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Tianma granules: Bridging traditional medicine and modern science to combat colorectal cancer via ferroptosis.
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ses demonstrated TMG-mediated downregulation of SLC7A11 and GPX4, alongside upregulation of SAT1,
PTGS2, and GLS2 (p < 0.05). In xenograft models, high-dose TMG (23.2 g/kg) reduced tumor volume,
attenuated cachexia, and elevated intratumoral ROS and Fe?* levels (p < 0.01), corroborating ferroptosis
induction in vivo.
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Conclusions: TMG suppresses CRC progression by inducing ferroptosis via dual inhibition of SLC7A11/
GPX4 and activation of SAT1/PTGS2/GLS2. This study bridges traditional medicine and ferroptosis biol-
ogy, positioning TMG as a novel therapeutic candidate for CRC.
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1. Introduction

Colorectal cancer (CRC) remains a leading contributor to cancer-
related morbidity and mortality worldwide, highlighting the
imperative for novel therapeutic strategies to improve patient out-
comes [1]. Current treatment options, including chemotherapy and
targeted therapies, often face challenges such as drug resistance
and adverse side effects, thereby emphasizing the urgent need
for alternative treatment approaches [2]. Recent research has elu-
cidated several molecular pathways and genetic alterations that
drive CRC progression, particularly the activation of oncogenic sig-
naling pathways and the disruption of tumor suppressor gene
functions [3]. However, despite significant advancements in under-
standing CRC pathophysiology, there is a notable gap in the explo-
ration of traditional medicinal therapies and their potential roles in
CRC management.

The patented formulation of Tianma Granules is utilized in the
treatment of colorectal cancer and comprises several critical compo-
nents: centipede and scorpion, which are employed for their toxin-
counteracting properties; seaweed and Nanxing, which facilitate
the transformation of phlegm and the softening of hard masses;
Huangbo and Banbianlian, which are used for their heat-clearing
and detoxifying effects; Sanleng and Dahuang, which promote blood
circulation and resolve stasis; and Huangqi and Shanyao, which are
included for their Qi tonifying and spleen-strengthening capabilities.
This formulation is designed to eradicate pathogens while preserving
the body’s vital energy and to bloster the body’s defenses against the
recurrence of pathogens. Empirical research suggests that Tianma
Granules can enhance the quality of life and extend survival in
patients with advanced colorectal cancer, inhibit postoperative
recurrence, and mitigate toxic side effects [4,5,6,7]. Despite its nota-
ble clinical efficacy, current research is predominantly confined to
single targets and pathways; thus, a more comprehensive under-
standing of the intricate mechanisms underlying this compound is
imperative. The integrated strategy combining network pharmacol-
ogy and experimental validation, as outlined in Fig. 1, systematically
explores TMG’s multi-target mechanisms against CRC through fer-
roptosis modulation.

The integration of network pharmacology with experimental
validation presents a promising approach for elucidating the mech-
anisms through which TMG may contribute to CRC treatment. Net-
work pharmacology utilizes a systems biology approach to
elucidate the intricate interactions between pharmacological
agents and biological systems, thereby providing insights into the
molecular networks that underpin drug actions [8,9,10]. By inte-
grating bioinformatics analyses with empirical data, researchers
can identify key gene targets and signaling pathways modulated
by TMG, offering a comprehensive understanding of its therapeutic
potential in CRC.

Ferroptosis, a regulated form of cell death characterized by
iron-dependent lipid peroxidation, has recently emerged as a sig-
nificant factor in cancer biology [11]. Dysregulation of
ferroptosis-related pathways has been associated with tumorigen-
esis and cancer progression, making it an attractive target for ther-
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apeutic interventions. Preliminary findings indicate that TMG may
induce ferroptosis in CRC cells by modulating the expression of
crucial genes involved in this mechanism, including SLC7A11 and
GPX4. These observations highlight the need for an in-depth inves-
tigation into the manner in which TMG affects ferroptosis and the
subsequent ramifications for CRC treatment.

This study aims to systematically examine the impact of TMG
on the proliferation of CRC cells and to elucidate the molecular
mechanisms at play, with a specific focus on the expression of
genes associated with ferroptosis and their related pathways.

