  vivo. Mechanistic studies utilised three inhibitors: U0126 (Erk1/2 phosphorylation inhibitor), Ferrostatin-1 
(ferroptosis inhibitor), and N-acetyl cysteine (ROS scavenger), combined with SSPH I to delineate its effects on cell viability, 
mitochondrial dynamics, ferroptosis induction and oxidative stress. Mechanistically, SSPH I disrupted mitochondrial function 
and suppressed HCC cell survival through iron accumulation and ROS generation, while concurrently activating Erk1/2 signal-
ling. Pharmacological inhibition of ROS or iron pathways partially attenuated SSPH I-induced ferroptosis and ROS generation, 
but failed to abrogate these effects. Erk1/2 inhibition completely abolished SSPH I-mediated regulation of the Nrf1/2-HO-1 axis 
and ferroptosis-related protein expression in cellular and animal models, identifying Erk1/2 as the upstream regulatory node. 
Notably, while both SSPH I and U0126 monotherapies inhibited xenograft growth, their combined use resulted in antagonistic 
effects. These findings establish Erk1/2 activation as the central molecular mechanism orchestrating SSPH I-driven oxidative 
stress amplification, mitochondrial dysfunction and ferroptosis execution in HCC.

1   |   Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of 
cancer-related death factors worldwide, with its mortality rate 

continuing to rise [1]. The MAPK/ERK signalling pathway not 
only plays a pivotal role in HCC carcinogenesis, progression 
and treatment but is also a target of first-line therapies such as 
Sorafenib and Lenvatinib [2]. Constitutively activated Erk1/2 is 
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frequently observed in HCC patients and correlates with poor 
prognosis [3, 4].

Erk1/2-mediated oxidative stress regulation represents a crit-
ical mechanism in HCC pathogenesis. Specifically, Erk1/2 
drives mitochondrial ROS production, thereby facilitating 
tumour cell migration and proliferation [5]. Paradoxically, 
Erk1/2 activation simultaneously mitigates ROS-induced 
damage through modulation of mitochondrial homeostasis 
[6, 7]. This dual functionality appears orchestrated through 
interactions with Nrf2, as emerging evidence suggests the 
Erk1/2-Nrf2 axis confers protection against oxidative stress, 
mitochondrial dysfunction and ferroptosis in hepatic tissues 
[8, 9].

Despite established connections between Erk1/2 and ferro-
ptosis/oxidative stress in HCC, three critical knowledge gaps 
persist. First, the temporal hierarchy within the Erk1/2-ferric 
ion-ROS regulatory loop remains elusive. While some stud-
ies propose that ROS accumulation initiates Erk1/2 activa-
tion [6, 10], contrary evidence demonstrates ROS-mediated 
feedback inhibition of Erk1/2 [11]. Notably, Erk1/2 hyper-
phosphorylation itself may serve as the instigating event 
in oxidative damage preceding cirrhosis [11, 12]. Second, 
the context-dependent role of Erk1/2 in ferroptosis regula-
tion generates controversy: Under Nrf2-deficient conditions, 
Erk1/2 activation elevates intracellular iron levels to poten-
tiate ferroptosis [13, 14], whereas other models demonstrate 
that Erk1/2 inhibition triggers ferroptosis through ROS accu-
mulation [15]. These discrepancies arise from the failure of 
prior studies to account for the reciprocal regulatory circuit 
connecting Erk1/2, ROS and ferroptosis, having only par-
tially validated pairwise associations (e.g., Erk1/2-ROS or 
Erk1/2-ferroptosis). Furthermore, concurrent processes such 
as apoptosis, autophagy induction and system X−⋅

c
-inhibition 

confound mechanistic interpretation by introducing cross-
talk within the Erk1/2-ROS-ferroptosis axis. It is necessary 
to comprehensively explain the regulatory role of Erk1/2 on 
oxidative stress and ferroptosis in HCC.

SSPH I (CAS: 290809-72-2), a bioactive steroidal saponin iso-
lated from Schizocapsa plantaginea Hance, has been incorpo-
rated into traditional anticancer formulations. Our prior work 
identified SSPH I as a unique ferroptosis inducer in HCC that 
provokes iron accumulation and mitochondrial alterations char-
acteristic of ferroptosis independent of system X−⋅

c
-inhibition 

[16]. While the published study demonstrated that Erk1/2 is 
correlated with SSPH I-induced ROS elevation and autophagy 
inhibition in HCC cells, it crucially omitted investigation of the 
regulatory interplay between Erk1/2 and ROS in ferroptosis in-
duction and failed to address the therapeutic implications of this 
mechanism for SSPH I's anti-HCC efficacy [17]. Capitalising on 
the tripartite pharmacological profile of SSPH I, this study aims 
to elucidate the regulatory mechanisms of Erk1/2 in ferroptosis 
and oxidative stress pathways and analyse their feedback regu-
latory effects on Erk1/2 while systematically investigating the 
anti-hepatocellular carcinoma efficacy and underlying mech-
anisms of SSPH I through integrated in  vitro and in  vivo ap-
proaches. The findings are expected to establish a theoretical 
foundation for refining Erk1/2-directed therapeutic strategies in 
HCC management.

