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Abstract: Smilax glabra flavonoids (SGF), the active components of Smilax glabra Roxb.,
have been demonstrated to exhibit antioxidant activity and metabolic benefits in obesity,
leading us to further explore their antitumor effects in obesity-related colorectal cancer
(CRC). This study investigated the antiproliferative effects of SGF on obesity-related CRC
by using a murine colon adenocarcinoma MC38 cell line. The underlying mechanisms
were further explored via RNA-Seq and bioinformatics analysis in combination with
experimental validation. SGF was proven to possess cytotoxic effects against MC38 cells,
indicated by the inhibition of proliferation and migration, especially in an adipocyte-rich
environment. In line with this, SGF exhibited much stronger antiproliferative effects
on MC38-transplanted tumors in obese mice. Transcriptomics analysis showed that the
cytotoxic effects of SGF might be related to the AMPK pathway and ferroptosis. On this
basis, SGF was confirmed to induce ferroptosis and dictate ferroptosis sensitivity in a high-
fat context mimicked by a two-step conditioned medium (CM) transfer experiment or a
Transwell coculture system. The results of Western blotting validated that SGF suppressed
the phosphorylation of AMPK, accompanied by alterations in the biomarkers of ferroptosis.
These results demonstrate that SGF exerts in vitro and in vivo antiproliferative effects in
obesity-associated CRC through inhibiting AMPK activation, thereby driving ferroptosis.
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1. Introduction

Colorectal cancer (CRC) is the third most common cancer and ranks second in cancer-
related deaths worldwide [1]. The number of new cases and deaths from CRC is increasing
rapidly, such that it is predicted to exceed 2.2 million new cases and 1.1 million deaths by
2030 [2]. Despite the benefits of early screening, surgery, and other therapeutic interventions,
the five-year relative survival rate of CRC patients has not changed significantly in the
past few decades [3]. Obesity is identified as a leading risk factor for more than 13 types of
cancer, including CRC, according to emerging epidemiological studies [4,5]. It has been
revealed that the CRC incidence rises by 7% for every 2.4 unit increase in body mass
index (BMI) [6,7]. Moreover, obesity is associated with a poor prognosis and advanced
clinicopathological status in CRC patients [8]. In addition, obese CRC patients are prone
to develop resistance to target reagents and chemotherapies widely used in the clinic [9].
Therefore, it is crucial to explore effective prevention and treatment approaches that are
specific to obesity-associated CRC.
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Previous studies indicate that obesity promotes cancer by accumulating adipose tissue,
thus leading to systemic changes in steroid hormones and adipokine production, metabolic
disorders, chronic subclinical inflammation, and alterations of the gut microbiome [10-12].
The latest studies propose that hypertrophic adipocytes constitute a major cell type that is
abundantly associated with tumor cells in the tumor microenvironment (TME), playing an
important role in cancer progression [13]. Consistently, obesity-related cancers including
CRC are always located adjacent to the adipose tissue, and metastatic colon cancer cells
often encounter adipocytes as they first disseminate from their primary tumor site [14].
Mechanistically, the direct interaction of tumor cells with surrounding adipocytes plays
a positive role in the tumorigenic progress. Emerging data show that lipids produced in
adipocytes could be transferred to cancer cells to promote tumor growth, especially in nu-
trient deprivation conditions [15-18]. Meanwhile, tumor cells stimulate the release of fatty
acids by promoting lipolysis in adipocytes, indicating two-way communication between
cancer cells and adipocytes in the TME [14]. Overall, the tumor—adipocyte microenviron-
ment might provide new therapeutic targets and pathways for obesity-related CRC.

Smilax glabra Roxb. (SG), the dry rhizome of Smilacaceae, is referred to as tu fuling
in Chinese medicine. It has been widely used as a food and folk medicine in many coun-
tries due to its various beneficial properties [19]. Modern pharmacological studies have
shown that SG rhizome extracts have a variety of pharmacological properties, including
anti-infective [20], immunomodulatory [21], antioxidant [22], and hepatoprotective [23]
properties. Moreover, the antitumor activity of SG and its bioactive components has been
suggested regarding several types of cancer, such as hepatocarcinoma [24], breast can-
cer [25], and prostate cancer [26]. Our previous investigations revealed that the flavonoids
of Smilax glabra Roxb. (SGF) exhibited anti-cardiac hypertrophy effects by regulating
calcium-related signaling pathways [27] and inhibiting the Raf/MEK/ERK pathway [28].
Moreover, it was demonstrated that SGF had potent effects against kidney fibrosis [29].
A recent study showed that the flavonoid groups of Smilax glabra Roxb. had antitumor
immune-regulatory potential in MMTV-PyMT mice [30]. However, the actual anticancer
effects and relevant mechanisms of flavonoids from SG in CRC, especially in obesity-related
CRC, remain unknown. In our latest study, we proposed the potential metabolic benefits
of SGF on human obesity [31], which is in line with the results of previous studies in
other metabolic diseases [32], suggesting that SGF might have a unique effect in treating
obesity-associated CRC. In the present study, we firstly investigated the antitumor effects
of SGF against CRC and obesity-related CRC in vitro and in vivo. SGF was proven to
possess much higher cytotoxic efficiency towards obesity-associated CRC. Furthermore,
the underlying mechanisms of the cytotoxic action of SGF were explored via RNA-Seq and
bioinformatics analysis in combination with experimental validation.

2. Results
2.1. SGF Exhibited Cytotoxic Effects Towards Obesity-Associated Colorectal Cancer

The conditioned medium (CM) of mature adipocytes or an in vitro Transwell system
was utilized to mimic the adipose tissue microenvironment in obesity-associated CRC
(Figure 1A,C). Consistent with our previous report [31], mature adipocytes were differenti-
ated from 3T3-L1 cells for 6 to 8 days via the DMI assay. The development of an adipocyte
phenotype was identified by Oil Red O (ORO) staining (Figure 1B). Subsequently, the
CM from white adipocytes (adipocyte-CM) and 3T3-L1 pre-adipocytes (3T3-L1-CM) were
collected to treat three colorectal cancer cell lines, including murine colorectal carcinoma
MC38 and CT26, as well as human colon cancer HCT116, with or without SGF treatment
(Figure 1A and Figure S1A). The cell viability was determined by MTT assays. As shown
in Figure 1D, SGF effectively inhibited the proliferation of MC38 cells in both CM, with
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adipocyte-CM significantly enhancing its cytotoxic efficacy. This enhanced antiprolifer-
ative activity of SGF in the presence of adipocyte-CM was consistently observed in two
additional CRC cell lines (Figure S1B,C). Similarly, the Transwell coculture with adipocytes
(Figure 1C) promoted the migration of MC38 cells, and 0.125 mg/mL SGF could obviously
inhibit their migratory abilities. Meanwhile, SGF at the same concentration had no effect
on the migration of MC38 cells in the coculture system without adipocytes in the bottom
chamber (Figure 1EF). These results suggest that SGF possesses much higher cytotoxic
efficiency towards obesity-associated CRC.
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Figure 1. SGF inhibited the proliferation and migration of MC38 cells in the adipose microenvi-
ronment. (A) Flowchart of conditioned medium (CM) preparation and treatment of MC38 cells.
(1) Differentiation of pre-adipocytes to mature adipocytes; (2) preparation of CM from differentiated
mature adipocytes and 3T3-L1 fibroblasts; (3) treatment of tumor cells with the corresponding CM
in the presence or absence of SGF. (B) Morphological observation (left) and ORO staining (right) of
3T3-L1 adipocytes induced with DMI medium until differentiation at day 8. Images were captured at
40 x magnification. Scale bars, 10 pm. (C) Cartoon of tumor cell and adipocyte Transwell coculture
assay. (D) The cell viabilities of MC38 cells treated with SGF at the indicated concentrations for 24 h
in the corresponding CM via MTT assay. (E) Transwell migration assay was performed to detect
MC38 cell migration after 0.125 mg/mL SGF treatment in a Transwell coculture system for 72 h and
(F) the number of migrating cells per field was determined. Scale bars, 100 um. Data are expressed as
mean + SD (n =5). * p <0.05, ** p < 0.01, *** p < 0.001 and ns: no significance vs. control.