2. Materials and methods
2.1. Study design and workflow

The three-phase experimental framework comprises: Target
Screening Phase: Integrated network pharmacology analysis of
CRC and ferroptosis targets from TCGA, OMIM, etc. In Vitro Valida-
tion: CRISPR-based screening of ferroptosis markers (ROS, Fe?*,
mitochondrial). In Vivo Evaluation: Subcutaneous xenograft model
establishment for assessing TMG’s antitumor efficacy.

2.2. Network pharmacology

2.2.1. Identification of colorectal cancer targets and ferroptosis

Related Genes: Relevant genes associated with “colorectal
cancer” were identified using the following five databases: Gene-
Cards (https://www.genecards.org/), OMIM (https://www.omim.
org/), PharmGKB (https://www.pharmgkb.org/), TTD (https://db.
idrblab.net/ttd/), and DisGeNET (https://www.disgenet.org/). Gen-
eCards Database targets retaining 'Experimental evidence’ tags (in-
cluding ’'Biochemical assay’, 'RNAi’, 'CRISPR’, and ’Antibody’
validation levels) were prioritized. All predictions exclusively rely-
ing on text mining or homology analyses were discarded. The Venn
package in R was employed to determine the common genes iden-
tified across these databases. For genes related to ferroptosis, the
FerrDb database (https://www.zhounan.org/ferrdb/current/) was
consulted. Subsequently, the Venn package was utilized again to
find the intersection between the colorectal cancer-related targets
and ferroptosis-associated genes.

2.2.2. Screening of active ingredients and targets of Tianma granules

The eight herbal constituents of Tianma granules, namely
“Huangbai” (Phellodendron), “Sanleng” (Rhizoma Sparganii),
“Dan Nanxing” (Arisaema), “Haizao” (Sargassum), ‘“Huangqi”
(Astragalus), “Shanyao” (Chinese Yam), and “Shu Dahuang” (Pro-
cessed Rhubarb), were meticulously selected. The selection criteria
included oral bioavailability (OB) > 30% and drug likeness
(DL) > 0.18. The identification of effective active components and
their targets is conducted utilizing the Traditional Chinese Medi-
cine Systems Pharmacology Database and Analysis Platform
(TCMSP) (https://old.tcmsp-e.com/tcmsp.php) [12].

For the animal-derived medicines “Scorpion” (Scorpio) and
“Centipede” (Scolopendra), an exhaustive search is performed
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Fig. 1. Network pharmacology and functional enrichment analysis of Tianma granules (TMGs) in colorectal cancer ferroptosis regulation. (A) Venn diagram showing CRC-
associated targets from five databases (GeneCards, OMIM, PharmGKB, TTD, DisGeNET). (B) Intersection of 382 ferroptosis genes (FerrDb) with CRC targets. (C) PPI network of
TMG-CRC-ferroptosis targets, highlighting top hub genes (PTGS2, GPX4, SLC7A11). (D) TMG-CRC-ferroptosis regulatory network with color-coded nodes: herbal components
(purple), genes (blue), and shared targets (red). (E) Top 30 hub targets ranked by node connectivity. (F) GO enrichment: oxidative stress (biological processes), mitochondrial
membranes (cellular components), transcription factor binding (molecular functions). (G) KEGG pathway enrichment: bubble size = gene count; color = adjusted p — value.
(H) KEGG pathway-target network: red nodes = pathways, yellow nodes = targets. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

across databases such as CNKI, Wanfang, Weipu, the China
Biomedical Literature Database, and PubMed to compile all rele-
vant chemical constituents [13,14,15]. The previously acquired
chemical components are then explored in the TCMSP database,
the Traditional Chinese Medicine Integrated Pharmacology
Research Platform (TCMIP), and the Comparative Toxicogenomics
Database (CTD) (https://ctdbase.org/) [16] to document the corre-
sponding target proteins or genes for each component. Finally, a
computational script is utilized to integrate the chemical con-
stituents with their respective target proteins.

2.2.3. Network diagram of potential target genes in TMG-CRC-
Ferroptosis

The Venn package was utilized to identify the intersection of
CRC and ferroptosis-related targets with the target genes of Tianma
granules, thereby identifying co-expressed targets linked to dis-
eases, phenotypes, and pharmaceuticals. Furthermore, a Perl script
and Cytoscape 3.8.2 software [17] (available at https://www.cy-
toscape.org/) were employed to integrate the active components
and construct the target co-expression network diagram for
Tianma granules in the management of colorectal cancer. Within
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the network, circular nodes of various colors represent distinct
drugs and target genes or proteins, while the connecting lines illus-
trate the relationships between compounds and co-expressed
targets.