2   |   Materials and Methods

2.1   |   Materials and Reagents

The human HCC cell lines HepG2 and SMMC-7721 were pur-
chased from the Type Culture Collection of the Chinese Academy 
of Sciences, Shanghai, China. All cells used were at passages 
4–8. SSPH I (purity: 95.68%) was isolated from the underground 
cane of Schizocapsa plantaginea Hance and purified using the 
procedures described in prior studies [16, 18, 19]. Primary anti-
bodies Erk1/2 (ab184699), p-Erk1/2 (ab278538), Nrf1 (ab175932), 
Nrf2 (ab62352), HO-1 (ab68477), TFR (ab109259), ferropor-
tin1 (fpn-1, ab239583), SLC7A11 (ab307601), ferritin (ab75973), 
GAPDH (ab8245) and β-actin (ab8226) were purchased from 
Abcam, Shanghai, China.

2.2   |   Cell Culture and Treatment

HCC cells were cultured at 37°C in 5% CO2 using high-glucose 
Dulbecco's modified Eagle medium (DMEM; Solarbio, Beijing, 
China) supplemented with 15% foetal bovine serum (Sijiqing, 
Hangzhou, China). HCC cells were seeded onto 96-well plates 
at a density of 5 × 103 cells/well or 6-well plates at 6 × 105 cells/
well. After 12 h incubation, the cells were divided into control, 
SSPH I and SSPH I + inhibitors groups. For the SSPH I groups, 
cells were treated with 0, 2, 4 or 8 μM SSPH I in the CCK8 assay; 
0, 4 or 6 μM for ROS detection and ELISA; and 0 or 4 μM in other 
assays. For the SSPH I + inhibitors group, cells were pre-treated 
with 0.5 μM ferrostatin-1 (Fer) (Selleck Chemicals), 15 μM U0126 
(U0) (Selleck Chemicals, Shanghai, China) or 10 mM N-acetyl 
cysteine (NAC) (Selleck Chemicals) for 30 min prior to SSPH I 
treatment.

2.3   |   CCK8 Assay

HCC cells were processed as mentioned previously and incu-
bated for 24 h. Then, 10 μL of CCK-8 (Dojindo, Shanghai, China) 
was added into each well, and the optical density (OD) value was 
measured at 450 nm following the manufacturer's instructions. 
All experiments were repeated 3 times.

2.4   |   Flow Cytometry Analysis

HCC cells were processed as mentioned previously and incu-
bated for 24 h. Cells were then stained with PE-FITC (Solarbio) 
according to the manufacturer's instructions to detect apopto-
sis or with a cell cycle analysis kit (Solarbio) according to the 
manufacturer's instructions to assess cell cycle progression. All 
experiments were repeated 3 times.

2.5   |   JC-1 Staining

HepG2 cells were processed as mentioned previously 
and incubated for 8 h. The mitochondrial membrane po-
tential (MMP) was measured using the JC-1 staining kit  
(Thermo Scientific, Shanghai, China), following the man-
ufacturer's instructions. JC-1 polymers were identified at 
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550/590 nm (excitation/emission), while JC-1 monomers were 
identified at 485/535 nm (excitation/emission). The JC-1 poly-
mer/monomer ratio was used as an indicator of mitochondrial 
function.

2.6   |   Transmission Electron Microscope

Cells or tumour tissues were fixed with 2.5% glutaraldehyde 
for 12 h. After fixation, the cells were postfixed in 1% OsO4 and 
dehydrated in a series of graded ethanol solutions (25%–100%) 
and embedded in epoxy resin. Ultrathin sections of the cell sam-
ples were stained with 1% uranyl acetate for 15 min and 1% lead 
citrate for 6 min and observed under TEM (HT-7800, Hitachi, 
Japan) at 80 kV.

2.7   |   Western Blot

Total protein of cells or tumour tissue was extracted using 
RIPA with PMSF and phosphatase inhibitors (Beyotime, 
Shanghai, China). The concentration of protein was deter-
mined using the BCA method. Equal amounts of the protein 
were loaded and electrophoresed in 10% SDS-polyacrylamide 
gels. After being separated by SDS-PAGE gels, the protein was 
transferred onto polyvinylidene difluoride membranes. The 
membranes were blocked with 5% BSA at room temperature 
for 1 h. Then, the membranes were incubated overnight at 
4°C with primary antibodies. The membranes were washed 
5 times with TBST and incubated at room temperature with 
the secondary antibody for 2 h. Protein bands were visual-
ised using enhanced chemiluminescence Western Detection 
System (Bio-Rad, Hercules, CA, USA). GAPDH was used as 
the load control in cell samples, and β-actin was used as the 
load control in animal samples.

2.8   |   Immunofluorescence

HepG2 cells were processed as mentioned before and incu-
bated for 8 h. Then cells were washed twice with PBS and 
fixed with 4% paraformaldehyde for 30 min. Subsequently, 
cells were washed and incubated with 0.1% Triton X-100 for 
10 min and blocked with 5% BSA for 1 h. Primary antibodies 
(p-Erk1/2, Nrf2, HO1) were incubated with the cells at 4°C 
overnight. Then, the cells were washed three times with PBS 
and incubated with the secondary antibody (goat anti-rabbit, 
Beyotime, Shanghai, China) to visualise the green fluores-
cence. The nuclei were labelled with DAPI and the images 
were taken using fluorescence microscopy (Zeiss LSM 710 
META, Jena, Germany).

2.9   |   Level of ROS, Fe2+, Malondialdehyde (MDA) 
and Glutathione (GSH)

Intracellular ROS was measured using Reactive Oxygen Species 
Assay Kit (Beyotime, Shanghai, China). MDA, Fe2+ and GSH 
were measured by ELISA according to the manufacturer's in-
structions (Beyotime, Shanghai, China). All experiments were 
repeated three times.