2.2. SGF Inhibited the Growth of MC38 Allografts in Obese Mice

A syngeneic subcutaneous tumor model using a colorectal adenocarcinoma cell line,
MC38, was initially applied to identify the effects of diet-induced obesity on tumor growth
and especially the antitumor efficacy of SGF (Figure 2A). After 10 weeks of diet feed-
ing, HFD-fed mice gained more body weight and exhibited systemic obesity-associated
metabolic changes, including hyperglycemia, hyperinsulinemia, and hyperlipidemia, sug-
gesting the achievement of an obese phenotype (Figure S2A-F). Then, the mice were
subcutaneously injected with cancer cells, which were allowed to grow for 27 days. As
expected, our data showed that tumors grew more quickly in the HFD-induced mice
than in the LFD groups. Surprisingly, although SGF treatment seemed to attenuate tumor
growth in both diet groups, its antitumor effects were remarkedly enhanced in HFD-fed
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mice (Figure 2B-D). Meanwhile, treatment with SGF for 4 weeks did not ameliorate the
obesity parameters of HFD-fed mice (Figure 2E-G), which suggested that the excellent
antitumor effect of SGF in obese mice was not merely due to its beneficial effects on the
obesity status. These data support the paradox whereby obesity can enhance both tumor
growth and the response to SGF; meanwhile, they emphasize that SGF could exhibit much
higher antitumor efficiency in obesity-associated CRC.
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Figure 2. SGF inhibited the tumor growth of MC38 allografts in HFD-fed mice. (A) Schematic
illustrating animal experimental approach. s.c., subcutaneous; i.g., intragastric. (B) Growth
curve of MC38-transplanted tumors in mice over time when receiving vehicle or SGF
(62.5 mg/kg/day) following 10 weeks of dietary treatment. (C) Average final tumor weights of
each group. (D) Representative photos of tumor-bearing mice after SGF treatment. (E) Body weights
of tumor-bearing mice. (F) Subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) were
weighed and normalized to body weight. (G) Blood insulin levels were measured following a 10 h
fast after 14 weeks of dietary treatment. The data are expressed as means &+ SEM (n = 6). * p < 0.05,
**p <0.01, and *** p < 0.001 and ns: no significance vs. control.

2.3. Transcripome Analysis Suggested the Involvement of the AMPK and Ferroptosis Pathways in
Tumors Treated with SGF

To clarify the molecular mechanisms of the antitumor action of SGF against obesity-
associated colorectal cancer, a comprehensive analysis of RNA sequencing data from
MC38-transplanted tumors was performed. There were 281 DEGs in the HFD group
compared to the LFD group (121 upregulated and 160 downregulated) and 605 DEGs in the
HFD_SGF group compared to the HFD group (249 upregulated and 356 downregulated),
as shown in Figure 3A. To gain further insights into the functional implications of these
DEGs, we selected the genes that were altered in the HFD group while being reversed
by SGF in the HFD_SGF group for further analysis, and a cluster analysis of these DEGs
was performed using heatmaps (Figure 3C). The results of the KEGG pathway analysis
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showed the significant enrichment of pathways related to African trypanosomiasis; glycine,
serine, and threonine metabolism; ferroptosis; the AMPK signaling pathway; and osteoclast
differentiation (Figure 3B). To examine the detailed pathway of ferroptosis and the relative
differences in the genes affected by HFD and SGF in CRC, a putative pathway of ferroptosis
was constructed based on KEGG mapping (Figure 3D). Genes involved in the regulation
of iron uptake and lipid peroxidation (Trf, Steap3, and ACSL4) were decreased in HFD
mice but restored in HFD_SGF mice. These data indicated that ferroptosis and the AMPK
pathway might be involved in the cytotoxic effects of SGF towards obesity-associated CRC.
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Figure 3. Transcriptome analysis suggests that SGF regulates the expression of genes associated with
ferroptosis. (A) Venn diagram of DEGs in respective groups. (B) KEGG analysis of DEGs altered
in HFD group and reversed in HFD_SGF group. (C) Heatmap of hierarchical clustering of DEGs
between LFD, HFD, and HFD_SGF groups. (D) Differences in tumor gene expression in ferroptosis
pathway according to KEGG. Red indicates upregulation and green downregulation.

2.4. SGF Induced Ferroptosis and Dictated Ferroptosis Sensitivity in MC38 Cells in a
High-Fat Environment

According to a study reported previously [33], a two-step CM transfer experiment
was designed to mimic the putative bidirectional communication between CRC cells and
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adipocytes in the tumor—fat microenvironment (Figure 4A). On this basis, Ferrostatin-1
(Fer-1), a ferroptosis-specific inhibitor, was applied to determine whether ferroptosis is
responsible for SGF-mediated tumor suppression. As expected, pretreatment with Fer-1
significantly reversed the decrease in the viability of the MC38 cells induced via SGF in
the two-step CM (Figure 4C), indicating that ferroptosis contributed to the cytotoxicity of
SGF towards obesity-related CRC cells. Interestingly, we noticed that Fer-1 failed to protect
against SGF-induced MC38 cell death in the control CM (Figure 4B), which suggests that a
high-fat environment might be essential for SGF to exert a pro-ferroptotic effect.
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Figure 4. SGF triggered ferroptosis and sensitized MC38 cells to ferroptosis in a high-fat environment.
(A) Flowchart of two-step CM preparation and treatment of MC38 cells. (1) Differentiation of 3T3-L1
cells to mature adipocytes; (2) preparation of CM from MC38 cells; (3) treatment of differentiated
adipocytes with MC38 CM; (4) after exposure to MC38 CM for 24 h, the adipocytes were washed and
the medium was changed; (5) after another 24 h, the adipocyte-conditioned media were collected and
applied to fresh cultures of MC38 cells in the presence or absence of SGF. (B,C) After pre-incubation
with or without Fer-1 (1 uM) for 60 min, MC38 cells were freshly cultured with control medium (B)



Int. J. Mol. Sci. 2025, 26, 2476

7 of 18

or two-step CM (C) containing SGF (0 mg/mL, 0.5 mg/mL, and 1 mg/mL) for 48 h. The cell
viabilities were detected via the MTT assay. The data are expressed as means + SD (1 = 3) (* p < 0.05,
*** p < 0.001, and ns: no significance). (D) MC38 cells were treated or left untreated with 0.1 mM
oleic acid or fatty acid + 2 uM Fer-1 for 60 min. Subsequently, cells were treated simultaneously
with fatty acids with 2 M Erastin in the presence or absence of 0.125 mg/mL SGF for 48 h, and
the cell viability was evaluated using the MTT assay. The data are expressed as means £ SD (n = 3)
(** p <0.01 and *** p < 0.001). (E) MC38 cells were cocultured with differentiated mature adipocytes
in a Transwell system. After being pretreated with or without Fer-1 for 60 min, MC38 cells were
incubated with 0.5 mg/mL SGF or a vehicle for 48 h. Following the treatment, MC38 cells were
observed for intracellular ROS under a fluorescence microscope by DCFH-DA staining. Scale bars:
10 pm. (F,G) MC38 cells in a Transwell coculture system were treated with SGF (0.5 mg/mL) and
Erastin (10 uM), respectively, for 48 h, and MDA (F) and GSH (G) production was examined by
colorimetry. (H,I) Lipid peroxidation levels were quantified with BODIPY-C11 using flow cytometry.
Red and green fluorescence indicated non-oxidized and oxidized lipids, respectively. Bar graph
showing relative levels of lipid ROS in the indicated cells. The data are expressed as means - SEM
(n=3) (*p<0.05,*p<0.01, and *** p < 0.001 vs. control).

It has been demonstrated that lipids could protect colorectal cancer cell lines against
ferroptosis [34]. Given this, the sensitivity to ferroptosis was further observed in MC38 cells.
Consistently, 2 pM Erastin, a classic ferroptosis inducer, remarkably reduced the viability
of MC38 cells, whereas the suppression was significantly attenuated in the presence of fatty
acids. However, combined treatment with Erastin and SGF dramatically recovered the
cytotoxic effects, which could be markedly negated by Fer-1 (Figure 4D), suggesting that
SGF could sensitize MC38 cells to ferroptosis in a high-fat environment.