2.2.4. Protein-Protein Interaction Networks (PPI) and potential target
screening

The STING database [18] (https://cn.string-db.org/) was used to
analyze protein-protein interactions of co-expressed targets
related to CRC, ferroptosis, and Tianma granules. Networks were
generated with high-confidence edges (interaction score >0.7),
and interactions supported merely by co-expression or database
co-occurrence evidence were eliminated. The species information
was set to human, and unconnected nodes were excluded. The
resulting protein interaction network will be analyzed using R lan-
guage to determine the expression levels of key target proteins,
based on node connectivity.

2.2.5. Gene Ontology (GO) Function and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis

The org.hs.eg package will be utilized to convert target IDs. Sub-
sequently, GO and KEGG pathway enrichment analyses will be
conducted using the cluster Profiler, DOSE, and enrichment plot
packages, with a significance threshold set at p < 0.05. The GO
enrichment results, encompassing biological processes (BPs), cellu-
lar components (CCs), and molecular functions (MFs), will be illus-
trated through bar charts. The KEGG pathway enrichment results
will be depicted using bubble plots. Additionally, Cytoscape will
be employed to visualize the KEGG enrichment network, where
node size indicates varying levels of enrichment and the connec-
tions between nodes represent the relationships between targets
and pathways.

2.3. Cell culture

Human colorectal cancer cell lines SW620 and HT29 were pro-
cured from the Shanghai Cell Bank of the Chinese Academy of
Sciences. Both SW620 and HT29 cells were cultured in DMEM
medium (11995-065, Gibco, New York, USA), supplemented with
10% fetal bovine serum (10099-141, Gibco, New York, USA) and
appropriate antibiotics (15140122, Gibco, New York, USA). Cultiva-
tion was conducted at 37°C in a 5% CO, environment, with regular
monitoring of cell growth status. All experiments were performed
with >3 independent biological replicates (n = 3 batches of cell
cultures).

2.4. Laboratory animals

The experimental subjects comprised 40 SPF-grade male SD rats
(6 weeks old, weighing 180-220 g), acquired from Hunan Slyke
(License No. SYXK (Xiang) 2019-0009), adhering to animal welfare
and ethical standards, and sanctioned by Hunan University of Chi-
nese Medicine. TMG dosing (5.8-23.2 g/kg) followed human-to-rat
body surface area conversion [19] (10 g/60 kg human — 5.8 g/kg
rat equivalent) [20], with high dose validated as non-toxic in pre-
liminary studies (LD50 > 50 g/kg). The rats were housed under a
12-h light-dark cycle, with the ambient temperature controlled
between 20 and 24°C and humidity maintained at 42-55%. The
facility ensured adequate ventilation and cleanliness, and the ani-
mals were provided with unrestricted access to food and water.

In addition to the SD rats, the investigation also included 25
SPF-grade male BALB/c nude mice and 25 female BALB/c nude
mice, each 4 weeks old and weighing 18-20 g. These mice were
similarly obtained from Hunan Slyke (License No. SYXK (Xiang)
2019-0004), and the SPF-grade animal quality certification
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(Fig. S1) and institutional ethics approval license (Fig. S2) are pro-
vided as supporting documentation. They were housed under con-
ditions equivalent to those of the SD rats. The care and use of these
animals adhered to the same ethical guidelines and were sanc-
tioned by the Hunan University of Chinese Medicine.

2.5. Preparation of herbal extracts

The Tianma granules utilized in this study were procured from
the Affiliated Hospital of Hunan Academy of Traditional Chinese
Medicine. These granules were produced by the hospital’s Phar-
macy Department, received approval from the Hunan Provincial
Food and Drug Administration, and successfully passed quality
inspections. Each packet of Tianma granules contains 10 g, with
the recommended adult dosage being one packet twice daily. The
granules were dissolved in water, filtered multiple times, concen-
trated to a solution with a concentration of 0.175 g/ml, sterilized,
sealed, and stored at a temperature of 4°C.

2.6. Preparation of blank serum and drug-containing serum

SPF-grade SD male rats were divided into two groups: one
receiving drug-treated serum and the other receiving normal
serum. The rats in the drug-treated group were administered
Tianma granules at a dosage equivalent to that recommended for
a 70 kg adult. The Tianma solution, with a concentration of
0.175 g/ml, was administered at a rate of 10 ml/kg twice daily
for 6 d. Following this period, the rats underwent fasting and water
deprivation. On the 7th d, the rats were anesthetized, and blood
samples were collected. The blood was subsequently centrifuged,
and the serum was inactivated at 56°C, filtered, and stored at
—-80°C.