2.10   |   Animals and Tumour Xenograft Models

Male BALB/c nude mice (4–6 weeks, China Shanghai SLAC 
Laboratory Animal Co., Shanghai, China) were fed in a specific 
pathogen-free vivarium under standard conditions. All animal 
study protocols were approved by the Animal Ethics Committee 
of the Guangxi University of Chinese Medicine (China). A 50 μL 
volume of HepG2 cell suspension (1 × 107 cells) was injected into 
the right flank of each mouse. Tumour volume and body weights 
were measured every 3 days. Tumour volumes were calculated 
using the following formula: volume (cm3) = 0.5 × L × W2. Once 
the tumour volume reached 50–100 mm3, mice were divided 
into control, SSPH I (30 mg/kg/day, gavage), U0126 (10.5 mg/kg/
day, intraperitoneal injection) and SSPH I + U0126 group (n = 5). 
In the SSPH I + U0126 group, U0 was injected 30 min prior to 
SSPH I. On day 15 after administration, mice were euthanized, 
and the tumours were weighed and photographed. The synergy 
between SSPH I and U0126 was calculated using the follow-
ing formula: Q = Inhibitory(A+B)/(InhibitoryA + InhibitoryB—
InhibitoryA × InhibitoryB). Q ≥ 1.15 was considered synergistic, 
1.15 > Q > 0.85 was considered additive, and Q ≤ 0.85 was con-
sidered antagonism.

2.11   |   Immunohistochemistry

Tumours were fixed in 4% paraformaldehyde overnight and 
embedded in paraffin. Then tumours were sectioned, de-
paraffinised with xylene and rehydrated. Antigen retrieval was 
then achieved by incubating the sections with sodium citrate 
buffer for 15 min. Endogenous peroxidase activity was blocked 
with 3% hydrogen peroxide under light-shielded conditions and 
washed with PBS three times to remove excess hydrogen perox-
ide. Then the sections were blocked with 5% BSA at room tem-
perature for 1 h, primary antibodies were added and incubated 
overnight at 4°C. Then, HRP-labelled secondary antibody (goat 
anti-rabbit, Abcam, Shanghai, China) was added for 1 h at room 
temperature. Finally, DAB chromogen solution was added and 
counterstained with haematoxylin. The microscopic images 
were captured using a microscope.

2.12   |   Statistical Analysis

SPSS 25.0 software (SPSS Inc., Chicago, IL) was applied to analyse 
all experimental data. For multiple groups, ANOVA (with Tukey 
correction) was performed to compare differences between 
groups. A value of p < 0.05 indicated statistical significance.

3   |   Results

3.1   |   Fer, U0 and NAC Significantly Attenuated 
SSPH I-Mediated Anti-Proliferative Effects in HCC 
Cells, Concomitantly Modulating Its Pro-Apoptotic 
Activity and G2/M Phase Arrest

As shown in Figure 1, SSPH I significantly inhibited the pro-
liferation of HepG2 and SMMC-7721 cells after 24 h treatment; 
the IC50 of SSPH I was 3.405 and 3.506 μM for HepG2 and 
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FIGURE 1    |     Legend on next page.
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SMMC-7721 cells. Co-treated with Fer, U0 and NAC signifi-
cantly reduced the anti-proliferation effect of SSPH I on HCC 
cells, indicating that ferroptosis, phosphorylation of Erk1/2 and 
ROS are involved in the inhibition of SSPH I on HCC cells.

We further detected the apoptosis-induction effect of SSPH I on 
HCC cells. At 4 μM, SSPH I induced minimal apoptosis in HepG2 
cells, suggesting non-apoptotic dominance in its anti-HepG2 activ-
ity (Figure 1B,C). Different from HepG2, SSPH I 4 μM induced sig-
nificantly early and late apoptosis in SMMC-7721 cells (p < 0.05). 
Interestingly, none of the Fer, U0 or NAC decreased the apoptotic 
induction of SSPH I, but rather increased the apoptotic ratio. Co-
treatment with Fer, U0 or NAC elevated late apoptotic populations 
while decreasing viable cell fractions in HepG2 cells (p < 0.05). 
In SMMC-7721 cells, only U0 significantly increased the propor-
tion of apoptotic and dead cells (p < 0.05). These results indicated 
Fer, U0 and NAC do not protect HCC cells by inhibiting apopto-
sis, but contribute to the crosstalk of apoptosis and other types of 
cell death.

SSPH I significantly blocked HepG2 and SMMC-7721 cells in 
G2/M phase (p < 0.05), and the proportion of HepG2 cells in 
the S phase also increased (p < 0.05). Co-treatment with U0 and 
NAC rescued the SMMC-7721 cells from G2/M arrest (p < 0.05). 
However, none of the Fer, U0 or NAC restored the cell cycle 
blocked by SSPH I in HepG2 cells.

Taken together, these results indicated that ferric ion, Erk1/2 
and ROS are elements of the inhibitory effect of SSPH I on 
HCC cells and partially participate in the regulation of SSPH I-
induced apoptosis and cell cycle arrest.

3.2   |   Fer, U0 and NAC Alleviated 
the Mitochondrial Damage Induced by SSPH I

To elucidate the function of Erk1/2, Fe2+ and ROS in mito-
chondrial damage induced by SSPH I, MMP and mitochon-
drial morphology were evaluated. JC-1 fluorescent probe 
was used to detect the MMP. Fluorescence of JC-1 monomer 
(green) was significantly increased after SSPH I 4 μM 8 h 
treatment, with diminished JC-1 polymer (red) fluorescence 
intensity. Both Fer, U0 and NAC rescue the SSPH I-induced 
decrease in MMP.

