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Background: Triple-negative breast cancer (TNBC) is an aggressive subtype with poor prognosis, closely associated with an
imbalanced tumor immune microenvironment. Tumor-associated macrophages (TAMs) play a crucial role in tumor progression.
Purpose: This study aimed to investigate whether glycine combined with B-elemene inhibits TNBC progression by suppressing M2
macrophage polarization through the IL-6/JAK2/STAT3 pathway.

Methods: UPLC—Q-Exactive HRMS was used to identify glycine and B-elemene. In vitro, 4T1 cell viability was determined by
CCK-8 assay. RAW264.7 cells were polarized to M2 macrophages and co-cultured with 4T1 cells. Colony formation, wound healing,
and Transwell assays were performed. Western blot and immunohistochemistry were used to detect protein expression. In vitro
experiments were performed with at least three independent biological replicates. In vivo, 4T1 xenograft mouse models were
established (n=10 per group) to evaluate anti-tumor efficacy.

Results: Glycine combined with B-elemene significantly suppressed proliferation, colony formation, and migration of 4T1 cells.
Mechanistically, the combination inhibited M2 macrophage polarization by downregulating IL-6, p-JAK2, and p-STATS3. In vivo, the
combination with paclitaxel showed the strongest anti-tumor effect, with reduced tumor volume and weight, decreased Ki-67
expression, and suppressed M2 polarization.

Conclusion: Glycine combined with B-elemene inhibits M2 macrophage polarization by suppressing the IL-6/JAK2/STAT3 pathway,
thereby exerting anti-TNBC effects. Its combination with paclitaxel demonstrates synergistic anti-tumor efficacy.

Keywords: triple-negative breast cancer, glycine, f-elemene, M2 macrophage polarization, IL-6/JAK2/STAT3 pathway

Introduction

Breast cancer (BC) is one of the most prevalent malignant tumors among women globally and remains a major health
threat to women’s lives.' * TNBC, a subtype of breast cancer with the worst prognosis, is characterized by the lack of
expression of estrogen receptors (ER), progesterone receptors (PR), and human epidermal growth factor receptor 2
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(HER-2).** The absence of these receptor markers makes TNBC unresponsive to endocrine therapies or HER2-targeted
drugs, contributing to its propensity for metastasis, recurrence, and high mortality rates.®” Currently, treatment options
for TNBC are limited, with surgery, radiotherapy, and chemotherapy being the primary therapeutic approaches.”® Despite
these treatments, 50% of patients experience tumor recurrence and metastasis, severely impacting their quality of life and
survival rate, highlighting the urgent need to identify more effective therapeutic approaches.® This study aims to explore
new therapeutic targets and effective drugs for TNBC, with the potential to break through the current treatment landscape
and offer significant clinical value.'’

In recent years, the tumor microenvironment (TME) has emerged as a critical focus in cancer research.'"'> Numerous
studies have confirmed that tumor progression requires coordination between tumor cells and the TME, wherein immune
cells in the TME secrete various cytokines that promote tumor cell proliferation and induce chronic inflammation,
creating an immune-suppressive environment conducive to cancer cell survival and immune evasion.'**'* TNBC displays
characteristic features of the TME, with early infiltrating immune cells, such as macrophages, lymphocytes, and natural
killer cells, possessing anti-tumor activity.'>'® Among these, TAMs, the most abundant immune cells in the TNBC
microenvironment, play a crucial role in mediating immune suppression in TNBC.'”'® As tumors progress, TAMs
exhibit a high level of M2 macrophage polarization, characterized by decreased secretion of inflammatory cytokines,
involvement in tumor progression, and support for tumor cell immune evasion while inhibiting anti-tumor immune
responses.lg’zo Immune checkpoint inhibitors (ICIs) have shown limited efficacy in TNBC due to the “cold” tumor
immune microenvironment characterized by low T-cell infiltration and high immunosuppressive cell populations,
including M2-TAMs. This provides stronger justification for targeting macrophage polarization as a strategy to remodel
the immunosuppressive TME and enhance anti-tumor immunity.