2.7. Construction of subcutaneous xenograft model construction

Acquire 4-week-old BALB/c nude mice, comprising both male
and female specimens, each weighing between 18 and 20 g. Ran-
domly allocate the mice into groups of ten, ensuring each group
consists of an equal number of males and females. Assign ear tags
for identification purposes. During the logarithmic growth phase,
collect SW620 cells, subject them to trypsin digestion, and cen-
trifuge to eliminate the supernatant and to resuspend the cell pel-
let in PBS, adjusting the cell density to 1 x 107 cells/ml. Sterilize the
skin on the left flank of each nude mouse with alcohol. Using a
1 mL syringe, aspirate the cell suspension. Following disinfection
of the injection site, administer approximately 0.1 mL of the cell
suspension subcutaneously to a depth of approximately 1 cm.
Post-injection, apply gentle pressure to the site with tweezers
and observe for the development of tumor cell masses.

2.8. Administration and body weight

Monitoring in Nude Mice: Organize the nude mice into distinct
groups: model, low-dose Tianma granule, medium-dose Tianma
granule, high-dose Tianma granule, and oxaliplatin. Dosage calcu-
lations for the mice are derived from human body surface area con-
version. The model group will receive 0.9% normal saline at a
dosage of 20 mL/kg, while the Tianma granule groups will be
administered daily doses of 5.8 g/kg, 11.6 g/kg, and 23.2 g/kg for
16 d. The oxaliplatin treatment group is scheduled to receive an
injection of 8 mg/kg on specified days. Tumor dimensions are
recorded with the long diameter designated as “a” and the short
diameter as “b”. Tumor volume is calculated using the formula
(V=axb?x0.5).
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2.9. Specimen collection and hematoxylin and eosin (HE)

Tumor specimens are collected, rinsed with saline, and fixed in
10% formalin for a duration of 24 h. Following fixation, the speci-
mens undergo dehydration through a graded ethanol series. The
slides are dewaxed in xylene treated with heavy water, and rinsed
before undergoing hematoxylin and eosin staining. The slides are
then dehydrated, cleared mounted, and examined microscopically.

2.10. CCK8 verifies assessment via CCK8 assay

SW620 and HT29 cells are seeded at a density of 5 x 10* cells
per well in a 96-well plate, with each experimental group having
three replicates. After an overnight incubation period, drug treat-
ments are administered at 0, 24, and 48 h. Subsequently, 10 pL
of CCK8 solution (CCK8, A311-02, Vazyme, Nanjing, China) is
added, and the plates are incubated at 37°C in a 5% CO, atmosphere
for 4 h. Absorbance is measured at 450 nm to assess cell viability.

2.11. Reactive oxygen species (ROS) measurement for flow cytometry

SW620 cells are resuspended to achieve a concentration of 50,000
to 100,000 cells per mL. Add 195 pL of Annexin V-FITC binding solu-
tion (Annexin V-FITC, C1062S, Beyotime, Shanghai, China) and mix
thoroughly. Subsequently, introduce 5 pL of Annexin V-FITC and
10 pL of propidium iodide (PI). Incubate the mixture in darkness for
20 min, followed by fluorescence measurement using a flow cytome-
ter. For SW620 cells at 60-70% confluence, administer serum contain-
ing the drug along with 10 uM ferrostatin-1. Incubate at 37°C in a 5%
CO, atmosphere for 24 h. Following the removal of the medium, dilute
DCFH-DA in serum-free DMEM (1:1000) and incubate for 30 min prior
to assessing ROS levels (S0033M, Beyotime, Shanghai, China).

2.12. Measurement of Fe** levels

The quantification of ferrous ions (Fe?**) was conducted using
the Elabscience colorimetric assay kit (E-BC-K773-M, Elabscience,
Wuhan, China), a reliable tool for such evaluations. After a speci-
fied incubation period, 300 pL of the resultant supernatant was
carefully transferred to a 96-well plate designated for optical mea-
surements. The optical density (OD) was then measured at a wave-
length of 593 nm using a microplate reader, enabling the precise
quantification of the Fe?" concentration in the sample.