To further confirm these notions, a tumor cell-adipocyte Transwell coculture system
was applied, and the intracellular ROS level, an indirect hallmark of ferroptosis [35], was
examined with DCFH-DA in MC38 cells. SGF notably increased the intracellular ROS levels
as represented via the fluorescence intensity of DCF, and pretreatment with Fer-1 almost
eliminated these actions (Figure 4E). Then, MDA, which is an aldehyde secondary product
of lipid peroxidation, and GSH, which is critical in detoxification after lipid peroxidation,
were evaluated using commercial kits. Simultaneously, the accumulation of lipid ROS, a
hallmark of ferroptosis, was measured by fluorescent probe C11-BODIPY 581/591 staining
followed by flow cytometry. As shown in Figure 4F-1, SGF notably promoted MDA
production and depleted GSH in MC38 cells, which was consistent with the action of
Erastin as a positive control. In addition, both SGF and Erastin led to the significant
accumulation of lipid ROS, as evidenced by the clear shift in the fluorescence signal from
red to green. Taken together, ferroptosis is indeed involved in SGF-induced cell death and
might be responsible for its distinctive antitumor efficacy in obesity-associated CRC.

2.5. SGF Suppressed AMPK Activation, Contributing to Ferroptosis in Obesity-Associated CRC

It has been found that AMPK plays an inhibitory role in ferroptosis [36]. Meanwhile,
the transcriptome analysis also suggested the strong involvement of the AMPK pathway
in the antitumor effects of SGF in obesity-related CRC. These prompted us to perform
a more detailed analysis of AMPK activation in vitro and in vivo. It was revealed that,
as a hallmark of AMPK activation, AMPK phosphorylation, which mediates ACC phos-
phorylation, was substantially elevated in MC38 cells cocultured with mature adipocytes,
consistent with what was reported previously [14]. Moreover, SGF repressed AMPK
activation in MC38 cells induced by coculture with adipocytes but had no effect in the
absence of adipocytes (Figure 5A—C). Likewise, SGF potently mitigated AMPK activation
in the tumor tissue of HFD-induced mice, while it did not affect that of LFD-treated mice
(Figure 5H,I). To further correlate AMPK activation with ferroptosis sensitivity in obesity-
associated CRC, the expression of marker proteins for ferroptosis was examined by Western
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blotting. As expected, SGF was found to noticeably suppress the expression of GPX4, a
critical antiferroptosis protein, in MC38 cells cocultured both with and without adipocytes
(Figure 5D,F). Meanwhile, in both MC38 cells after coculture treatment and tumor tissue
with HFD administration, the transferrin (TRF) expression was elevated, but this could be
remarkedly reversed by SGEF, indicating the involvement of iron metabolism in ferroptosis
(Figure 5D,G,H,]). To our surprise, SGF exhibited no effect on the expression of SLC7A11, a
key protein in the Xc-20 system and an upstream regulator of GPX4, in the MC38 cells and
tumor tissue. Notably, the expression levels of SLC7A11 were significantly reduced in both
MC38 cells after coculture with adipocytes for 48 h and in the tumor tissue of HFD-induced
mice (Figure 5D,E,H K). Acyl-CoA synthetase long-chain family member 4 (ACSL4), acting
as a key downstream effector of AMPK in the regulation of ferroptosis, was further proven
to be inhibited by HFD but evidently increased after SGF treatment. Together, these data
strongly suggest that SGF could restrain the activation of the AMPK pathway to drive
ferroptosis in obesity-associated CRC.
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Figure 5. SGF repressed AMPK activation, thus altering cells” sensitivity to ferroptosis. (A-C) MC38
cells were cocultured in the presence or absence of adipocytes and treated with SGF (0.5 mg/mL) for
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24 h. The phosphorylation of AMPK and ACC was detected via Western blotting. The blots (A) are
representative of three repeats. The data (B,C) are expressed as means & SD (1 = 3). * p < 0.05 and
** p < 0.01 vs. control. (D-G) An immunoblot of ferroptotic protein expression in MC38 cells as
indicated. 3-actin was used as an equal loading control and blots are representative of three repeats.
*p <0.05, ** p <0.01 vs. control. (H,I) The tumor tissue of the MC38-transplanted model in HFD-
and LFD-induced mice was collected after 4 weeks of SGF (62.5 mg/kg) treatment. An immunoblot
showing the levels of AMPK activation represented by p-AMPK/AMPK and the expression of
ferroptotic proteins in tumors. The blots (H) are representative of three repeats. The data (I-L) are
expressed as means + SD (n = 3). *p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control.

3. Discussion

SGF has been found to promote the formation of small lipid droplets and decrease the
levels of cellular FFAs without affecting TG storage in adipocytes [31]. Its beneficial lipid-
metabolic effects have been confirmed in vivo as well (Figure S3). These findings guided
us to examine the antitumor actions of SGF in obesity-associated cancer. As expected,
in the present study, SGF was proven to exert much stronger cytotoxic effects towards
CRC cells cocultured with mature adipocytes compared to those without (Figures 1D-F
and S1B,C). Furthermore, HFD-induced obesity promoted both the growth of MC38 tumors
and sensitivity to SGF (Figure 2B-D). These results suggest that SGF might be an excellent
antitumor agent, particularly in obesity-related CRC, and obesity probably provides more
effective targets for it.

Ferroptosis is a nonapoptotic form of programmed cell death that is induced by the
overproduction of phospholipid hydroperoxides in an iron-dependent manner [37,38].
Accumulating evidence shows that ferroptosis plays an important role in CRC suppression.
Metabolic and signaling pathways that regulate ferroptosis have been presented as potential
therapeutic targets [39,40]. Recent studies have further linked ferroptosis to obesity-related
cancers such as hepatocellular carcinoma and pancreatic ductal adenocarcinoma [41,42]. It
also has been reported that HFD impairs ferroptosis, thereby aggravating colitis-associated
carcinogenesis [34]. Consistently, our transcriptome analysis of MC38 tumors hinted at
the involvement of ferroptosis in high-fat-induced and SGF-treated CRC (Figure 3B-D),
and the cell viability assay confirmed that SGF induced ferroptotic cell death in MC38 cells
under an adipocyte environment (Figure 4C). Moreover, FFAs could induce ferroptosis
resistance in MC38 cells, as aforementioned, while SGF dramatically sensitized MC38 cells
to ferroptosis, albeit in the presence of FFAs (Figure 4D). On this basis, ferroptosis induced
by SGF was further substantiated by different approaches in vitro (Figure 4E-I). SGF had no
effect on ferroptosis in MC38 cells without adipocyte coculture (Figure 4B), suggesting that
the specific regulation of ferroptosis is probably responsible for its high cytotoxic efficacy
in obesity-associated CRC.

AMPXK, a critical sensor of the cellular energy status, has been proven to play a role
in tumor biology, but its exact role is highly context-dependent [43]. While the tumor-
suppressive role of the AMPK pathway is well established [44], multiple studies have
convincingly indicated a tumor-promoting role of AMPK in some tumor types [45-48].
Recent studies have linked AMPK to ferroptosis, showing that AMPK possesses nega-
tive regulatory effects on ferroptosis [49,50]. Moreover, a study has proposed that the
presence of adipocytes could enhance AMPK activation in CRC cells [14]. These findings
indicate that AMPK’s pro-tumor function might be partly mediated through its inhibition
of ferroptosis, at least in a high-fat context. Our transcriptome analysis also suggested
the engagement of the AMPK pathway in the bio-process of SGF-treated MC38 tumors
in obese mice (Figure 3B). In light of this, we supposed that the activation of the AMPK
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pathway, acting as an upstream signal of ferroptosis, might mediate the cytotoxic effects of
SGF in obesity-related CRC. The Western blotting assay indeed confirmed the activation of
the AMPK pathway in both MC38 cells cocultured with adipocytes and the tumor tissue
of obese mice. More importantly, either in vitro or in vivo, SGF could specifically inhibit
the activation of the AMPK pathway in CRC under a high-fat context (Figure 5A-C,H,I).
Meanwhile, the expression of critical proteins in the ferroptosis pathway was determined.
For the cystine-metabolic process, antiferroptosis protein GPX4 was significantly decreased
after SGF treatment, while SLC7A11, as its upstream regulator, was not affected by SGF
(Figure 5D-F). This might have been due to the low basal expression of SLC7A11
in both MC38 cells cocultured with adipocytes and the tumor tissue of obese mice
(Figure 5D,E,H,K), in contrast to previous reports showing that HFD could exacerbate
lung cancer progression by upregulating SLC7A11 [51]. Meanwhile, it has been proposed
that, while the AMPK activation status did not correlate with ferroptosis sensitivity in
SLC7A11-high cells, a direct inverse correlation between AMPK activation and ferroptosis
sensitivity in SLC7A11-low cells could be observed [36]. Accordingly, AMPK activation
based on the low expression of SLC7A11 altering the cellular sensitivity to ferroptosis
under HFD treatment was mechanistically responsible for the distinctive antitumor activity
of SGF in obesity-related CRC. It is known that ACSL4, which mediates the biosynthesis
of polyunsaturated fatty acid (PUFA)-containing lipids, acts as a downstream event in
AMPK activation in ferroptosis inhibition [36,52]. A recent study reported that HFD could
impair ferroptosis via downregulating ACSL4 [53]. In line with these, we found that,
contrary to AMPK activation, the protein expression of ACSL4 was almost blocked by HFD,
while it markedly rebounded after SGF treatment (Figure 5H,L). These results indicate that
AMPK mediated the cytotoxic effect of SGF against obesity-related CRC as a tumorigenesis
gene at least partially through ferroptosis induction. In the present study, our data also
showed that TRF increased remarkably in the high-fat context and SGF abated this increase
(Figure 5D,G,H,]), indicating that the ferroptosis induced by SGF might involve iron home-
ostasis as well. Future studies will further dissect the potential molecular mechanism of
AMPK-mediated ferroptosis induced by SGF in obesity-associated CRC development.