We further observed the mitochondrial ultrastructure using 
a transmission electron microscope. Increased density of the 
membrane, cristae fragmentation with reduced mitochondrial 
length were observed in HepG2 cell's mitochondria after SSPH I 
4 μM 8 h treatment; part of the mitochondria showed dissolution 
of the double membrane. Neither Fer, U0, nor NAC obviously af-
fect the length and cristae of mitochondria; however, increased 

density of the membrane was observed after U0 treatment. Co-
treatment with Fer, U0 or NAC increased the length of mito-
chondria but failed to show significance compared with SSPH I 
alone. An increase in mitochondrial cristae was observed in Fer, 
U0 and NAC co-treated groups; meanwhile, a decrease in mem-
brane density was observed only in the Fer co-treated group.

Collectively, the above findings suggest that blocking Erk1/2, 
decreasing ferric ion or ROS can alleviate the mitochondrial 
damage induced by SSPH I; the variance in mitochondrial mor-
phology indicates distinct mechanisms (Figure 2).

3.3   |   Inhibition of Erk1/2 Phosphorylation 
Totally Blocked the Effect of SSPH I on Nrf1/2-HO1 
and Ferroptosis-Related Proteins

To investigate the association between Erk1/2, ferroptosis 
and mitochondrial damage, we measured the expression of 
ferroptosis-related proteins and Nrf1/2-HO1. Erk1/2-Nrf1/2-
HO-1 axis activation typically exerts a protective effect on 
mitochondrial function [8, 20]. SSPH I significantly induced 
Erk1/2 phosphorylation (p < 0.05) without upregulating 
Erk1/2 in HCC cells. Concurrently, Nrf1/2 and HO-1 were also 
upregulated (p < 0.05), suggesting mitochondrial damage in 
these cells. Both Fer and NAC normalised Erk1/2 phosphor-
ylation induced by SSPH I, demonstrating that ferric ion and 
ROS are involved in the phosphorylation of Erk1/2. However, 
the activation of Nrf1/2 and HO-1 was not cancelled after 
Erk1/2 normalisation. Instead, Nrf1 was further upregulated 
after co-treatment with NAC (p < 0.05), demonstrating that 
Nrf1/2-HO1 is not directly regulated by Erk1/2. In contrast 
to Fer and NAC, the phosphorylation of Erk1/2 was blocked 
completely by U0, thus totally normalising the expression of 
Nrf1/2 and HO-1 induced by SSPH I. As shown in Figure 3C, 
Fer, U0 and NAC showed similar results to WB. Additionally, 
we can find that Fer and NAC facilitated the translocation of 
Nrf2 into the nucleus. Previous studies have shown that chem-
ical inhibition of the Erk1/2-Nrf2 axis aggravates oxidative 
stress and mitochondrial damage [8]. Interestingly, blocking 
Erk1/2-Nrf1/2-HO-1 induced by SSPH I markedly enhanced 
MMP and viability, demonstrating that Erk1/2 determines the 
downstream effect of SSPH I.

We next analysed ferroptosis-related proteins. In HCC cells, 
TFR was significantly upregulated following SSPH I treat-
ment. To counteract the upregulation of TFR caused by SSPH 
I, ferritin, fpn-1, and SLC7A11 were upregulated to store and 
expel ferric ions while promoting cystine uptake. Co-treatment 
with Fer downregulated TFR and ferritin in SMMC-7721 cells 
(p < 0.05) and had no significant effect on these proteins in 
HepG2 cells. Fer did not modulate SSPH I-induced SLC7A11 or 

FIGURE 1    |    Fer, U0 and NAC interfered with the anti-proliferation, apoptosis induction and cell cycle interruption effect of SSPH I in HCC cells. 
(A) SSPH I significantly inhibited the proliferation of HCC cells after 24 h treatment; both Fer, U0 and NAC showed antagonist effects towards SSPH 
I. (B) Apoptosis was analysed by Annexin V-FITC/PI staining. (C) SSPH I induced apoptosis in HCC cells after 24 h treatment; Fer, U0 and NAC did 
not protect HCC cells from apoptosis. (D) Cell cycle analysis was performed by flow cytometry. (E) SSPH I induced cell cycle arrest in HCC cells after 
24 h treatment; U0 and NAC rescued SMMC-7721 cells from G2/M arrest but did not affect HepG2 cells. Data represent the mean ± SD, n = 3. *p < 0.05 
compared with control; ^p < 0.05 compared with SSPH 4 μM.
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FIGURE 2    |     Legend on next page.
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FPN1 expression. On the other side, NAC downregulated SSPH 
I-induced TFR in both HepG2 and SMMC-7721 cells but had 
no effect on SLC7A11, fpn-1 or ferritin levels in HepG2 cells. 
SLC7A11 was significantly increased by NAC in SMMC-7721 
cells, accompanied by the downregulation of fpn1 and ferritin 
(p < 0.05). Previous studies have extensively demonstrated the 
anti-ferroptosis effect of Fer and NAC [21, 22]; however, the rela-
tionship between Erk1/2 and ferroptosis is rarely mentioned. A 
study suggested that Erk1/2 activation can maintain the expres-
sion of ferritin [14]. In our study, co-treatment with U0 downreg-
ulated or abolished the effects of SSPH I on ferroptosis-related 
proteins, highlighting the dominant role of Erk1/2 in SSPH I-
induced ferroptosis.

From the results, we can speculate that ferric ions and ROS par-
ticipated in the activation of Erk1/2 but are not key factors in the 
activation of Nrf1/2 and HO-1. While NAC and Fer counteract 
SSPH I-induced ferroptosis and oxidative stress through distinct 
mechanisms, Erk1/2 ultimately serves as the upstream regula-
tor of SSPH I's downstream effects.