Inhibiting M2 macrophage polarization to suppress TNBC progression presents a promising therapeutic strategy.
Mechanistically, IL-6 binds to its receptor and activates JAK2, which in turn phosphorylates STAT3. Phosphorylated
STAT3 dimerizes and translocates to the nucleus, where it promotes the transcription of M2 macrophage marker genes
including Arg-1, CD206, and IL-10, thereby driving M2 polarization and creating an immunosuppressive tumor
microenvironment.”"*? Beyond the IL-6/JAK2/STAT3 axis governing M2 macrophage polarization, this signaling
cascade closely interacts with STING-mediated innate immune response, TGF- fibrotic signaling and PD-L1 immune
checkpoint pathway to jointly construct the immunosuppressive TME.>* Modulating IL-6/JAK2/STAT3 to influence
macrophages could effectively inhibit M2 polarization, suppress tumor growth, and restore anti-tumor immunity, thus
holding potential clinical significance for TNBC therapy.***

Herbal pairings, as commonly used in traditional Chinese medicine (TCM), are designed to enhance therapeutic
efficacy and reduce side effects.”® The Bie Jia (Carapax Trionycis) and E Zhu (Rhizoma Curcumae) pair is a well-known
combination used by renowned Chinese medicine expert Liu Shangyi in the clinical treatment of breast cancer.”” This
herbal pair has shown definite efficacy in inhibiting breast cancer and is commonly used to prevent recurrence and
metastasis after surgery or chemotherapy, leading to improved survival quality and extended survival time in breast
cancer patients.”® Several studies have confirmed that the Bie Jia-E Zhu combination inhibits breast cancer cell
proliferation, migration, and invasion;%’zg’29 however, the specific active components, target sites, and mechanisms of
action remain unclear. Bie Jia and E Zhu contain complex compounds, and their combined effects involve multiple
targets, limiting the development and research of the drug.*

Academician Zhang Boli proposed a new model for the development of modern Chinese medicine, starting from
effective formulations and focusing on the active ingredients and their mechanisms. This approach, known as the “precise
herbal pair” concept, facilitates a more direct and effective understanding of the active components and their mechan-
isms, which can provide new insights for precision medicine in Chinese herbal therapy.>' Therefore, this study aims to
focus on the effective component combinations of the Bie Jia-E Zhu pair against TNBC, with substantial research value.

The research team previously identified the active components and target molecules with anti-TNBC effects in
Bie Jia and E Zhu through studies such as network pharmacology and molecular docking.®® It was found that
glycine and P-elemene constitute the primary active components responsible for the antitumor efficacy of this
herbal combination. However, whether this combination exerts its anti-TNBC effects by modulating macrophage
polarization, particularly by suppressing the immunosuppressive M2 macrophages, remains unclear. Therefore, this
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study aimed to investigate whether glycine combined with B-elemene inhibits TNBC progression by suppressing
M2 macrophage polarization through the IL-6/JAK2/STAT3 signaling pathway. We hypothesized that: (1) glycine
combined with B-elemene can inhibit the proliferation, migration, and invasion of 4T1 TNBC cells; (2) the
combination can suppress M2 macrophage polarization via inhibiting the IL-6/JAK2/STAT3 pathway; and (3)
glycine and B-elemene can enhance the anti-tumor efficacy of paclitaxel in vivo. To test these hypotheses, we
performed comprehensive in vitro cell experiments and in vivo xenograft mouse model studies.

Materials and Methods

Reagents

Glycine (purity > 99.0%, CAS: 56-40-6, Cat. No.: G8200) was obtained from Solarbio Life Sciences Co., Ltd. (Beijing,
China). B-elemene (purity > 98%, CAS: 515-13-9, Cat. No.: S31794) was purchased from Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Paclitaxel (purity > 99%, CAS: 33069-62-4, Cat. No.: P§75571) was acquired from Macklin Biochemical
Co., Ltd. (Shanghai, China). Biejia—Ezhu granules were purchased from Guangdong Yifang Pharmaceutical Co., Ltd.

Chemical Profiling and Identification of Glycine and -Elemene

To clarify the material basis of the anti-tumor effects of Biejia—Ezhu granules, UPLC—Q-Exactive HRMS was employed to
establish the chemical profile, with a focus on identifying glycine and p-elemene. Briefly, 0.5 g of granules were extracted
with 50 mL of 50% methanol via ultrasonication for 30 min. The extract was filtered through a 0.22 um membrane for
analysis. Chromatographic separation was performed on a Thermo Fisher Hypersil GOLD aQ column (100 x 2.1 mm,
1.9 um) at 40°C, with a mobile phase of 0.1% formic acid in acetonitrile (A) and 0.1% formic acid in water (B) under
gradient elution. Mass detection used a heated electrospray ionization source in positive/negative modes. Glycine and -
elemene were identified by comparing retention times, accurate masses, and fragmentation patterns with reference standards.

Cell Culture

The murine mononuclear macrophage leukemia cell line RAW264.7 (Cat NO.:CL-0190) was obtained from Wuhan
Procell Life Science and Technology Co., Ltd. The murine 4T1 cell line (Batch No. ZQ0201) was obtained from
Shanghai Zhongqgiao Xinzhou Biotechnology Co., Ltd. 4T1 murine TNBC cells and RAW264.7 macrophages were
cultured in DMEM high-glucose medium supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C with
5% CO,.

