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A B S T R A C T

Breast cancer is the most common malignant tumor endangering women’s life and health. Tamoxifen citrate 
(TAM) is the first-line drug of adjuvant endocrine therapy for estrogen receptor-positive (ER+) breast cancer 
patients. Some sporadic cases have described rare adverse reactions of TAM with potentially life-threatening 
dermatological manifestations, which were associated with skin allergy. Mas related G protein-coupled recep-
tor X2 (MRGPRX2) on human mast cells is the key target for skin allergy. We aimed to investigate the mechanism 
of TAM-induced allergic reactions and their potential effects on TAM treatment for breast cancer. In our study, 
TAM can specifically bind with MRGPRX2, which was mainly driven by hydrophobic force. TAM formed 
hydrogen bonds with TRP243, TRP248, and GLU164 residues in MRGPRX2. TAM induced calcium mobilization 
and degranulation of mast cells via MRGPRX2. Besides, TAM induced passive cutaneous anaphylaxis and active 
systemic anaphylaxis in C57BL/6 mice. The release of β-hexosaminidase, histamine, tumor necrosis factor-α, 
monocyte chemoattractant protein 1, and interleukin-8 were increased by TAM in vitro and in vivo. Furthermore, 
we found that MCF-7 and T-47D breast cancer cells can recruit mast cells to adjacent cancerous tissues. Besides, 
mast cell activation induced by TAM via MRGPRX2 significantly promoted the proliferation and migration of 
MCF-7 and T-47D cells, which can be effectively reversed by mast cell membrane stabilizer clarithromycin and 
MRGPRX2 silencing. This study proposed an anti-allergic therapeutic strategy for breast cancer treatment with 
TAM, while also the potential of MRGPRX2 as an adjunctive target.

1. Introduction

Breast cancer is the second largest cancer worldwide, with incidence 
and mortality ranking first among female malignant tumors [1]. Estro-
gen receptor-positive (ER+) breast cancer is the most common breast 
cancer subtype. Tamoxifen citrate (TAM) is the first-line drug of adju-
vant endocrine therapy for ER+ breast cancer patients, which can 
significantly reduce the risk of recurrence and death of breast cancer [2]. 
The clinical adverse reactions of TAM were mostly mild in symptoms, 

and a variety of rashes have been reported to date [3]. However, some 
sporadic cases have described rare adverse reactions of TAM, such as 
erythema multiforme, bullous pemphigus, vasculitis, angioedema, ba-
boon syndrome, etc. [4–7], most of which were associated with skin 
allergy. Given the widespread use of TAM in breast cancer patients, it 
was necessary to recognize the rare, but potentially life-threatening 
dermatological manifestations of TAM use.

Mast cells are important effector cells that mediate inflammation and 
allergic reactions [8]. The drug-induced allergic reactions are 
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conventionally attributed to the mechanism mediated by immunoglob-
ulin E (IgE) [9]. However, it was reported that preventive and thera-
peutically TAM treatment effectively reduced allergen-specific Ig levels 
(IgE, IgG1 and IgG2a), and improved allergen-induced dermatitis by 
interfering with the allergic immune response [10]. This indicated that 
the allergic reactions induced by TAM were independent of IgE. Mas 
related G protein-coupled receptor X2 (MRGPRX2) is a biomarker of 
connective tissue mast cells and is abundant in skin [11]. In 2015, 
McNeil et al. [12] firstly reported that MRGPRX2 on human mast cells 
(mouse homologous Mrgprb2) can be recognized by endogenous pep-
tides and small molecule compounds, triggering mast cell degranulation 
and systemic allergic reactions. Many drugs have been reported to 
trigger pseudo-allergic reactions via MRGPRX2, including muscle re-
laxants, peptide drugs, tetrahydroisoquinolines, quinolone antibiotics, 
analgesics, etc [13–19]. MRGPRX2-mediated mast cell activation was 
also involved in some skin allergic diseases (such as urticarial, atopic 
dermatitis, allergic contact dermatitis, red person syndrome and rosa-
cea) [20–23], as well as the course of pain, itching, skin flushing and 
increased vascular permeability, which were typical symptoms of 
pseudo-allergic reactions [24]. As above, MRGPRX2 was speculated to 
be the target receptor for skin allergies in clinical TAM treatment for 
breast cancer.