This study demonstrates that SGF possesses distinctive antitumor activity against
obesity-associated CRC in vitro and in vivo. Mechanistically, SGF exhibited cytotoxic
effects against MC38 cells through inhibiting AMPK activation, thereby driving ferroptosis,
specifically in a high-fat context (Figure 6). Our data expand the current knowledge of the
obesity paradox in cancer therapy and emphasize the antitumor effects of SGF towards
obesity-related CRC for the first time. This will provide new therapeutic ideas for obesity-
associated cancer.

However, this study primarily relied on a single cell line for most experiments, which
may limit the reliability and generalizability of the results. In future studies, we will
validate the conclusions using additional authenticated colorectal cancer lines. Moreover,
this study did not identify which flavonoids of Smilax glabra have the greatest impact on the
antiproliferative effects in MC38 colon adenocarcinoma cells. This is also a limitation of this
study, and future investigation of this aspect would be of great interest, as it could provide
valuable insights into the underlying mechanisms and potential therapeutic applications.
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Figure 6. Schematic representation of the mechanism by which SGF exerts cytotoxic effects against
obesity-associated CRC. Created with BioGDP.com.

4. Materials and Methods
4.1. Regents

3-(4,5-Dimethylthiazol-2-y1)-2,5-dipheny-ltetrazolium bromide (MTT), 3-isobutyl-1-
methylxanthine (IBMX), and oleic acid were purchased from Sigma-Aldrich (Cat. Nos.
M2128, 17018, and O1383, St. Louis, MO, USA). Dexamethasone (Dex) was obtained from
Sango (Cat. No. A601187, Shanghai, China), and insulin was obtained from Shanghai
Yuanye BioTechnology Co., Ltd. (Cat. No. 531559, Shanghai, China). The cell culture
medium, trypsin, penicillin-streptomycin, and fetal bovine serum (FBS) were from Gibco
(Burlington, MA, USA). Oil Red O was obtained from Solarbio (Cat. No. G1260, Beijing,
China). Malondialdehyde (MDA) assay kits were obtained from Dojindo (Cat. No. M496,
Kumamoto, Japan). The glutathione assay kit and reactive oxygen species (ROS) assay kit
were bought from Beyotime (Cat. Nos. S0053 and S0033, Nanjing, China). The Insulin
ELISA kit was purchased from Millipore (Cat. Nos. RAB0817, Millipore, Bedford, MA,
USA). Primary antibodies against SLC7A11/xCT (26864-1-AP), TRF (17435-1-AP), and
GPX4 (14432-1-AP) were purchased from Proteintech (Rosemont, IL, USA). Anti-AMPKo
(D63G4) (5832), anti-phospho-AMPK« (Thr172) (40H9) (2535), anti-ACC (C83B10) (3676),
and anti-phospho-ACC (Ser79) (D7D11) (11818) were obtained from Cell Signaling Technol-
ogy (Danvers, MA, USA). ACSL4 was from Abcam (ab155282, Cambridge, MA, USA) and
-actin was from HUABIO (EM21002, Shanghai, China). BODIPYTM 581/591 C11 was
obtained from Thermo Fisher Scientific (Cat. No. D3861, Waltham, MA, USA). Ferrostatin-1
and Erastin were purchased from MedChemExpress Technology (Cat. Nos. HY-100579 and
HY-15763, Monmouth Junction, NJ, USA).

4.2. Smilax glabra Flavonoid Preparation

SGF was prepared from the rhizomes of Smilax glabra (Zhejiang Chinese Medical
University Medicine Ltd., Hangzhou, China), as described previously [28]. Briefly, the
rhizome of Smilax glabra was extracted with 60% ethanol twice at a solid-liquid ratio
of 1:20 (w/v). After filtration, the extractions, suspended in 10% ethanol, were loaded
onto a HP700 macroporous resin column and eluted with 60% ethanol at a flow rate of
1 mL/min. The eluted fractions, consisting mainly of total flavonoids, were concentrated
using a rotary vacuum evaporator at 45 °C and then freeze-dried. The content of flavonoids
in SGF was determined to be 98.65% by UV spectrophotometry and calculated as rutin
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equivalents. The high-performance liquid chromatography (HPLC) (Waters Alliance 2695,
Waters, Milford, MA, USA) quantitative analysis of astilbin was undertaken for the quality
control of SGE. The percentage content of astilbin in the dry powder of SGF was 25.13%
(Figures 54 and S5).

4.3. Cell Culture and Differentiation

Mouse 3T3-L1 pre-adipocytes, murine colon carcinoma CT26 cells, and human col-
orectal cancer HCT116 cells were provided by the National Collection of Authenticated
Cell Cultures (Shanghai, China). Murine colorectal adenocarcinoma MC38 cell lines were
purchased from MingzhouBio (Ningbo, China). The cells were routinely cultured in DMEM
(high glucose), McCoy’5a, or RPMI medium containing 10% neonatal calf serum (CS)
(TTANHANG Biotechnology, Huzhou, China), 100 IU/mL penicillin, and 100 pug/mL strep-
tomycin in an incubator at 37 °C with a humidified atmosphere of 5% CO,. The cell line
identity was validated by short tandem repeat profiling, and routine mycoplasma testing
was negative for contamination.

For adipocyte differentiation, 3T3-L1 cells were maintained in high-glucose DMEM
with 10% CS at confluence for two days (day 0), after which the cells were stimulated
with DMI differentiation medium consisting of 1 uM Dex, 0.5 mM IBMX, and 10 pug/mL
insulin for two days (day 2). The cells were then maintained in growth medium containing
10 pg/mL insulin for two more days (day 4). Subsequently, the cells were switched to
fresh growth medium every other day for an additional two or four days to differentiate to
mature adipocytes [31].

4.4. Mice and Dietary Treatment

C57BL/6] mice were purchased from Sino-British SIPPR/BK Laboratory Animal
Co., Ltd. (Shanghai, China) and housed in a specific pathogen-free (SPF) animal facility
and maintained by the Laboratory Animal Research Center of Zhejiang Chinese Medi-
cal University. All mouse procedures were carried out under Institutional Animal Care
and Use Committee (IACUC)-approved protocols from Zhejiang Chinese Medical Univer-
sity (IACUC-20190923-15). For the dietary intervention, male C57BL/6] mice starting at
6-8 weeks old were randomly assigned to cages (5 mice per cage) to receive a high-fat diet
(HFD, 60% kcal from fat, Research Diets PD6001) or a control low-fat diet (LFD, 10% kcal
from fat). The mice were maintained on their respective diets for 14 weeks in total [42].
Metabolic parameters were assessed at 10 and 14 weeks of dietary treatment. After a 10 h
fast, the concentrations of blood glucose, triglycerides (TG), and total cholesterol (TC)
were measured with an automatic biochemistry analyzer (Hitachi 7020; Hitachi, Tokyo,
Japan). Collected blood was centrifuged at 3000 rpm for 10 min at 4 °C, and plasma was
aliquoted and stored at —80 °C until analysis. Plasma insulin (Millipore) concentrations
were analyzed using a commercial ELISA kit according to the manufacturer’s instructions.
The homeostatic model assessment for insulin resistance (HOMA-IR) was calculated using
the following formula: fasting insulin in pU/mL multiplied by fasting glucose in mmol/L
and divided by 22.5 [54].