CCK-8 Assay for ICsq Determination
4T1 cells were seeded into 96-well plates at a density of 5x10° cells per well (100 pL per well) with 3 replicate
wells for each group after routine digestion, centrifugation, resuspension and counting, before incubation at 37 °C
with 5% CO,. On the next day, different concentrations of glycine (1, 2, 4, 6, 8, 16, 32 mg/mL) and B-elemene
(10, 20, 30, 40, 50, 60, 80, 100 pg/mL) (pre-prepared with complete medium) were added sequentially from low to
high concentration after confirming good cell adhesion, with the control group treated with 100 pL complete
medium, followed by continued incubation under the same conditions. After 24 hours of drug intervention, the cell
growth status was observed, and the supernatant was discarded gently; 100 pL of the mixture of CCK-8 reagent
and fresh medium (1:10, v/v) was added to each well in the dark, and the plate was incubated for another 2 hours
after wrapping with aluminum foil. The OD value of each group was detected at 450 nm by a microplate reader,
and the cell proliferation inhibition rate was calculated using a formula and the ICs, value was further calculated:
Cell proliferation inhibition rate = [(OD value of control group — OD value of experimental group)/(OD value of
control group — OD value of blank group)] x 100%.

M2 Macrophage Induction and Co-Culture System
RAW264.7 macrophages in the logarithmic growth phase were adjusted to a density of 2x10° cells/mL, seeded into 6-
well plates, and stimulated with IL-4 (20 ng/mL) to induce polarization toward the M2 phenotype. After polarization, M2
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macrophages were collected and seeded into the upper chambers of 8.0 um pore-size Transwell inserts matched with 6-
well plates, while 4T1 cells were seeded into the corresponding lower chambers. Drugs were added to the upper
chambers containing RAW264.7 cells according to the grouping setting, followed by co-culture with 4T1 cells for
24 h. The experimental groups were set as follows: Blank group (untreated RAW264.7 macrophages), M2 group, glycine
group, B-elemene group, glycine + B-elemene combination group, and paclitaxel group.

Colony Formation

Cells in the logarithmic growth phase were digested with 0.25% trypsin, centrifuged at 4 °C and 1000 rpm for 5 min, and
collected as cell suspension. The cells were resuspended in complete medium, mixed well, and counted, then seeded into
6-well plates at a density of 500 cells per well with 2 mL of complete medium added to each well. After gentle shaking,
the plates were incubated at 37 °C in a 5% CO, incubator. After cell adherence, corresponding medium or drugs were
applied for intervention, and fresh medium was replaced after 24 h for continuous culture. The medium was renewed
every 3 days, and cell status was routinely monitored to prevent contamination. On day 10 of culture, the supernatant was
discarded, and the wells were gently washed twice with PBS along the wall. Each well was fixed with 1 mL of 4%
paraformaldehyde at room temperature for 30 min with mild operation to avoid colony detachment. After fixation,
paraformaldehyde was removed, and the wells were rinsed twice with PBS. Each well was stained with 1 mL of crystal
violet solution for 15 min at room temperature, then repeatedly washed with PBS until the background was colorless and
air-dried. The 6-well plate was placed on clean white paper for photographing, and ImageJ software was used to analyze
colony number and size in each well.

Wound Healing Assay

Cells in the logarithmic growth phase were digested with 0.25% trypsin, centrifuged at 4 °C and 1000 rpm for 5 min, and
the cell suspension was collected. The cells were resuspended and mixed thoroughly in DMEM complete medium
containing 10% fetal bovine serum (FBS), then seeded into 6-well plates at an appropriate density with 2 mL medium per
well. The plates were shaken gently in a cross pattern and incubated at 37 °C with 5% CO, until the cell confluence
reached 80%—-90%. Three straight lines were scratched vertically to the edge of each well on the cell monolayer using
a 10 uL pipette tip to ensure a consistent scratch width. The wells were gently rinsed 2-3 times with PBS to remove
detached cell debris, followed by the addition of corresponding medium or drugs for intervention. Cell migration in the
scratched area was observed and photographed under an inverted microscope at 0 h and 24 h after scratching. ImagelJ
software was used to measure the scratch width and calculate the cell migration distance.