3.4   |   Fer, U0 and NAC Assisted Cells Against SSPH 
I-Induced Oxidative Stress and Ferroptosis

To further analyse the iron overload and oxidative stress in HCC 
cells, intracellular ROS, MDA, Fe2+ and GSH were measured 
after an 8 h treatment. SSPH I caused significant ROS, MDA 
and Fe2+ accumulation (p < 0.05) while depleting GSH levels 
in HCC cells (p < 0.05). Both Fer and U0 exhibited antagonis-
tic effects against SSPH I (p < 0.05). NAC significantly reduced 
SSPH I-induced ROS generation and MDA accumulation in 
HCC cells (p < 0.05) but did not affect Fe2+ accumulation. NAC 
significantly increased GSH in SMMC-7721 cells (p < 0.05), but 
not in HepG2 cells. This discrepancy may be attributed to NAC-
induced upregulation of SLC7A11 expression.

These results suggest distinct mechanisms of action: Fer pri-
marily counteracts oxidative stress and ferroptosis through 
iron chelation and modulation of iron transport proteins; 
NAC exerts its effects via ROS scavenging and enhancement 
of SLC7A11 activity; whereas U0 uniquely inhibits Fe2+ and 
ROS production by targeting specific regulatory proteins 
(Figure 4).

3.5   |   Both SSPH I and U0 Inhibited Xenograft 
Tumour Growth In Vivo, but Exhibited 
Antagonistic Effects When Administered in 
Combination

To investigate the therapeutic efficacy and mechanism of SSPH 
I in vivo, HepG2 cells were subcutaneously implanted into the 
right flank of nude mice to establish xenograft tumour mod-
els. SSPH I treatment significantly inhibited xenograft tumour 

growth (p < 0.05), with no significant differences observed in 
body weights between groups. Following 15 days of SSPH I 
treatment, both tumour volume and weight showed signifi-
cant reduction compared to the control group (p < 0.05). U0 
monotherapy demonstrated significant tumour growth inhibi-
tion on day 8 (p < 0.05). However, tumour volume rebounded 
rapidly by days 11 and 15, ultimately showing no statistically 
significant differences in final tumour volume (p = 0.149) or 
weight (p = 0.071) compared to the control group. The SSPH 
I + U0 combination group showed comparable tumour vol-
ume and weight inhibition to SSPH I monotherapy. Notably, 
while the drug combination exhibited additive effects on days 
8 and 11, this interaction transitioned to antagonism by day 
15, with no overall synergistic effect observed throughout 
the treatment period. Previous investigations demonstrate 
that U0 inhibits HepG2 xenograft. Notably, the decreased 
tumour suppression rate of U0 following the progression of 
xenograft volumes could also be observed in this study [23]. 
Furthermore, analyses of other Erk1/2 inhibitors reveal en-
hanced anti-tumour efficacy when treatment initiates before 
tumour formation, contrasting with reduced inhibitory ef-
fects on established hepatocellular carcinoma xenografts [24]. 
These findings provide indirect mechanistic support for the 
antagonistic outcomes observed following 15-day combina-
tion therapy with U0126 and SSPH I. Collectively, our study 
provides the first experimental evidence confirming SSPH I's 
anti-HCC efficacy in  vivo, while revealing U0's antagonistic 
interaction with SSPH I in this setting (Figure 5).

3.6   |   SSPH I and U0 Caused Morphological 
Changes and Regulated Nrf1/2-HO-1 
and Ferroptosis-Related Proteins in HepG2 
Xenograft Tumours

As shown in Figure 6, tumour cells in the control group exhib-
ited tightly packed arrangements with well-defined intercel-
lular borders. SSPH I-treated tumours displayed cytoplasmic 
vacuolization, blurred cellular edges and extensive necrotic 
foci, accompanied by tissue shrinkage. In contrast, the U0 
monotherapy group showed less extensive necrosis compared 
to SSPH I treatment. Instead, U0-treated tumours presented 
as fragmented tissue masses characterised by cellular rup-
ture, cytoplasmic leakage and vacuolisation. Notably, the 
SSPH I + U0 combination group exhibited morphological fea-
tures more closely resembling those of the U0 monotherapy 
group. The combination group demonstrated fragmented tu-
mour masses with cellular rupture and cytoplasmic vacuoliza-
tion but displayed reduced necrotic foci compared to SSPH I 
monotherapy.

Consistent with in  vitro findings, SSPH I treatment upregu-
lated the expression of p-Erk1/2, Nrf1/2, HO-1, SLC7A11 and 
TFR in  vivo. SSPH I promoted nuclear translocation of Nrf1 
and increased Nrf2 levels in both cytoplasmic and nuclear 

FIGURE 2    |    Fer, U0 and NAC alleviated the mitochondrial damage induced by SSPH I in HepG2 cells. (A) JC-1 fluorescent probe detects MMP in 
HepG2 cells after 8 h treatment. (B) Ratio of fluorescence of JC-1 monomer and polymer. (C) Length of mitochondria in HepG2 cells after 8 h treat-
ment. (D) TEM observations of mitochondrial ultrastructure in HepG2 cells. Data represent the mean ± SD, B n = 3; C n = 20. *p < 0.05 compared with 
control; ^p < 0.05 compared with SSPH 4 μM.
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FIGURE 3    |     Legend on next page.
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compartments. U0 suppressed Erk1/2 phosphorylation but 
did not significantly alter the expression of other investigated 
proteins. U0126 attenuated SSPH I-induced upregulation of p-
Erk1/2, Nrf2 and SLC7A11, and additionally reduced nuclear 
Nrf2 accumulation. These protein expression patterns were sub-
sequently confirmed by western blot analysis.