4.5. Oil Red O Lipid Staining

Oil Red O (ORO) staining was performed as previously reported, with minor mod-
ifications [31]. Briefly, differentiated adipocytes were fixed in 4% paraformaldehyde for
30 min and subsequently permeabilized with a solution of 0.1% TritonX-100 for 10 min
at room temperature. Then, after repeated washes, the cells were stained with a freshly
prepared ORO working solution (isopropanol/water 3:2, v/v) for 20 min. Lipid droplets
(LD) was visualized by Zeiss Axiovert phase-contrast microscopy (Oberkochen, Germany)
at magnification of 40 x.
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4.6. Conditioned Medium (CM) Collection and Transwell Coculture

For CM collection, MC38 cells or the mature adipocytes were treated with serum-free
medium for 24 h, and the culture supernatants were collected, centrifuged at 1500x g for
5 min, and filtered through a 0.22 um filter. For the two-step CM transfer experiments,
mature adipocytes were exposed to fresh media mixed with CM from MC38 cells at a ratio
of 1:1 (v/v) for 24 h. Then, the CM was replaced with fresh culture medium, and, 24 h later,
the supernatants from the adipocytes (i.e., adipocyte-CM) were collected, centrifuged as
above, and filtered using a 0.22 pm filter and then mixed with fresh culture medium at a
1:1 ratio and applied to treat MC38 cells for 24 h for in vitro proliferation assays.

For the Transwell coculture experiments, MC38 tumor cells were seeded in the top
chamber of the Transwell system (0.4 uM pore size; BD Bioscience, San Jose, CA, USA)
for 24 h of adherence and cocultivated with or without mature adipocytes in the bottom
chamber for the indicated time. The incubation of the cells in the Transwell system allowed
the diffusion of soluble factors.

4.7. Cell Viability Assay

MC38 cells were seeded at 1.0 x 10* cells/well in a 96-well plate and incubated at
37 °C in a humidified atmosphere with 5% CO;. After 24 h, the media were changed to
fresh media mixed with CM (from 3T3-L1 fibroblasts or differentiated mature adipocytes)
at a ratio of 1:1 (v/v) in the presence or absence of SGF at the indicated concentrations and
incubated for another 24 h. For the inhibition assay, the confluent MC38 cells were exposed
to the two-step CM to mimic the putative bidirectional communication between tumor
cells and adipocytes in the obese tumor microenvironment. The cells were pre-treated
simultaneously with Ferrostatin-1 (Fer-1) for 60 min, followed by co-incubation with the
tested compounds for an additional 48 h. Each concentration was repeated for four wells.
Four hours before the end, the extent of cell proliferation was detected using the MTT assay
and the absorbance was measured at 570 nm with a microplate reader (Bio-Rad, Hercules,
CA, USA) [31].

4.8. Cell Migration Assay

Transwell migration assays were performed by following previously described proce-
dures [55]. Briefly, MC38 cells were cocultured with or without adipocytes in the presence
or absence of 0.125 mg/mL SGF for 72 h and subsequently subjected to Transwell migration
assays using 20% FBS in DMEM as the chemoattractant. A total of 200,000 cells were seeded
into Transwells and allowed to migrate for 8 h. Subsequently, the non-migrating cells on
the upper side of the membrane surface were wiped off with a cotton swab, while the
migrating cells were fixed in 4% paraformaldehyde for 2 min, followed by washing with
PBS three times. The membrane was then stained with 0.5% crystal violet solution for
5 min, followed by washing with PBS three times. The membrane was air-dried and then
photographed with a light microscope (Axiover200, Zeiss, Oberkochen, Germany). The
number of migrated cells was quantified by Image] 1.40g.

4.9. RNA Sequencing and Data Analysis

Tumor samples from each group of mice were subjected to RNA sequencing. To-
tal RNA was isolated and purified using the TRIzol reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. The RNA integrity was assessed
with a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) with RIN number > 7.0 and con-
firmed by electrophoresis with a denaturing agarose gel. RNA sequencing was performed
using the Illumina NovaSeq™ 6000 platform (LC-Bio Technology CO., Ltd., Hangzhou,
China), generating 2 x 150 bp paired-end reads. The Cutadapt software (https:/ /cutadapt.
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readthedocs.io/en/stable/, accessed on 22 July 2020) was used to remove reads containing
adaptor contamination. The reads of all samples were aligned to the mouse mm10 reference
genome using the HISAT?2 software (https://daehwankimlab.github.io/hisat2/, accessed
on 22 July 2020). The mapped reads from each sample were assembled using StringTie
(http://ccb.jhu.edu/software/stringtie/, accessed on 22 July 2020) with the default pa-
rameters. StringTie and ballgown (http:/ /www.bioconductor.org/packages/release/bioc/
html/ballgown.html, accessed on 22 July 2020) were used to estimate the expression lev-
els of all transcripts and determine the expression levels of mRNAs by calculating the
FPKM. The differentially expressed genes (DEGs) were selected using the DESeq?2 software
version 3.20 with a cut-off of p-value < 0.05 and absolute fold change > 1.5. Gene Ontol-
ogy (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis were used to analyze the main functions of the DEGs according to the
NCBI Gene Ontology database. An adjusted p-value < 0.05 was set as the threshold for
significantly enriched GO terms and KEGG pathways.

4.10. Fatty Acid-Dependent Sensitization of Ferroptosis

MC38 cells were plated onto 96-well plates at a density of 1 x 10* per well. After
overnight incubation, the cells were treated or left untreated with 0.1 mM oleic acid or
fatty acids + 2 uM Ferrostatin-1 for 60 min. Subsequently, the cells were treated simulta-
neously with fatty acids with 2 uM Erastin, a specific ferroptosis inducer, in the presence
or absence of 0.125 mg/mL SGF for 48 h, and the cell viability was evaluated using the
MTT assay [34,36].

4.11. ROS and Lipid Peroxidation Staining

After Transwell coculture, the MC38 cells were digested with trypsin and collected.
The cells were incubated for 30 min at 37 °C with DCFH-DA for ROS detection or C11-
BODIPY 581/591 (Invitrogen) for lipid peroxidation assessment [34,56]. The ROS and lipid
peroxidation levels were imaged using fluorescence microscopy or analyzed on a flow
cytometer (CytoFLEX, Beckman Coulter, Brea, CA, USA) using the CytExpert 2.4 software.

4.12. Malondialdehyde (MDA) Assay

As a major indicator of lipid peroxidation, the content of MDA in the cells was detected
with an MDA assay kit (Dojindo Laboratories, Kumamoto, Japan, M496), according to the
manufacturer’s instructions. Briefly, cells were homogenized in lysis buffer, incubated with
thiobarbituric acid at 95 °C for 15 min, and centrifuged, and the supernatant was evaluated
on a fluorescence microplate reader (Varioskan Flash, ThermoFisher, Waltham, MA, USA).
Then, the MDA content was calculated using the standard calibration curve supplied in the
kit, normalized to the protein concentration, and expressed as nmol/mg protein.

4.13. Glutathione Assay

A glutathione assay kit (Beyotime, S0053, Haimen, China) was used to measure the
content of GSH [34]. The cells were collected, washed twice with ice-cold PBS, lysed
by freezing and thawing them twice in liquid nitrogen at 37 °C, and centrifuged. The
supernatant was collected and used for the assays, referring to the manufacturer’s protocols.
GSH and oxidized GSH (GSSG) standard solutions and samples were loaded into 96-well
plates. Next, a buffer solution was added to each well, and the plate was incubated at
25 °C for 5 min. A NADPH solution was then added to each well, the plate was incubated
at 25 °C for 30 min, and the absorbance was read at 412 nm using a microplate reader.
The content of GSSG was subtracted from the amount of total glutathione (GSSG + GSH)
to calculate the content of GSH, which was then normalized to the total protein level
in each sample.


https://cutadapt.readthedocs.io/en/stable/
https://cutadapt.readthedocs.io/en/stable/
https://cutadapt.readthedocs.io/en/stable/
https://daehwankimlab.github.io/hisat2/
http://ccb.jhu.edu/software/stringtie/
http://www.bioconductor.org/packages/release/bioc/html/ballgown.html
http://www.bioconductor.org/packages/release/bioc/html/ballgown.html

Int. J. Mol. Sci. 2025, 26, 2476

15 of 18

References

4.14. Tumor Xenograft Model

After 10 weeks of dietary treatment, mice were injected subcutaneously in the right
flank with 6 x 10° MC38 cells [57]. Once palpable tumors were present, LFD and HFD
mice were both randomly assigned to receive oral administration with either 62.5 mg/kg
SGF or the same volume of saline once daily for four weeks.