2.13. TEM to observe for cellular morphological analysis

Following initial fixation, SW620 cells underwent enzymatic
digestion and were subsequently fixed in 2.5% glutaraldehyde for
a duration of 6 h. This was followed by secondary fixation with
1% osmium tetroxide at 4°C for 90 min. The cells were subjected
to a graded dehydration process utilizing ethanol and acetone,
with each step lasting 15 min. The samples were then embedded
in a resin mixture overnight and polymerized at 60°C over a period
of 3 d. Ultrathin sections of 70-nanometers were prepared, stained,
and examined using a transmission electron microscope.

2.14. Fluorescence quantitative RT-PCR

Post-intervention, cells were collected, and total RNA was
extracted utilizing Trizol reagent. A reverse transcription reaction
was conducted in a 25 pl volume. The reaction conditions included
an initial denaturation at 95°C for 30 s, followed by 40 cycles of
amplification at 95°C for 5 s and 60°C for 15 s B-actin served as
the internal control. The mRNA expression levels of GLS2, SAT1,
PTGS2, GPX4, and SLC7A11 were quantified using the 2"-AACt
method, with primer sequences detailed in Table 1.
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2.15. Western blot analysis

Proteins were extracted using RIPA buffer (P0O013B, Beyotime,
Shanghai, China), and their concentrations were determined via a
BCA assay (P0010, Beyotime, Shanghai, China). The supernatant
was denatured using a loading buffer, and proteins were subse-
quently separated via electrophoresis on 10% and 4.8% gels at
75 V for 130 min. Protein transfer to membranes was performed
at 300 mA, followed by blocking with 5% milk for 90 min. The
membranes were then incubated overnight with the primary anti-
body (P0023A, Beyotime, Shanghai, China) at 4°C and washed with
PBST. Post-incubation, the secondary antibody was applied at
room temperature for 90 min, followed by additional washes. Pro-
tein bands were visualized using ECL (PO018M, Beyotime, Shang-
hai, China) and analyzed with Image], with the procedure
thoroughly documented.

2.16. Statistical analysis

We analyzed and illustrated the results utilizing GraphPad
Prism 9.0 software. Normality tests were conducted to evaluate
data distribution. An independent samples t-test was used for
comparisons between two groups, while one-way ANOVA was
employed for comparisons among multiple groups. A p-value of
less than 0.05 was considered statistically significant.

3. Results
3.1. Network pharmacology

3.1.1. Identification of ferroptosis-related genes as targets for CRC

Through a comprehensive Venn analysis, we identified a total of
12,944 targets associated with CRC. This included 12,054 targets
from GeneCards, 411 from OMIM, 287 from PharmGKB, 99 from
TTD, and 5473 from DisGeNET (Fig. 1A). We further retrieved 382
ferroptosis-related genes from FerrDb and intersected them with
the CRC-related genes, resulting in an identical number of relevant
genes (Fig. 1B).

3.1.2. TMG composition and target screening

We compiled 122 active components from eight distinct herbal
medicines, which, after integration and deduplication, yielded 893
unique target proteins. Furthermore, we identified 49 active com-
ponents from Scolopendra and Scorpio, culminating in a total of
804 targets following additional deduplication.

Table 1
Primer sequences.
Gene name Primer sequence (5'-3') Length (bp)
GLS2 F: GCRCTGGGTGATTTGCTCTTT 81
R: CRCTTTAGTGCAGTGGTGAACTT
SAT1 F: ACRCCGTGGATTGGCAAGTTAT 107
R: TGCAACRCTGGCTTAGATTCTTC
PTGS2 F: CTGGCGCTCAGCRCATACAG 94
R: CGCACTTATACTGGTCAAATCRCC
GPX4 F: GAGGCAAGACRCGAAGTAAACTAC 100
R: CRCGAACTGGTTACACGGGAA
SLC7A11 F: TCTCRCAAAGGAGGTTACRCTGC 123

R: AGACTCRCCRCTCAGTAAAGTGAC

F: Forward primer; R: Revise primer.
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3.1.3. The impact of TMG on CRC-related ferroptosis target gene
networks and PPI analysis

We conducted an analysis of potential interaction partners via a
protein-protein interaction network, as shown in Fig. 1C. We also
generated the regulatory network encompassing TMG-CRC and fer-
roptosis, as depicted in Fig. 1D. In this representation, the half-
moon lotus is illustrated in light blue, rhubarb in purple, and other
components are color-coded as follows: phellodendron in yellow,
astragalus in magenta, scorpion in green, bulrush in gray, yam in
pink, centipede in teal, genes in blue, and intersecting targets in
red. Utilizing the R programming language, we identified 35 core

Electronic Journal of Biotechnology 78 (2025) 14-25

expression targets, with the top 30 presented in a bar chart in
Fig. 1E. Notable targets include PTGS2, GPX4, and SLC7A11.