In the control group, tumour tissue exhibited mitochondria with 
tightly packed, well-organised cristae. Rounded mitochondria, 
and lesser and unarranged mitochondrial cristae were observed 
after SSPH I treatment, accompanied by extensive disruption 
of cellular ultrastructure. The U0 monotherapy group similarly 
showed rounded mitochondria with reduced cristae density, but 
distinctively displayed abundant autophagic vacuoles within 
tumour cells. Notably, the SSPH I + U0 combination failed to 
ameliorate SSPH I-induced mitochondrial damage. Instead, it 
exacerbated ultrastructural destruction, manifesting as com-
plete disintegration of mitochondrial inner membranes and au-
tophagic vacuoles containing lipid droplets. Whether lipophagy 
contributes to the observed antagonism between SSPH I and U0 

requires further investigation. Prior research has established 
that SSPH I suppresses autophagy in HCC cells through inhi-
bition of autophagosome-lysosome fusion, whereas U0 counter-
acts this effect by attenuating SSPH I-induced accumulation of 
LC3-I, LC3-II and p62 [17]. These data suggest that although U0 
mechanistically antagonises SSPH I, chronic SSPH I adminis-
tration may perpetuate mitochondrial injury. U0 appears to mit-
igate further tissue damage by redirecting cellular fate towards 
apoptosis and autophagic pathways.

3.7   |   Erk1/2 Phosphorylation Played a Crucial Role 
in SSPH I-Induced Oxidative Stress and Ferroptosis 
In Vivo

Protein expression, Fe2+ levels and oxidative stress levels were 
measured to clarify the interaction between SSPH I and U0. 
Similar to the in  vitro experiments, the expression of Nrf1/2, 
HO-1, SLC7A11 and TFR in HepG2 xenograft tumours was 
significantly increased after SSPH I treatment. However, no 

FIGURE 3    |    Fer, U0 and NAC regulate protein expression induced by SSPH I. (A) The protein levels of HCC cells after 8 h treatment were mea-
sured. (B) SSPH I upregulated Nrf1/2-HO-1 and ferroptosis-relative proteins; the combination of Fer, U0 and NAC further regulated the protein 
expression. (C) Immunofluorescence verified the expression of p-Erk1/2, Nrf2 and HO-1 in HepG2 cells. Cell shrinkage was observed after SSPH I 
treatment. The combination of Fer, U0 and NAC did not relieve the cell shrinkage. The increased fluorescence in the nucleus indicated that Fer and 
NAC facilitate the translocation of Nrf2. Data represent the mean ± SD, n = 2. *p < 0.05 compared with control; ^p < 0.05 compared with SSPH 4 μM.

FIGURE 4    |    The protective role of Fer, U0 and NAC in SSPH I induced oxidative stress and ferroptosis in HCC cells. Data represent the mean ± SD, 
n = 3. *p < 0.05 compared with control; ^p < 0.05 compared with SSPH 4 μM.
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FIGURE 5    |    SSPH I and U0 inhibited the growth of HepG2 xenograft tumours. (A) Representative photographs of xenograft tumours from each 
dosage group in HepG2 nude mice models. (B) Gross morphology of excised HepG2 xenograft tumours. (C) Tumour growth curves of HepG2 xe-
nografts. (D) Q value of volume and weight of tumours. (E) Final tumour weights of HepG2 xenografts. (F) Tumour growth inhibition rates across 
treatment groups. (G) Body weight changes of nude mice during treatment. Data represented the mean ± SD, n = 5. *p < 0.05 compared with control.
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FIGURE 6    |    SSPH I and U0 modulate protein expression levels and mitochondrial morphology in HepG2 xenograft tumours. (A) Protein expres-
sion levels in tumour tissues were visualised by immunohistochemical staining. (B) Mitochondrial morphology in tumour tissues was examined by 
transmission electron microscopy. Red arrows: Autophagic vacuoles; blue arrows: Autophagic vacuoles containing lipid droplets.
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FIGURE 7    |     Legend on next page.
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significant changes in p-Erk1/2 levels were observed. In a pre-
vious study, we observed that Erk1/2 phosphorylation varied 
depending on SSPH I concentration or treatment duration [25]. 
As expected, 4 μM SSPH I continuously activated Erk1/2 over 
a 24-h period. Furthermore, Erk1/2 activation peaked after 6 h 
of treatment with 6 μM SSPH I, followed by a decline and sub-
sequent inhibition (Figure  7C,D). These results indicated that 
the undefined pharmacokinetic properties of SSPH I in vivo may 
be related to unaltered p-Erk1/2 levels. On the other side, U0 
partially inhibited Erk1/2 phosphorylation in vivo, leading to a 
significant decrease in SLC7A11 expression (p < 0.05). Similar 
to the in  vitro experiment, U0-mediated blockade of Erk1/2 
phosphorylation normalised the SSPH I-induced expression of 
Nrf1/2, HO-1, SLC7A11, and TFR, demonstrating that Erk1/2 
is a key pathway in SSPH I-mediated protein regulation in vivo.