Transwell Assay

Cells in the logarithmic growth phase were digested with 0.25% trypsin, centrifuged at 4 °C and 1000 rpm for 5 min, and
prepared into cell suspension. The cell density was adjusted to \(1\times10*\) cells/mL, and 200 pL of cell suspension
was seeded into the upper chamber of Transwell inserts, while 800 pL of corresponding medium containing drugs was
added to the lower chamber for intervention. All samples were incubated at 37 °C in a 5% CO, incubator for 24 h. The
Transwell inserts were then removed, rinsed with PBS buffer and air-dried, followed by fixation with 4% paraformalde-
hyde for 30 min and staining with crystal violet for another 30 min. After repeated rinsing with PBS buffer and air-
drying, the non-migrated cells and residual crystal violet on the upper surface of the inserts were wiped off with a cotton
swab. The migrated cells were observed under an inverted microscope, five random visual fields were selected for each
well to count cell numbers, and the average value was calculated.

Western Blot Analysis

Protein lysates were obtained by extracting proteins from cells and tumor tissues and lysing them for 40 min. Following
a 20-min centrifugation at 4 °C, the supernatant was collected and measured using the BCA test. After adding the protein
into 8-12% SDS-PAGE gels, electrophoresis was performed using a voltage of 80 V. Following the completion of
electrophoresis, the gel was placed in a transfer holder and covered with a 0.45 pym PVDF membrane to transfer proteins
at a current of 0.4 A for 15 min. Then the PVDF membrane was soaked in 5% BSA and placed on a shaker for 2 h at
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60 rpm. B-actin Rabbit Polyclonal Antibody (10494-1-AP, Proteintech Group, Inc., Wuhan), IL-6 Polyclonal antibody
(21865-1-AP, Proteintech Group, Inc., Wuhan), Phospho-STAT3 (Tyr705) Antibody (AF3293/4, Affinity), JAK2
Polyclonal antibody (17670-1-AP, Proteintech Group, Inc., Wuhan), STAT3 Polyclonal antibody (10253-2-AP,
Proteintech Group, Inc., Wuhan), Arginase-1 (P05089, Zen-bioscience, Chengdu), Mannose Receptor Rabbit pAb
(P22897, Zen-bioscience, Chengdu), iNOS (WL0992a, Wanlei Biotechnology) and TGF-B1 Polyclonal antibody
(21898-1-AP, Proteintech Group, Inc., Wuhan) were incubated with the membranes at 4 °C overnight. The membranes
were washed and incubated for 1 h with the addition of the secondary antibody, then washed 3 times to develop
chemiluminescent images.

Animal Model and Treatment in vivo

In this study, 4T1-derived triple-negative breast cancer (TNBC) xenograft models were established in BALB/c mice. As
a murine mammary tumor cell line, 4T1 cells recapitulate typical TNBC phenotypes with reliable tumor-forming capacity
and an immunosuppressive tumor microenvironment, which has been widely adopted for in-vivo investigations focusing
on immune pathways and anti-tumor effects of traditional Chinese medicines against TNBC. Forty 6-week-old specific
pathogen-free (SPF) female Balb/c mice (20 £ 5 g) were purchased from Changsha Tianqin Biotechnology Co., Ltd.
(Hunan, China) under license number CSXK (Yue) 2022-0063. All animals were housed at (23 + 2) °C with free access
to standard food and water, and all experimental procedures were approved by the Animal Ethics Committee of Guizhou
Medical University (Approval No. 2101280). 4T1 cells in the logarithmic growth phase (80%—-90% confluence) were
harvested and resuspended in PBS to a concentration of approximately 1x10” cells/mL, and 0.2 mL of the suspension
was subcutaneously inoculated into the second mammary fat pad on the right side of each mouse. Mice were randomly
assigned to different treatment groups using a random number table method after tumor establishment. The sample size
of each group was calculated via statistical power analysis with a = 0.05 and power = 0.8, referring to previously
published xenograft tumor studies. To prevent data loss caused by unexpected death or failed tumorigenesis during
animal feeding and administration, 10 mice were randomly assigned to each group. Specific groups: control group,
paclitaxel group, glycine + B-elemene group, and combination group (glycine + -elemene + paclitaxel). The paclitaxel
group received 0.4 mL of distilled water by oral gavage once daily plus intraperitoneal injection of paclitaxel (0.2 mL,
10 mg/kg) once every 3 days; the glycine + B-elemene group received glycine (0.2 mL, 2 g/kg) and B-elemene (0.2 mL,
2 mg/kg) by oral gavage once daily; the combination group received a total of 0.4 mL of the combined glycine and -
elemene solution by oral gavage once daily plus intraperitoneal injection of paclitaxel (0.2 mL) once every 3 days; the
control group received 0.4 mL of distilled water by oral gavage once daily plus intraperitoneal injection of 0.2 mL
normal saline once every 3 days. During the 21-day treatment period, tumor volume and weight were recorded at regular
intervals, and all interventions were administered according to the predetermined doses and schedules. All mice were
fasted for 12 h with free access to water prior to the final administration. After the last treatment, mice were anesthetized
with 2% sodium pentobarbital, and tumors were carefully dissected and immediately stored at —80 °C for subsequent
analysis, followed by euthanasia. All outcome assessments, including tumor volume measurement, weight measurement,
and immunohistochemical scoring, were performed by investigators who were blinded to the treatment group
assignments.