3.1.4. GO and KEGG enrichment results

The Gene Ontology (GO) analysis identified 1853 entries,
including 1667 related to biological processes, 56 to cellular com-
ponents, and 130 to molecular functions. The colors of the bars
represent adjusted p-values, while their lengths indicate the num-
ber of enriched entries. Biological processes are associated with
ROS species and oxidative stress, cellular components to mitochon-
drial outer membranes, and molecular functions to transcription
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factor binding. The top six entries for biological processes, cellular
components, and molecular functions are displayed in a circular
diagram (Fig. 1F). KEGG enrichment analysis identified 67 entries,
with the top 20 pathways illustrated in Fig. 1G. In this figure, the
size of the bubbles corresponds to the number of enriched entries,
while their colors represent adjusted p-values. Fig. 1H presents the
KEGG pathways and target network diagram, where the size of the
icons reflects expression levels. Red V shapes represent pathways,
and yellow rectangles denote targets, highlighting enriched path-
ways such as reactive oxygen species and CRC.

3.2. TMG inhibition of CRC survival rate

The findings demonstrate that higher concentrations of TMG-
medicated serum significantly inhibit CRC in both SW620 and
HT29 cell lines (p < 0.05), as shown in Fig. 2A. This suggests that
the suppression of SW620 cell growth is dependent on both time
and dose. Notably, the inhibitory effect on proliferation is more
pronounced in SW620 cells, leading to their selection for subse-
quent experiments. Treatment durations of 24 and 48 h reveal that
higher concentrations of TMG-medicated serum exert a stronger
inhibitory effect on CRC (p < 0.05), as shown in Fig. 2B. Fig. 2C illus-
trates that the ferroptosis inhibitor Ferrostatin-1 significantly mit-
igates the suppressive effect of TMG on CRC (p < 0.05).

3.3. TMG induces ferroptosis-related phenotype occurrence

Increased concentrations of TMG in SW620 cells raised ROS
levels and green fluorescence. Conversely, Ferrostatin-1 was
observed to reduce fluorescence and inhibit ROS effects
(p < 0.05), as shown in Fig. 2C-D. Ferrous ion concentration rose
with TMG (p < 0.0001) and was reduced by Ferrostatin-1
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(p <0.01), as shown in Fig. 2E. TEM revealed normal mitochondrial
morphology in control samples, with no changes at 5% granule
concentration. However, at 10% and 20% concentrations, significant
morphological alterations and shrinkage were observed (Fig. 2F).

3.4. TMG affects mRNA and protein expression of ferroptosis targets in
CRC cells

As the concentrations of Tianma granules increased, mRNA
levels of SLC7A11 and GPX4 decreased in SW620 cells, whereas
mRNA levels of SAT1, PTGS2, and GLS2 increased. Notably, the
10% and 20% treatment groups exhibited significant reductions in
SLC7A11 and GPX4 compared to the 5% group, while the 20% group
showed elevated levels of SAT1, PTGS2, and GLS2, as presented in
Fig. 3A-E. Protein analysis corroborated these findings, indicating
a decrease in SLC7A11 and GPX4 protein levels with higher TMG
concentrations, alongside increased levels of SAT1, PTGS2, and
GLS2 protein level increase. Critically, apoptosis marker cleaved
caspase-3 (c-Casp3) remained unchanged across all groups
(p > 0.05), confirming ferroptosis-specific regulation, as shown in
Fig. 3F.

3.5. TMG inhibits the growth of CRC xenografts

In nude mice, those in the low-, medium-, and high-dose TMG
groups exhibited a gradual increase in body weight. Notably, the
high-dose group was a significantly greater weight compared to
the control group on d 4, 13, and 15 (p < 0.05), while the
medium-dose group showed increased weight on d 13 and 15
(p < 0.05). The low-dose group also experienced a weight increased
ond 15 (p < 0.05), suggesting that TMG contributes to body weight
enhancement, as illustrated in Fig. 4A. Although body weight rose
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unchanged across treatment groups (p > 0.05).
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over the feeding period, no significant differences were observed
between the low, medium-dose, and control groups. However,
the high-dose group exhibited a significant reduction in tumor vol-
ume ond 7 and 15 (p < 0.05), comparable to the effects observed in
the positive drug group, as shown in Fig. 4B-C. HE staining showed
malignant characteristics in the control group, whereas the TMG
and positive drug groups displayed necrosis and cellular alter-
ations, with the high-dose and positive drug groups exhibiting
the most pronounced necrosis, as depicted in Fig. 4D.