Body weights and tumor sizes were measured every two days. The tumor size was
measured using a digital slide caliper and volumes (mm?) were calculated as follows:
tumor volume (mm?) = L x W?/2, where L is the length of the tumor and W is the width of
the tumor. Mice were euthanized with a lethal dose of CO, inhalation after the final drug
administration and tumors were carefully excised and weighed.

4.15. Western Blotting

Total protein from cells or tissues was harvested with ice-cold RIPA buffer plus a
protease inhibitor and further quantified using a BCA Protein Assay Kit (KeyGEN BioTECH,
Nanjing, China). Equivalent amounts of protein were separated on 10% SDS-PAGE and
transblotted onto a 0.22 um PVDF membrane (Bio-Rad, Hercules, CA, USA). Membranes
were blocked with 5% skimmed milk (w/v) in TBST buffer for 1 h and immunoblotted with
the indicated primary antibodies with gentle rocking overnight at 4 °C. Subsequently, they
were further incubated with the corresponding secondary antibodies (HUABIO, 1:1000) for
1.5 h at room temperature. Finally, specific protein bands were visualized and quantified
using the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). Data
normalization was performed using the bands of (3-actin (1:1000 dilution).

4.16. Statistical Analyses

Data were presented as means £ SD and examined for their statistical significance
with an analysis of variance (ANOVA) and Student’s t-test after a normality test. The
analyses and graphs were performed using the GraphPad Prism 8.0 software (GraphPad
Software, San Diego, CA, USA). p-values of less than 0.05 were considered statistically
significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26062476/s1.

Author Contributions: Conceptualization, J.T. and J.X.; methodology, ].T. and Z.C.; investigation,
J.T., Z.P, ]J.C. and K.Z,; resources, D.W.; funding acquisition, ].X. and J.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Zhejiang Provincial Natural Science Foundation
of China (No. LY23H290001) and the Research Project of Zhejiang Chinese Medical University
(No. 2022JKZKTS23).

Institutional Review Board Statement: All animal experimental procedures were approved by
the Committee on the Ethics of Animal Experiments of Zhejiang Chinese Medical University
(IACUC-20190923-15).

Informed Consent Statement: Not applicable.
Data Availability Statement: All data are available as Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Siegel, R.L; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17-48. [CrossRef] [PubMed]
2. Arnold, M.; Sierra, M.S.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Patterns and Trends in Colorectal Cancer
Incidence and Mortality. Gut 2017, 66, 683-691. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms26062476/s1
https://www.mdpi.com/article/10.3390/ijms26062476/s1
https://doi.org/10.3322/caac.21763
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.1136/gutjnl-2015-310912
https://www.ncbi.nlm.nih.gov/pubmed/26818619

Int. J. Mol. Sci. 2025, 26, 2476 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Siegel, R.L.; Wagle, N.S.; Cercek, A.; Smith, R.A.; Jemal, A. Colorectal cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 233-254.
[CrossRef] [PubMed]

Avgerinos, K.I; Spyrou, N.; Mantzoros, C.S.; Dalamaga, M. Obesity and cancer risk: Emerging biological mechanisms and
perspectives. Metab. Clin. Exp. 2019, 92, 121-135. [CrossRef]

Dai, Z.; Xu, Y.C.; Niu, L. Obesity and colorectal cancer risk: A meta-analysis of cohort studies. World J. Gastroenterol. 2007, 13,
4199-4206. [CrossRef]

Hidayat, K.; Yang, C.M.; Shi, B.M. Body fatness at an early age and risk of colorectal cancer. Int. ]. Cancer 2018, 142, 729-740.
[CrossRef]

Calle, E.E.; Kaaks, R. Overweight, obesity and cancer: Epidemiological evidence and proposed mechanisms. Nat. Rev. Cancer
2004, 4, 579-591. [CrossRef]

Bardou, M.; Roulan, A.; Martel, M.; Loffroy, R.; Barkun, A.N.; Chapelle, N. Review article: Obesity and colorectal cancer. Aliment.
Pharmacol. Ther. 2022, 56, 407-418. [CrossRef]

Cao, Y.H. Adipocyte and lipid metabolism in cancer drug resistance. J. Clin. Investig. 2019, 129, 3006-3017. [CrossRef]

Kolb, R; Sutterwala, ES.; Zhang, W. Obesity and cancer: Inflammation bridges the two. Curr. Opin. Pharmacol. 2016, 29, 77-89.
[CrossRef]

Iyengar, N.M.; Hudis, C.A.; Dannenberg, A.]. Obesity and cancer: Local and systemic mechanisms. Annu. Rev. Med. 2015, 66,
297-309. [CrossRef]

Mishra, A.K.; Dubey, V.; Ghosh, A.R. Obesity: An overview of possible role(s) of gut hormones, lipid sensing and gut microbiota.
Metabolism 2016, 65, 48-65. [CrossRef] [PubMed]

Nenkov, M.; Ma, Y.X,; Gafller, N.; Chen, Y. Metabolic Reprogramming of Colorectal Cancer Cells and the Microenvironment:
Implication for Therapy. Int. . Mol. Sci. 2021, 22, 6262. [CrossRef] [PubMed]

Wen, Y.A.; Xing, X.P.,; Harris, ].W.; Zaytseva, Y.Y.; Mitov, M.I.; Napier, D.L.; Weiss, H.L.; Evers, B.M.; Gao, T. Adipocytes activate
mitochondrial fatty acid oxidation and autophagy to promote tumor growth in colon cancer. Cell Death Dis. 2017, 8, e2593.
[CrossRef] [PubMed]

Nimri, L.L.; Peri, I; Yehuda-Shnaidman, E.; Schwartz, B. Adipocytes isolated from visceral and subcutaneous depots of donors
differing in BMI crosstalk with colon cancer cells and modulate their invasive phenotype. Transl. Oncol. 2019, 12, 1404-1415.
[CrossRef] [PubMed]

Nieman, K.M.; Kenny, H.A.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt, M.R.; Romero, I.L.; Carey, M.S.; Mills, G.B.;
Hotamisligil, G.S.; et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat. Med.
2011, 17, 1498-1503. [CrossRef]

Wang, Y.Y.; Attané, C.; Milhas, D.; Dirat, B.; Dauvillier, S.; Guerard, A.; Gilhodes, J.; Lazar, I.; Alet, N.; Laurent, V.; et al. Mammary
adipocytes stimulate breast cancer invasion through metabolic remodeling of tumor cells. JCI Insight 2017, 2, e87489. [CrossRef]
Zhang, M.; Di Martino, J.S.; Bowman, R.L.; Campbell, N.R.; Baksh, S.C.; Simon-Vermot, T.; Kim, I.S.; Haldeman, P.; Mondal, C.;
Yong-Gonzales, V.; et al. Adipocyte-derived lipids mediate melanoma progression via FATP proteins. Cancer Discov. 2018, 8,
1006-1025. [CrossRef]

Wu, H.; Wang, Y; Zhang, B,; Li, Y.L.; Ren, Z.X,; Huang, ].J.; Zhang, Z.Q.; Lin, Z.J.; Zhang, X.M. Smilax glabra Roxb.: A Review of
Its Traditional Usages, Phytochemical Constituents, Pharmacological Properties, and Clinical Application. Drug Des. Devel. Ther.
2022, 16, 3621-3643. [CrossRef]

Willy, S.; Jadhav, R.N.; Pimpliskar, M.; Vaidya, V. Study of bactericidal potency of Smilax glabra rhizome. Int. ]. Pharmacogn.
Phytochem. Res. 2015, 1, 117-118.