Immunohistochemistry

Tumor tissues were fixed in 4% paraformaldehyde at room temperature for 24 h, rinsed with PBS three times (5 min
each), dehydrated in a graded series of ethanol (70%, 80%, 95%, 100%) for at least 1 h per step, embedded in paraffin,
and sectioned at 4 um. After deparaffinization with xylene and rehydration with graded ethanol, antigen retrieval was
performed, followed by blocking with 3% H,O, for 15 min in the dark to quench endogenous peroxidase activity.
Sections were then blocked with normal goat or rabbit serum for 30 min at room temperature, incubated with primary
antibodies at 4 °C overnight, and subsequently incubated with corresponding secondary antibodies for 1 h at room
temperature. Immunoreactivity was visualized using DAB chromogenic reagent within 2 min, counterstained with
hematoxylin, dehydrated, cleared, and mounted with neutral resin. Sections were incubated with antibodies against Ki-
67, Arg-1, CD206, TGF-B1, and iNOS, and the stained images were analyzed using ImageJ software.
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Statistical Analysis
Data is presented as mean + SD. Statistical analysis was performed using GraphPad Prism 9 and SPSS 24.0. One-way
ANOVA followed by Tukey’s test was used for multiple comparisons. P < 0.05 was considered statistically significant.

Results
|dentification of Glycine and B-Elemene by UPLC—-Q-Exactive HRMS

We utilized UPLC-Q-Exactive HRMS to identify glycine and B-elemene in Biejia-Ezhu granules. The total ion chromatogram
acquired over 0—28 min showed multiple chromatographic peaks, indicating the complex chemical composition of Biejia-Ezhu
granules (Figure 1a). Glycine exhibited a characteristic peak at a retention time of 1.42 min, with its corresponding MS/MS
spectrum showing a major ion at m/z 75.0073 (Figure 1b and c). f-Elemene was detected at a retention time of 13.01 min, and its
MS/MS spectrum showed a major ion at m/z 205.1953 (Figure 1d and e). These chromatographic behaviors and MS/MS
fragmentation patterns were consistent with those of reference standards, confirming the presence of glycine and -elemene in
Biejia-Ezhu granules.

Anti-Proliferative and Anti-Invasive Properties of Glycine and B-Elemene on 4T Cells
We evaluated the anti-tumor effects of glycine and p-elemene in 4T1 cells. The CCK-8 assay showed that the ICs values
were 6 mg/mL for glycine (Figure 2a) and 49ug/mL for B-elemene (Figure 2b), so 6 mg/mL glycine and 49 pg/mL -
elemene were used in subsequent experiments. The clone formation assay (Figure 2¢ and f) showed that M2 macrophages
significantly promoted 4T1 cell proliferation (##P < 0.01 vs Blank). Glycine or B-elemene alone partially reversed this effect,
while their combination exerted stronger migration (comparable to paclitaxel (&&P < 0.01 vs M2). The scratch wound
healing assay (Figure 2d and h) revealed that M2 macrophages markedly enhanced cell migration (#P < 0.01 vs Blank).
Monotherapy with glycine or B-elemene reduced migration, whereas combination treatment achieved a more invasiveness
(effect, similar to paclitaxel (&&P < 0.01 vs M2). The transwell invasion assay (Figure 2e and g) confirmed that M2
macrophages significantly increased cell invasiveness (#P < 0.01 vs Blank). Glycine or B-elemene alone suppressed
invasion, and their combination demonstrated superior activity, comparable to paclitaxel (&&P < 0.01 vs M2).
Collectively, these data indicate that glycine and B-elemene partially reverse M2-induced pro-tumor effects, with their
combination exhibiting enhanced anti-proliferative, anti-migratory, and anti-invasive activities in 4T1 cells.