3.6. TMG induces ferroptosis phenotype in CRC tissues

We assessed the ROS density in SW620 mice treated with TMG
and oxaliplatin using fluorescence methods. In the high-dose
group, a significantly elevated red fluorescence intensity was
observed compared to the control group, as shown in Fig. 5A
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(p <0.0001). Both the high-dose and positive drug groups exhibited
increased ROS levels in a concentration dependent manner, with
oxaliplatin exerting the most pronounced effect, as shown in
Fig. 5B. Colorimetric analysis indicated significant increases in
Fe?* levels within both the high-dose Tianma and positive drug
groups (p < 0.01), indicating a concentration-dependent rise, as
shown in Fig. 5C. TEM results showed normal mitochondrial mor-
phology in the control group, while the low-, medium-, and high-
dose groups displayed varying degrees of mitochondrial damage
and deformation, as presented in Fig. 5D.

3.7. TMG affects mRNA expression of ferroptosis targets in CRC tissues
In both the medium- and high-dose Tianma granule groups and

the positive drug group, mRNA levels of SLC7A11 and GPX4 signif-
icantly decreased (Fig. 6A-B). Conversely, the high-dose Tianma
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Fig. 4. TMG inhibits tumor growth and improves physiological status in CRC xenograft models (A) TMG dose-dependently increases body weight (p < 0.05 for high-dose
[23.2 g/kg] vs control on days 4, 13, and 15). (B) High-dose TMG and oxaliplatin (8 mg/kg) reduce tumor volume (p < 0.05 vs control on days 7 and 15). (C) Excised tumors
from control, TMG, and oxaliplatin groups. (D) HE staining (20 x ): malignant hypercellularity (control) vs necrosis (TMG/oxaliplatin).
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granule group and positive drug group showed increased mRNA
expression of GLS2, SAT1, and PTGS2 (Fig. 6C-E). These results
imply that Tianma granules increase the expression of GLS2,
SAT1, and PTGS2 while concurrently decreasing the expression of
SLC7A11 and GPX4 with increasing dosage.

4. Discussion

Through integrated analysis of network pharmacology and
experimental validation, we demonstrate that TMG exhibits multi-
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target therapeutic potential against CRC. CRC ranks among the most
prevalent malignancies globally, characterized by substantial mor-
bidity and mortality. Its intricate pathogenesis is attributed to a con-
fluence of genetic and environmental factors, underscoring the
necessity for innovative therapeutic approaches. Conventional treat-
ments, including chemotherapy and targeted therapy, are often con-
strained by issues such as drug resistance and adverse side effects
[21]. This underscores the imperative for effective interventions
aimed at enhancing patient outcomes and survival rates.
Addressing this critical clinical challenge, our research explores
the therapeutic potential of TMG in CRC treatment. By integrating
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Fig. 6. TMG dose-dependently regulates ferroptosis-related gene expression in CRC xenografts. (A-B) SLC7A11 and GPX4 mRNA downregulation in medium (11.6 g/kg) and
high-dose (23.2 g/kg) TMG and oxaliplatin (8 mg/kg) groups (*p < 0.01) (n = 3). (C-E) SAT1, PTGS2, and GLS2 mRNA upregulation in high-dose TMG and oxaliplatin

(**p < 0.001) (n = 3).

network pharmacology with biological experimentation, we aim to
elucidate the mechanisms underlying TMG’s action. Our findings
reveal that TMG significantly inhibits CRC cell proliferation by
modulating the expression of genes related to ferroptosis, specifi-
cally SLC7A11 and GPX4. Furthermore, we observed a significant
increase in ferrous ion concentration following TMG treatment
(p < 0.0001), suggesting that TMG may enhance oxidative stress
and promote ferroptosis in CRC cells. Notably, the absence of apop-
tosis activation (evidenced by unaltered cleaved caspase-3 levels)
reinforces the mechanistic specificity of TMG toward ferroptosis
a feature that contrasts sharply with apoptosis-dependent botani-
cals like Compound Kushen Injection.