Di, T.T.; Ruan, Z.T.; Zhao, ] X.; Wang, Y.; Liu, X.; Wang, Y.; Li, P. Astilbin inhibits Th17 cell differentiation and ameliorates
imiquimod-induced psoriasis-like skin lesions in BALB/c mice via Jak3/Stat3 signaling pathway. Int. Immunopharmacol. 2016, 32,
32-38. [CrossRef] [PubMed]

Zhao, X.; Chen, R; Shi, Y; Zhang, X.; Xia, D. Antioxidant and anti-inflammatory activities of six flavonoids from Smilax glabra
Roxb. Molecules 2020, 25, 5295. [CrossRef] [PubMed]

Chen, T.; Li, J.; Cao, J.; Xu, Q.; Komatsu, K.; Namba, T. A new flavanone isolated from rhizoma Smilacis glabrae and the structural
requirements of its derivatives for preventing immunological hepatocyte damage. Planta Med. 1999, 65, 56-59. [CrossRef]
[PubMed]

Sa, F; Gao, J.L.; Fung, K.P; Zheng, Y.; Lee, S.M.-Y.; Wang, Y.-T. Anti-proliferative and pro-apoptotic effect of Smilax glabra Roxb.
extract on hepatoma cell lines. Chem. Biol. Interact. 2008, 171, 1-14. [CrossRef]

She, T.; Zhao, C.; Feng, J., Wang, L.; Qu, L.; Fang, K.; Cai, S.; Shou, C. Sarsaparilla (Smilax glabra thizome) extract inhibits migration
and invasion of cancer cells by suppressing TGF-31 pathway. PLoS ONE 2015, 10, e118287. [CrossRef]

Kwon, O.Y; Ryu, S.; Choi, ] K. Smilax glabra Roxb. inhibits collagen induced adhesion and migration of PC3 and LNCaP prostate
cancer cells through the inhibition of beta 1 integrin expression. Molecules 2020, 25, 3006. [CrossRef]


https://doi.org/10.3322/caac.21772
https://www.ncbi.nlm.nih.gov/pubmed/36856579
https://doi.org/10.1016/j.metabol.2018.11.001
https://doi.org/10.3748/wjg.v13.i31.4199
https://doi.org/10.1002/ijc.31100
https://doi.org/10.1038/nrc1408
https://doi.org/10.1111/apt.17045
https://doi.org/10.1172/JCI127201
https://doi.org/10.1016/j.coph.2016.07.005
https://doi.org/10.1146/annurev-med-050913-022228
https://doi.org/10.1016/j.metabol.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26683796
https://doi.org/10.3390/ijms22126262
https://www.ncbi.nlm.nih.gov/pubmed/34200820
https://doi.org/10.1038/cddis.2017.21
https://www.ncbi.nlm.nih.gov/pubmed/28151470
https://doi.org/10.1016/j.tranon.2019.07.010
https://www.ncbi.nlm.nih.gov/pubmed/31400580
https://doi.org/10.1038/nm.2492
https://doi.org/10.1172/jci.insight.87489
https://doi.org/10.1158/2159-8290.CD-17-1371
https://doi.org/10.2147/DDDT.S374439
https://doi.org/10.1016/j.intimp.2015.12.035
https://www.ncbi.nlm.nih.gov/pubmed/26784569
https://doi.org/10.3390/molecules25225295
https://www.ncbi.nlm.nih.gov/pubmed/33202848
https://doi.org/10.1055/s-1999-13963
https://www.ncbi.nlm.nih.gov/pubmed/10083847
https://doi.org/10.1016/j.cbi.2007.08.012
https://doi.org/10.1371/journal.pone.0118287
https://doi.org/10.3390/molecules25133006

Int. J. Mol. Sci. 2025, 26, 2476 17 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Shou, Q.; Pan, S.; Tu, J.; Jiang, J.; Ling, Y.; Cai, Y.; Chen, M.; Wang, D. Modulation effect of Smilax glabra flavonoids on ryanodine
receptor mediated intracellular Ca?* release in cardiomyoblast cells. J. Ethnopharmacol. 2013, 150, 389-392. [CrossRef]

Fu, D.T; Zhou, J.E; Xu, S.C.; Tu, J.; Cai, Y.; Liu, J.; Cai, Z.; Wang, D. Smilax glabra Roxb. flavonoids protect against pathological
cardiac hypertrophy by inhibiting the Raf/MEK/ERK pathway: In vivo and in vitro studies. J. Ethnopharmacol. 2022, 292, 115213.
[CrossRef]

Luo, Q.; Cai, Z.; Tu, J; Ling, Y.; Wang, D.; Cai, Y. Total flavonoids from Smilax glabra Roxb blocks epithelial-mesenchymal
transition inhibits renal interstitial fibrosis by targeting miR-21/PTEN signaling. J. Cell. Biochem. 2019, 120, 3861-3873. [CrossRef]
Guo, Y;; Mao, W,; Jin, L.; Xia, L.; Huang, J.; Liu, X.; Ni, P,; Shou, Q.; Fu, H. Flavonoid Group of Smilax glabra Roxb. Regulates the
Anti-Tumor Immune Response Through the STAT3/HIF-1 Signaling Pathway. Front. Pharmacol. 2022, 13, 918975. [CrossRef]
Tu, J.; Deng, L.Q.; Ling, Y.; Zhu, K.; Cai, Y.; Wang, D.; Cai, Z. Transcriptome profiling reveals multiple pathways responsible for
the beneficial metabolic effects of Smilax glabra flavonoids in mouse 3T3-L1 adipocytes. Biomed. Pharmacother. 2020, 125, 110011.
[CrossRef] [PubMed]

Zhao, L.; Qi, Z.Y,; Yi, L.; Li, J.; Cui, Y,; Rehman, FU.; Yang, J.; Liu, J.; Li, Y.; Zhang, J. The interaction between gut microbiota and
flavonoid extract from Smilax glabra Roxb. and its potent alleviation of fatty liver. Food Funct. 2021, 12, 7836-7850. [CrossRef]
[PubMed]

Wei, G.; Sun, H.L.; Dong, K.; Hu, L.; Wang, Q.; Zhuang, Q.; Zhu, Y.; Zhang, X.; Shao, Y.; Tang, H.; et al. The thermogenic activity
of adjacent adipocytes fuels the progression of ccRCC and compromises anti-tumor therapeutic efficacy. Cell Metab. 2021, 33,
2021-2039. [CrossRef] [PubMed]

Zhang, X.L.; Li, WW.; Ma, YM,; Zhao, X.; He, L.; Sun, P.; Wang, H. High-fat diet aggravates colitis-associated carcinogenesis by
evading ferroptosis in the ER stress-mediated pathway. Free Radic. Biol. Med. 2021, 177, 156-166. [CrossRef]

Dixon, S.J.; Lemberg, KM.; Lamprecht, M.R; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.].; Cantley, A.M.; Yang,
W.S,; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060-1072. [CrossRef]

Lee, H.; Zandkarimi, F; Zhang, Y.L.; Meena, ] K.; Kim, J.; Zhuang, L.; Tyagi, S.; Ma, L.; Westbrook, T.F.; Steinberg, G.R.; et al.
Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. 2020, 22, 225-234. [CrossRef]

Yang, W.S.; Stockwell, B.R. Ferroptosis: Death by lipid peroxidation. Trends Cell Biol. 2016, 26, 165-176. [CrossRef]

Stockwell, B.R.; Angeli, ].PF,; Bayir, H.; Bush, A.L; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascén, S.; Hatzios, S.K.; Kagan, V.E.; et al.
Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and disease. Cell 2017, 171, 273-285. [CrossRef]
Yan, H.; Talty, R.; Johnson, C.H. Targeting ferroptosis to treat colorectal cancer. Trends Cell Biol. 2023, 33, 185-188. [CrossRef]

Su, YW.; Zhao, B.; Zhou, L.F;; Zhang, Z.Y.; Shen, Y.; Lv, H.H.; AlQudsy, L.H.H.; Shang, P. Ferroptosis, a novel pharmacological
mechanism of anti-cancer drugs. Cancer Lett. 2020, 483, 127-136. [CrossRef]

Sun, J.; Esplugues, E.; Bort, A.; Cardelo, M.P,; Ruz-Maldonado, I.; Fernandez-Tussy, P.; Wong, C.; Wang, H.; Ojima, I.; Kaczocha,
M.; et al. Fatty acid binding protein 5 suppression attenuates obesity-induced hepatocellular carcinoma by promoting ferroptosis
and intratumoral immune rewiring. Nat. Metab. 2024, 6, 741-763. [CrossRef] [PubMed]