Glycine Combined with B-Elemene Regulated M2 Macrophage Polarization and the
JAK2/STAT3 Pathway in vitro

To investigate the molecular mechanisms underlying the observed functional effects, Western blot analysis was
performed on protein lysates from the co - culture system of RAW264.7 - derived M2 macrophages and 4T1 cells
across different treatment groups: Blank, M2, Gly, B-Elem, Gly + B-Elem, and PTX. The expression of M2
macrophage polarization markers was significantly upregulated in the M2 group compared to the Blank group
(Figure 3a and b). Treatment with glycine or f-elemene alone reduced the expression of Arg - 1, CD206 and TGF
- B1, while their combination (Gly + B-Elem) resulted in a more pronounced downregulation. Notably, the
inhibitory effect of the Gly + B-Elem combination was significantly stronger than that of either single agent.

Concurrently, the activation status of the JAK2/STAT3 signaling pathway was assessed. Levels of phosphory-
lated JAK2 (p - JAK2) and STAT3 (p - STAT3), as well as the upstream cytokine IL - 6, were markedly elevated
in the M2 group (Figure 3¢ and d). All treatment groups showed reduced expression of these proteins compared to
the M2 group. The Gly + B-Elem combination exhibited the most potent inhibitory effect on p - JAK2, p - STAT3,
and IL - 6 expression, which was significantly more effective than glycine or B-elemene alone. These in vitro
findings indicate that glycine combined with B-elemene effectively suppresses M2 macrophage polarization and
inhibits the activation of the IL - 6/JAK2/STAT3 signaling pathway.
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Figure | Chemical characterization of glycine and p-elemene by UPLC-Q-Exactive HRMS. (a) Total ion chromatogram (TIC) acquired in positive electrospray ionization
mode over 0-28 min. (b) Extracted ion chromatogram of glycine showing a characteristic peak at retention time 1.42 min, detected at m/z 75.0316-75.0324. (c) MS/MS
spectrum of glycine at RT 1.42 min, with the major ion observed at m/z 75.0073. (d) Extracted ion chromatogram of B-elemene showing a characteristic peak at retention
time 13.01 min, detected at m/z 205.1941-205.1961. (e) MS/MS spectrum of B-elemene at RT 13.01 min, with the major ion observed at m/z 205.1953.

Anti-Tumor Effects of Glycine Combined with -Elemene and Paclitaxel in vivo

To validate the anti-tumor efficacy of the combination therapy in vivo, we established a 4T1 breast cancer subcutaneous
xenograft model in female BALB/c mice (Figure 4a). Compared with the Control group, treatment with paclitaxel (PTX),
glycine + B-elemene (Gly+B-Elem), or the triple combination (PTX+Gly+p-Elem) all significantly inhibited tumor
growth, as evidenced by reduced tumor weight and volume (Figure 4b—e).

Notably, while both PTX monotherapy and Gly+p-Elem dual therapy exerted obvious anti-tumor effects, the triple
combination of PTX+Gly+B-Elem showed the most pronounced inhibitory effect on both tumor weight and volume,
which was significantly stronger than any single or dual-agent treatment alone. These results demonstrate that glycine
combined with B-elemene effectively enhances the anti-tumor activity of paclitaxel in vivo, exhibiting a synergistic

tumor-suppressive effect in the 4T1 subcutaneous tumor model.

Breast Cancer: Targets and Therapy 2026:18 https: 7



Li et al

a
150 b 150
g1oo £ -
> 100+ T = 100+
g 2 =
S s
= 504 2 50
N ©
o o
0 L} L} L} l 0 T T T
o 1 2 16 32 0 10 20 30 40 50 60 80 100
Concentration(mglmL) Concentration(ug/mL)
C d
Blank M2 Gly
OH
100um
€
24H
100ym
 B-Elem Gly+B-Elem PTX
(&
OH
100um
24H
100um
f g h €
(]
500 — 400 £ 100
n = #
400 m £ 80
g 2 300- = 5 +
S 300+ & S £ 60-
° by s 2200- 5 sa 52
8 200- # 2 g 407 s e
€ % g < -
=] . -
3 100- Z 100 8 g
# G
o 0 T T T T
oée"‘o"““"‘\l ° ~efv4, I-\;-I E \"'&“‘ e&@ &
2 AT @ S N & K Q b
N o )
o \%

Figure 2 Effects of macrophage intervention on viability, proliferation, migration, and invasion of 4T cells. (a) Dose—response analysis of glycine on 4T cell viability. (b)
Dose—response analysis of 3-elemene on 4T cell viability. (c) Representative images of colony formation assays. (d) Representative images of wound-healing assays at
0 h and 24 h. Red lines denote initial wound edges at 0 h and 24 h. Scale bar; 100 um. (e) Representative images of transwell invasion assays. (f) Quantification of colony
formation assays. (g) Quantification of transwell invasion assays. (h) Quantification of wound-healing assays. Data are presented as mean * SD. Compared with the Blank
group, ##P < 0.01; compared with the control group, &&P < 0.01.
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M2 group, &P < 0.05, &&P < 0.01. Compared with the Gly + B-Elem group, *P < 0.05, **P < 0.01.