To further investigate SSPH I-induced oxidative stress and ferro-
ptosis in vivo, the levels of ROS, MDA, GSH, and Fe2+ in tumour 
tissues were measured. SSPH I significantly increased ROS, 
MDA and Fe2+ levels (p < 0.05), resulting in GSH depletion in 
tumour tissues (p < 0.05). Compared to the SSPH I group, U0 did 
not regulate tissue ROS, MDA, GSH or Fe2+ levels as reported 
previously [26], but exhibited antagonistic effects against SSPH I 
(p < 0.05). Collectively, these findings suggest that SSPH I and U0 
exerted comparable effects in vivo and in vitro. Mechanistically, 
Erk1/2 blockade reduced SSPH I-induced oxidative stress and 
ferroptosis in vivo.

4   |   Discussion

Erk1/2 is significantly upregulated in HCC compared to normal 
liver tissues, serving dual roles in sustaining mitochondrial ho-
meostasis and counteracting oxidative stress [3, 27]. Driven by 
inherent mitochondrial dysfunction and chronic oxidative bur-
den, HCC cells exhibit heightened reliance on glycolysis to adapt 
to their hypoxic microenvironment [28, 29], coupled with sup-
pressed Nrf2 expression [30]. By regulating Erk1/2 or Nrf2, vari-
ous natural products can induce oxidative damage or ferroptosis 
in HCC cells [11, 15]. In stark contrast, normal hepatocytes 
leverage Erk1/2–Nrf2 activation as a cytoprotective mechanism 
against oxidative injury [8], highlighting a therapeutically ex-
ploitable dichotomy between physiological repair and oncogenic 
adaptation. However, whether Erk1/2 acts as the initiator of ox-
idative stress in HCC pathogenesis, and whether its activation 
exerts pro-ferroptotic or anti-ferroptotic effects in HCC remain 
unclear. These mechanisms need to be clarified before the devel-
opment of Erk1/2 targeting anti-HCC drugs.

SSPH I (​(25​S)-​sp​iro​st-​5-​en​-3​β-​yl-​O-​α-​ʟ-​rh​a​mno​pyr​ano​syl​-(1 
→ 2)-O-[O-β-D-glucopyranosyl-(1 → 4)-α-ʟ-rhamnopyranosyl-
(1 → 3)]-β-D-glucopyranoside; CAS: 290809-72-2), a steroidal 
saponin with established anticancer properties, was herein 
demonstrated for the first time to exert potent anti-HCC effects 

in vivo. In a previous study, we found that the anti-proliferation, 
oxidative stress induction effect of SSPH I is co-related to Erk1/2 
phosphorylation [17, 31]. In addition, SSPH I provokes iron accu-
mulation and ferroptosis in HepG2 cells via a novel mechanism 
characterised by TFR upregulation in the absence of SLC7A11/
SLC7A5 inhibition [16]. Likewise, our experiment showed that 
SSPH I activated Erk1/2, oxidative stress and ferroptosis in HCC 
cells and further disclosed the relationship between Erk1/2 and 
ferroptosis in vivo and in vitro. The effect of SSPH I gave us a 
gateway to analyse the connections of Erk1/2 activation, oxida-
tive stress and ferroptosis.

The functional interplay between Erk1/2 and ferroptosis in both 
hepatic malignancies and physiological contexts remains poorly 
characterised, with conflicting reports in the literature. A study 
implies that activation of Erk1/2 assists HepG2 cells against 
ferroptosis [32]. Another study indicated that Erk1/2 promotes 
ferritinophagy in HCC under Nrf2 inhibition [14]. Emerging ev-
idence implicates Erk1/2 in ferroptosis regulation across diverse 
pathologies, including NSCLC, cardiovascular diseases and neu-
rodegenerative disorders. In these studies, Erk1/2 may regulate 
SLC7A11, FTH1, FTL and SOD expression. However, the role of 
Erk1/2 in ferroptosis still remains inconsistent [13, 14, 33, 34]. 
Our study found that the expression of SLC7A11 in HCC is 
highly dependent on the activation of Erk1/2. Generally, inhi-
bition of SLC7A11 will exacerbate ferroptosis within the HCC 
cells [35]. Since SSPH I did not inhibit SLC7A11, Erk1/2 inhibi-
tion failed to exacerbate GSH depletion in HCC cells. Secondly, 
TFR is the key protein of SSPH I-induced ferroptosis. Fer and 
NAC partially antagonised S-induced ferroptosis, but only 
Erk1/2 normalised the SSPH I-induced ferroptosis, thus normal-
ising the fpn1, ferritin and Fe2+. In general, System X−⋅

c
 targeting 

ferroptosis inducers exhibit therapeutic synergy with Erk1/2 in-
hibitors, whereas iron chelators counteract Erk1/2 blockade ef-
ficacy, underscoring the necessity for mechanistic stratification 
in combination therapy design.

The Erk1/2-Nrf2-HO1 axis is a conserved cytoprotective mech-
anism against oxidative stress and mitochondrial dysfunction 
across multiple tissue types [8, 27, 36]. Recently, a study revealed 
that the balance of Nrf1 and Nrf2 is an indispensable redox-
determining factor for mitochondrial homeostasis in HCC [20]. 
In previous studies, NAC treatment may induce a varied range of 
Nrf1/2-HO1 expression in liver cells, indicating that the activa-
tion of Nrf1/2-HO1 is more likely induced by oxidative stress and 
mitochondrial damage than NAC [37, 38]. In our experiment, 
NAC restored mitochondrial MMP, rescued HCC cells from 
oxidative stress by downregulating ROS; however, the expres-
sion of Nrf2-HO1 was not downregulated by NAC. In addition, 
Nrf1 was further elevated following NAC treatment. Nrf2-HO1 
activation also plays a protective role in ferroptosis in cardio-
vascular and neural tissues [39, 40]. However, Nrf2-HO1 reg-
ulates independently of ferroptosis. The experiment in human 
renal epithelial HK2 cells showed that Fer did not affect the 