Furthermore, TEM analysis demonstrated significant morpho-
logical alterations in mitochondria, specifically characterized by
deformation and reduction in size at elevated concentrations of
TMG (10% and 20%), whereas the control group exhibited normal
mitochondrial morphology. These mitochondrial alterations serve
as critical indicators of cellular distress and provide compelling
evidence for the activation of the ferroptotic process [22] by TMG.

This study offers robust evidence of the molecular mechanisms
through which TMG exerts anticancer effects in CRC. The pronounced
downregulation of ferroptosis-related genes such as SLC7A11 and
GPX4, coupled with the upregulation of SAT1, PTGS2, and GLS2,
underscores a potential pathway through which TMG exerts its
growth-inhibitory effects on CRC cells. The observed concentration-
dependent changes in gene expression suggest that TMG may selec-
tively induce ferroptosis, a regulated form of cell death characterized
by iron-dependent lipid peroxidation, thereby establishing a new
therapeutic avenue for CRC treatment. This finding is consistent with
previous research emphasizing the significance of ferroptosis in can-
cer therapy, suggesting that enhancing this pathway could combat
tumor growth and resistance to conventional therapies [20].

In addition to the elucidated molecular mechanisms, the modu-
lation of signaling pathways by TMG represents a critical facet of
its anticancer efficacy. The findings indicate that TMG exerts a sig-
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nificant impact on pathways associated with oxidative stress.
Through the regulation of these pathways, TMG may increase
CRC cells’ susceptibility to ferroptosis. The established link
between oxidative stress and ferroptosis is well-documented, as
elevated levels of ROS are known to drive the ferroptotic process
[23,24,25]. By targeting these signaling cascades, TMG may not
only facilitate cancer cell death but also diminish the survival
advantages typically conferred upon tumor cells.

Moreover, the comprehensive assessment of cellular responses
to TMG treatment highlights its potential as an effective anticancer
agent. The CCK8 assays revealed a significant reduction in cell via-
bility in CRC cell lines, indicating that TMG effectively impairs cell
proliferation. Additionally, the observed increase in ROS levels and
notable morphological changes in the mitochondria of treated
cells, as evidenced by TEM, serve as critical indicators of cellular
stress and impending ferroptosis. The implications of these find-
ings extend beyond mere cytotoxicity, suggesting that TMG not
only disrupts cancer cell proliferation but also may modulate key
aspects of cellular metabolism and apoptosis.

Notably, while focusing on the SLC7A11/GPX4 axis, our observed
SAT1 upregulation (a p53-responsive marker [26]) and GLS2 induc-
tion (HIF-1o-associated [27]) suggest TMG's broader regulatory
effects, warranting time-course analyses of upstream factors like
p53/HIF-1ac [28]. Distinct from apoptosis-dominant TCMs (e.g.,
Compound Kushen Injection targeting caspase-3), TMG’s ferroptosis
specificity (62% SLC7A11 suppression vs CKI's 18%) highlights its
unique potential against therapy-resistant tumors [29].

Nonetheless, this study possesses limitations that warrant care-
ful consideration. The absence of extensive in vivo validation of all
experimental data raises concerns regarding the robustness and
generalizability of the findings. Furthermore, the relatively small
sample size may compromise the statistical power and the ability
to detect subtle yet significant effects. The lack of clinical valida-
tion further restricts the applicability of the results to human
patients, and potential inter-batch variability during data integra-
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tion may introduce confounding factors that affect replicability.
Future studies should aim to address these limitations by incorpo-
rating larger cohorts and conducting comprehensive clinical trials
to ascertain the therapeutic efficacy of Tianma granules in a clinical
setting.

5. Conclusions

In conclusion, this study offers significant insights into the poten-
tial mechanisms by which Tianma granules exert anti-tumor effects
in CRC, particularly through the induction of ferroptosis, evidenced
by the absence of apoptosis activation (cleaved caspase-3
unchanged, p > 0.05). The combination of experimental data with
bioinformatics analyses has identified critical molecular targets
and signaling pathways involved. These findings not only contribute
to the understanding of Tianma granules’ pharmacological proper-
ties but also lay the groundwork for future investigations aimed at
optimizing therapeutic strategies and assessing the clinical applica-
bility of this traditional remedy in cancer treatment.
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