Suppression of M2 Polarization and JAK2/STAT3 Pathway in vivo

To further verify the immunomodulatory effects of the treatments in the tumor microenvironment, we performed
immunohistochemical staining on tumor tissues. The expression of M2 macrophage polarization markers (Arg-1,
CD206 and TGF-B1) was significantly downregulated in all treatment groups compared to the Control group. In contrast,
the expression of the M1 marker iNOS was significantly upregulated (Figure 5a and b). Treatment with PTX alone
reduced the expression of Arg-1, CD206 and TGF-B1, while glycine combined with B-elemene. Gly +f-elem resulted in
a more pronounced modulation of these markers (vs the PTX group). Notably, the triple combination of PTX, gly, and -
elem exhibited the strongest regulatory effect, significantly outperforming both PTX monotherapy and gly+p-elem dual
therapy.

Concurrently, the activation status of the IL-6/JAK2/STAT3 signaling pathway was assessed in vivo. Levels of
phosphorylated JAK2 (p-JAK2) and STAT3 (p-STAT3), as well as the upstream cytokine IL-6, were markedly elevated in
the Control group (Figure 5c¢ and d). All treatment groups showed reduced expression of these proteins compared to the
Control group. The Gly+p-Elem combination exhibited a more potent inhibitory effect on p-JAK2, p-STAT3, and IL-6
expression than PTX alone, while the triple combination PTX+ gly + B-elem showed the most significant suppression of
these signaling molecules.

These findings indicate that glycine combined with B-elemene effectively suppresses M2 macrophage polarization
and inhibits the activation of the IL-6/JAK2/STAT3 signaling pathway in tumor tissues, and this inhibitory effect is
further enhanced when combined with paclitaxel in vivo.
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Figure 5 Western blot analysis of M2 macrophage polarization-related proteins and JAK2/STAT3 signaling pathway proteins in tumor tissues from different treatment
groups. (a) Representative Western blot bands of M2 macrophage polarization-related proteins. (b) Quantitative analysis of protein expression shown in (a). (c)
Representative Western blot bands of JAK2/STAT3 signaling pathway-related proteins. (d) Quantitative analysis of protein expressions shown in (c). Compared with the
control group, #P < 0.05, ##P < 0.01. Compared with the PTX group, *P < 0.05, **P < 0.01.

Immunohistochemical Analysis of Tumor Proliferation and M2 Polarization

We further investigated the in vivo anti-tumor effects of the treatments by immunohistochemistry. Ki-67 expression, a marker of
tumor cell proliferation, was significantly reduced in all treatment groups (Figure 6a and c), with the lowest levels observed in the
PTX+Gly+f-Elem triple combination group. Meanwhile, the M2 macrophage markers Arg-1, CD206 and TGF-1 were
downregulated, while the M1 marker iNOS was upregulated (Figure 6b and d), with the most notable regulatory effects
observed in the combination treatment groups. The purpose is to verify the in vivo anti-tumor and immunomodulatory effects of
glycine, B-elemene, and their combination with paclitaxel. It uses immunohistochemistry (IHC) staining to demonstrate that the
combination therapies inhibit tumor cell proliferation (via reduced Ki-67) and skew the tumor-associated macrophage phenotype
from the pro-tumor M2 to the anti-tumor M1 subtype, with the triple combination showing the strongest therapeutic effect.
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Discussion

In ancient Chinese medical literature, breast cancer is documented as Rushi Yong (breast stone abscess) and Ruyan (breast
rock carcinoma), whose pathogenesis shares high correspondence with TNBC in modern medicine. From the perspective
of TCM, this disease arises from emotional internal injury, stagnation of liver and spleen qi, thoroughfare and conception
vessel disorders, as well as liver and kidney deficiency. Overall, TNBC is defined as a syndrome of deficiency in origin
and excess in manifestation.*?

Master TCM physician Liu Shangyi proposed that breast cancer pertains to “yang within yin”, characterized by
stubborn yin pathogenic factors and intense yang-toxin.>* Moreover, surgical resection, radiotherapy and chemotherapy
further damage qi, blood and body fluids, particularly resulting in severe consumption of genuine yin. Accordingly,
Professor Liu established the therapeutic strategy of nourishing yin and resolving masses. The herb pair Carapax
Trionycis-Rhizoma Curcumae precisely conforms to this treatment principle.>**> The two herbs coordinate yin and
yang with balanced cold and warm properties, collaboratively exerting the effects of nourishing yin and resolving masses
while eliminating pathogenic factors without damaging healthy qi.