Ruze, R; Chen, Y;; Song, J.L.; Xu, R.; Yin, X.; Xu, Q.; Wang, C.; Zhao, Y. Enhanced cytokine signaling and ferroptosis defense
interplay initiates obesity-associated pancreatic ductal adenocarcinoma. Cancer Lett. 2024, 601, 217162. [CrossRef] [PubMed]
Hardie, D.G. Molecular pathways: Is AMPK a friend or a foe in cancer? Clin. Cancer Res. 2015, 21, 3836-3840. [CrossRef]
[PubMed]

Shackelford, D.B.; Shaw, R.J. The LKB1-AMPK pathway: Metabolism and growth control in tumor suppression. Nat. Rev. Cancer
2009, 9, 563-575. [CrossRef]

Chhipa, R.R;; Fan, Q.; Anderson, J.; Muraleedharan, R.; Huang, Y.; Ciraolo, G.; Chen, X.; Waclaw, R.; Chow, LM.; Khuchua, Z,;
et al. AMP kinase promotes glioblastoma bioenergetics and tumor growth. Nat. Cell Biol. 2018, 20, 823-835. [CrossRef]

Kishton, R.J.; Barnes, C.E.; Nichols, A.G.; Cohen, S.; Gerriets, V.A.; Siska, PJ.; Macintyre, A.N.; Goraksha-Hicks, P.; de Cubas, A.A;
Liu, T,; et al. AMPK is essential to balance glycolysis and mitochondrial metabolism to control T-ALL cell stress and survival. Cell
Metab. 2016, 23, 649-662. [CrossRef]

Eichner, L].; Brun, S.N.; Herzig, S.; Young, N.P; Curtis, S.D.; Shackelford, D.B.; Shokhirev, M.N.; Leblanc, M.; Vera, L.I; Hutchins,
A_; et al. Genetic analysis reveals AMPK is required to support tumor growth in murine Kras-dependent lung cancer models. Cell
Metab. 2018, 29, 285-302. [CrossRef]

Jeon, S.M.; Chandel, N.S.; Hay, N. AMPK regulates NADPH homeostasis to promote tumour cell survival during energy stress.
Nature 2012, 485, 661-665. [CrossRef]

Guo, T.L.; Yan, W.H,; Cui, X,; Liu, N.; Wei, X.; Sun, Y.; Fan, K.; Liu, J.; Zhu, Y.; Wang, Z.; et al. Liraglutide attenuates type 2
diabetes mellitus-associated non-alcoholic fatty liver disease by activating AMPK/ACC signaling and inhibiting ferroptosis. Mol.
Med. 2023, 29, 132. [CrossRef]

Li, C,; Dong, X.; Du, W,; Shi, X.; Chen, K.; Zhang, W.; Gao, M. LKB1-AMPK axis negatively regulates ferroptosis by inhibiting
fatty acid synthesis. Signal Transduct. Target. Ther. 2020, 5, 1. [CrossRef]


https://doi.org/10.1016/j.jep.2013.08.009
https://doi.org/10.1016/j.jep.2022.115213
https://doi.org/10.1002/jcb.27668
https://doi.org/10.3389/fphar.2022.918975
https://doi.org/10.1016/j.biopha.2020.110011
https://www.ncbi.nlm.nih.gov/pubmed/32106371
https://doi.org/10.1039/D1FO00727K
https://www.ncbi.nlm.nih.gov/pubmed/34235516
https://doi.org/10.1016/j.cmet.2021.08.012
https://www.ncbi.nlm.nih.gov/pubmed/34508696
https://doi.org/10.1016/j.freeradbiomed.2021.10.022
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.tcb.2022.11.003
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1038/s42255-024-01019-6
https://www.ncbi.nlm.nih.gov/pubmed/38664583
https://doi.org/10.1016/j.canlet.2024.217162
https://www.ncbi.nlm.nih.gov/pubmed/39127339
https://doi.org/10.1158/1078-0432.CCR-14-3300
https://www.ncbi.nlm.nih.gov/pubmed/26152739
https://doi.org/10.1038/nrc2676
https://doi.org/10.1038/s41556-018-0126-z
https://doi.org/10.1016/j.cmet.2016.03.008
https://doi.org/10.1016/j.cmet.2018.10.005
https://doi.org/10.1038/nature11066
https://doi.org/10.1186/s10020-023-00721-7
https://doi.org/10.1038/s41392-019-0089-y

Int. J. Mol. Sci. 2025, 26, 2476 18 of 18

51.

52.

53.

54.

55.

56.

57.

Li, F; Hao, S.Y;; Gao, ].; Jiang, P. EGCG alleviates obesity-exacerbated lung cancer progression by STAT1/SLC7A11 pathway and
gut microbiota. J. Nutr. Biochem. 2023, 120, 109416. [CrossRef] [PubMed]

Yang, W.S.; Kim, K.J.; Gaschler, M.M.; Patel, M.; Shchepinov, M.S.; Stockwell, B.R. Peroxidation of polyunsaturated fatty acids by
lipoxygenases drives ferroptosis. Proc. Natl. Acad. Sci. USA 2016, 113, E4966-E4975. [CrossRef] [PubMed]

Zhang, Y.X,; Li, S.Y,; Li, EZ,; Lv, C.S.; Yang, Q.K. High-fat diet impairs ferroptosis and promotes cancer invasiveness via
downregulating tumor suppressor ACSL4 in lung adenocarcinoma. Biol. Direct. 2021, 16, 10. [CrossRef] [PubMed]

Matthews, D.R.; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.E; Turner, R.C. Homeostasis model assessment: Insulin
resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412—419.
[CrossRef]

Du, X.H.; Ke, S.B.; Liang, X.Y.; Gao, ].; Xie, X.-X,; Qi, L.-Z.; Liu, X.-Y.; Xu, G.-Y.; Zhang, X.-D.; Du, R.-L.; et al. USP14 promotes
colorectal cancer progression by targeting JNK for stabilization. Cell Death Dis. 2023, 14, 56. [CrossRef]

Cai, ZW.; Deng, L.Q.; Fan, Y.Y,; Ren, YJ; Ling, Y.; Tu, J.; Cai, Y.Q.; Xu, X.P.; Chen, M.L. Dysregulation of ceramide metabolism is
linked toiron deposition and activation of related pathways in the aorta of atherosclerotic miniature pigs. Antioxidants 2023, 13, 4.
[CrossRef]

Ringel, A.E.; Drijvers, ].M.; Baker, G.J.; Catozzi, A.; Garcia-Canaveras, ].C.; Gassaway, B.M.; Miller, B.C.; Juneja, V.R.; Nguyen,
T.H.; Joshi, S.; et al. Obesity shapes metabolism in the tumor microenvironment to suppress anti-tumor immunity. Cell 2020, 183,
1848-1866. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jnutbio.2023.109416
https://www.ncbi.nlm.nih.gov/pubmed/37451475
https://doi.org/10.1073/pnas.1603244113
https://www.ncbi.nlm.nih.gov/pubmed/27506793
https://doi.org/10.1186/s13062-021-00294-7
https://www.ncbi.nlm.nih.gov/pubmed/34053456
https://doi.org/10.1007/BF00280883
https://doi.org/10.1038/s41419-023-05579-5
https://doi.org/10.3390/antiox13010004
https://doi.org/10.1016/j.cell.2020.11.009

	Introduction 
	Results 
	SGF Exhibited Cytotoxic Effects Towards Obesity-Associated Colorectal Cancer 
	SGF Inhibited the Growth of MC38 Allografts in Obese Mice 
	Transcripome Analysis Suggested the Involvement of the AMPK and Ferroptosis Pathways in Tumors Treated with SGF 
	SGF Induced Ferroptosis and Dictated Ferroptosis Sensitivity in MC38 Cells in aHigh-Fat Environment 
	SGF Suppressed AMPK Activation, Contributing to Ferroptosis in Obesity-Associated CRC 

	Discussion 
	Materials and Methods 
	Regents 
	Smilax glabra Flavonoid Preparation 
	Cell Culture and Differentiation 
	Mice and Dietary Treatment 
	Oil Red O Lipid Staining 
	Conditioned Medium (CM) Collection and Transwell Coculture 
	Cell Viability Assay 
	Cell Migration Assay 
	RNA Sequencing and Data Analysis 
	Fatty Acid-Dependent Sensitization of Ferroptosis 
	ROS and Lipid Peroxidation Staining 
	Malondialdehyde (MDA) Assay 
	Glutathione Assay 
	Tumor Xenograft Model 
	Western Blotting 
	Statistical Analyses 

	References