FIGURE 7    |    SSPH I and U0 modulate protein expression and the concentrations of ROS, MDA, GSH and Fe2+ in HepG2 xenograft tumours. (A) 
Protein expression in tumour tissues was analysed by Western blotting. (B) SSPH I activated Erk1/2 and upregulated Nrf1/2, HO-1, SLC7A11 and 
TFR; U0 antagonised the effects of SSPH I by inhibiting Erk1/2 phosphorylation. (C and D) The duration and concentration of SSPH I influence 
Erk1/2 phosphorylation. (E) U0 attenuates SSPH I-induced oxidative stress and ferroptosis in vivo. (B and E), data represent the mean ± SD, n = 3. 
*p < 0.05 compared with control; ^p < 0.05 compared with SSPH I group.
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expression of Nrf2 [41]. Likewise, Fer did not affect Nrf2-HO1 
activated by SSPH I in HCC. How Nrf1/2 affects ferroptosis in 
HCC is still unclear. Our results revealed no significant correla-
tion between Nrf1/2 expression levels and dynamic fluctuations 
of ROS or Fe2+; it is necessary to block Nrf1/2 to further verify 
the relationship between Nrf1/2 and ferroptosis in HCC. The 
regulation of Erk1/2 on Nrf1/2 in HCC has not been discussed. 
Our experimental evidence has unravelled that Nrf1/2-HO1 
is partially regulated by Erk1/2 in HCC. Blocking Erk1/2 nor-
malised the SSPH I induced Nrf1/2-HO1 activation. Conversely, 
U0 alone did not affect the expression of Nrf2-HO1 [42].

In HCC, it is commonly seen that Erk1/2 and ROS are co-
activated after treatment [5, 43]. Meanwhile, some studies still 
maintain that ROS accumulation can be induced by inhibiting 
Erk1/2 [11, 44]. Our study found that SSPH I-induced Erk1/2 
phosphorylation exhibits dose- and time-dependent dynamics, 
demonstrating that the phosphorylation of Erk1/2 should be 
verified at different time points and concentrations to avoid in-
correct judgement of Erk1/2 activation. In addition, some stud-
ies suggested that ROS accumulation leads to the activation of 
Erk1/2 [6]; similarly, removing ROS by Fer or NAC downreg-
ulated p-Erk1/2 induced by SSPH I. To our surprise, the acti-
vation of Nrf1/2-HO1 and ferroptosis-related proteins was not 
normalised under the inhibition of Erk1/2; instead, chemically 
blocking Erk1/2 before SSPH I exerted a complete blocking ef-
fect. The above-described evidence revealed that Erk1/2 is the 
start-point of SSPH I-induced oxidative stress, mitochondrial 
damage and ferroptosis.

Apoptotic cell death, autophagy and cell cycle arrest are fre-
quently involved in oxidative cell death [10, 45]. SSPH I induced 
autophagosome formation but inhibited autophagy flux in 
HepG2 cells, inhibiting ERK1/2 phosphorylation or combining 
NAC can reverse autophagy by down regulating LC3-II [17]. In 
our results, inhibition of Erk1/2 with U0 caused autophagic vac-
uoles to appear in xenograft tissues. Paradoxically, augmented 
autophagic flux failed to potentiate SSPH I's anticancer efficacy, 
potentially attributable to its dual role in mitochondrial quality 
control and clearance of ferroptotic lipid peroxides. Since mul-
tiple signals such as STAT3 and mTOR are participating in the 
regulation of autophagy, the mechanism of Erk1/2 in SSPH I 
regulated autophagy requires further analysis [46]. In previous 
studies, iron deprivation reprogrammed cell death modalities 
by enabling crosstalk between SSPH I-induced ferroptosis and 
apoptosis in HepG2 cells [16], a phenomenon recapitulated in 
our experimental system. In addition, inhibition of p-Erk1/2 
usually intensifies apoptosis in HCC cells [47]. Our research 
found that the combination of U0 resulted in the most signifi-
cant increase in apoptosis in HCC cells. Furthermore, U0 and 
NAC rescue the SMMC-7721 cells from G2/M arrest, which may 
partially contribute to their protective effect towards HCC cells. 
Taken together, blocking Erk1/2 shifts SSPH I induced ferropto-
sis to apoptosis and autophagy, which reduces the inhibitory ef-
fect of SSPH I on HCC cells.

This study has several limitations and unresolved issues. Firstly, 
the effects of SSPH I on mitochondrial dynamics, respiratory func-
tion, biogenesis, and autophagy in hepatocellular carcinoma cells 
require more comprehensive investigation. Secondly, the regu-
latory significance of SSPH I in mitochondrial function through 

Erk1/2-mediated modulation of the Nrf1/2-HO1 signalling path-
way remains to be elucidated. These questions will be systemati-
cally addressed in our subsequent research endeavours.

5   |   Conclusions

In conclusion, our findings establish Erk1/2 activation as the 
central driver of SSPH I-induced triple cascades—oxidative 
stress, mitochondrial dysfunction and ferroptosis—in HCC. 
While ROS scavengers and iron chelators attenuated SSPH I-
induced Erk1/2 phosphorylation and mitigated its downstream 
effects, they failed to fully abrogate the compound's dual regula-
tion of ferroptosis and oxidative stress. Collectively, our findings 
position Erk1/2 as a nodal regulator orchestrating the tripartite 
interplay between ferroptosis susceptibility, Nrf1/2-mediated 
redox adaptation and mitochondrial plasticity in HCC.
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