Previous studies by our research group have verified that this herb pair can suppress the proliferation of TNBC cells,
tumor growth and EMT, and combined administration exhibits superior efficacy compared with single herbal
treatment.** %

Through network pharmacology and molecular docking analysis, a total of 71 active ingredients and 146 anti-TNBC
core targets of the Carapax Trionycis-Rhizoma Curcumae herb pair were screened out. Among them, glycine (the quality
marker of Carapax Trionycis) and B-elemene (the major anti-tumor component of Rhizoma Curcumae) presented strong
binding affinity to the STAT3 target.?**** Therefore, glycine combined with p-elemene was selected as the representa-
tive active component compatibility for subsequent in vivo and in vitro mechanistic research.

TME serves as a critical regulator in the progression of TNBC. TAMs are predominantly polarized into the immunosup-
pressive M2 phenotype.*' M2-TAMs inhibit T cell immune function by secreting functional mediators, including Arg-1, CD206
and TGF-B1, thereby facilitating tumor proliferation and metastasis.** ** In the present study, M2 macrophage polarization was
confirmed to upregulate the above M2 phenotypic markers and enhance the clonogenic and migratory capacities of 4T1 breast
cancer cells. Monotherapy with glycine or f-elemene, as well as their combined intervention, markedly downregulated the
expression of M2 markers (Arg-1, CD206, TGF-B1) and upregulated the M1 macrophage marker iNOS, thereby blunting the
pro-tumour effects of M2 macrophages. Notably, the combined treatment demonstrated greater efficacy than the single-agent
intervention. In animal experiments, the combination of glycine and -elemene achieved a tumor inhibition rate of 37.21% and
reduced the expression of the Ki-67 proliferation marker. These findings demonstrated that the two components suppress TNBC
progression via inhibiting M2 macrophage polarization and promoting M1 phenotypic transformation.

The IL-6/JAK2/STAT3 signaling axis is central to tumor immune regulation. Our results revealed that M2-TAMs
trigger persistent activation of the IL-6/JAK2/STAT3 pathway.*®*® Nevertheless, glycine combined with B-clemene
effectively inhibited the protein expression of key molecules in this signalling cascade, with a better inhibitory effect than
monotherapy. Paclitaxel, a first-line chemotherapeutic agent for TNBC, also exerts essential immunomodulatory
activities.*”° The triple combination regimen (glycine + B-elemene + PTX) exhibited superior effects in restricting
tumor growth, blocking the IL-6/JAK2/STAT3 pathway and suppressing M2 macrophage polarization compared with all
single-drug groups. These results indicated that the combination of TCM active components and chemotherapy does not
interfere with the anti-tumor efficacy of paclitaxel but synergistically enhances its anti-tumor immune response.

In summary, glycine combined with B-elemene inhibits the activation of the IL-6/JAK2/STAT3 signalling pathway,
inhibit the M2 macrophages, remodels immunosuppressive TME, and ultimately suppresses TNBC malignant progres-
sion. Additionally, this component exhibits synergistic anti-tumor effects when combined with paclitaxel (Figure 7). The
current study provides experimental evidence for the immunotherapeutic application of TCM active component combi-
nations in the treatment of TNBC.

Nevertheless, several limitations of this study should be acknowledged. First, the mechanistic validation was merely
performed, focusing on glycine and B-elemene. Other potential active ingredients derived from the Carapax Trionycis-
Rhizoma Curcumae herb pair were not investigated, which fails to fully reflect the holistic characteristics of TCM herbal
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formulas with multi-component, multi-target and multi-pathway pharmacological features. Second, the current research was
limited to the IL-6/JAK2/STAT3 pathway and M2 macrophage polarization. Other pivotal immune regulatory signalling
pathways and heterogeneous immune cell subsets in the TME were not explored, resulting in insufficient dimensionality in
mechanistic interpretation. Third, only short-term efficacy observation was conducted in animal experiments. Long-term safety
evaluation, pharmacokinetic characteristics analysis and large-sample repeated verification are lacking, which restricts the
preclinical evidence and further clinical translation of this therapeutic combination.

Conclusion

In our research, glycine combined with B-elemene inhibits TNBC progression by reducing the expression of classic M2
polarization markers and inhibiting the M2 macrophages through downregulation of the IL-6/JAK2/STAT3 signaling
pathway. Moreover, it exerts a synergistic effect with paclitaxel. This study provides a mechanistic basis for the
application of active components from the Bie Jia and E Zhu herb pair in cancer therapy.
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