At present, the effect of mast cells on tumor progression is still 
controversial [25]. Activated mast cells can regulate cancer immunity 
by secreting inflammatory mediators, which led to contradictory effects 
on tumor deterioration or therapy [26]. In addition to the direct effect of 
mast cell activation on tumor progression, mast cells can also be 
recruited by other cells, and indirectly participate in cancer develop-
ment by regulating immune cells to reshape the tumor microenviron-
ment [26]. It was found that the presence of stromal mast cells in breast 
cancer correlated to low grade tumours and ER+ status [27]. The density 
of mast cells in tumor tissue was positively correlated with the poor 
prognosis of canine breast cancer, which could be used to evaluate the 
invasiveness of breast cancer [28]. The killer cell immunoglobulin-like 
receptor was firstly detected in human mast cells, which can promote 
the invasion and metastasis of breast cancer expressing human leuko-
cyte antigen-G [29]. Moreover, mast cells can increase the expression of 
ER and its downstream progesterone-receptor, B-cell lymphoma 2, 
which promoted the growth of primary breast cancer in mice, and made 
more breast cancer cells develop into luminal subtype [30]. As above, 
high tumor mast cell density was usually associated with poor prognosis 
or unfavorable clinical outcomes and aggressive features of breast can-
cer, which indicated that mast cells were most likely to play adverse 
roles in breast cancer.

In summary, TAM is expected to trigger mast cell activation via 
MRGPRX2, which mediates the occurrence of drug allergic reactions; 
Meanwhile, the large number of mast cells in tumor tissues could 
negatively affect the onset and progression of breast cancer. Conse-
quently, the aim of this study was to determine if TAM-induced allergic 
reactions correlated to MRGPRX2, and further examine the potential 
roles of MRGPRX2-mediated mast cell activation on the course of TAM 
treatment for breast cancer. Our study will deepen the understanding of 
the mechanisms of allergic reactions induced by TAM treatment for 
breast cancer, and is beneficial to provide an optimized therapeutic 
strategy for breast cancer.

2. Materials and methods

2.1. Chemicals and reagents

Tamoxifen citrate (TAM, purity > 98%) was purchased from Dalian 
Meilun Biotechnology Co., Ltd (Dalian, Liaoning, China). Evans blue, 
compound 48/80 (C48/80), p‑nitrophenyl N‑acetyl‑β‑D‑glucosamide, 
triton X-100, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Cell counting kit-8 (CCK-8) were purchased from 7Sea 

Pharmatech Co., Ltd (Shanghai, China). Ciprofloxacin hydrochloride 
(CIP, purity > 98%), azidothymidine (AZT, purity > 98%), and clari-
thromycin (CLA, purity > 98%) were purchased from Shanghai yuanye 
Bio-technology Co., Ltd (Shanghai, China). Histamine and histamine-d4 
were obtained from Sigma (San Francisco, CA, USA). Fluo-3, AM ester 
and Pluronic F-127 were obtained from Biotium (Bay Area, CA, USA). 
Smart pools of double-stranded siRNAs targeting MRGPRX2 and non- 
specific siRNAs were obtained from Shanghai GenePharma Co., Ltd 
(Shanghai, China). LipofectamineTM 3000 was purchased from Invi-
trogen Corporation (Carlsbad, CA, USA). Tumor necrosis factor-α (TNF- 
α), monocyte chemoattractant protein 1 (MCP-1) and interleukin-8 (IL- 
8) ELISA kits (human and mouse) were obtained from ExCell Biology., 
Inc. (Shanghai, China). The primers for MRGPRX2 and PrimeScripTM RT 
reagent kit were purchased from Takara Biotechnology Co., Ltd. (Dalian, 
Liaoning, China).

2.2. Animals

Male C57BL/6 mice aged 6–8 weeks were used and raised in the 
Experimental Animal Center of Xi’an Jiaotong University (Xi’an, China), 
with food and water freely available. The Animal Ethics Committee of 
Xi’an Jiaotong University approved the animal experimental protocols 
performed in this study (Permit Number: XJTU 2021–1561).

2.3. Cell lines

HEK293 cells were constructed by Jiman Biotechnology Co., Ltd 
(Shanghai, China). HEK293 cells with high expression of MRGPRX2N- 
SNAP-tag (MRGPRX2-HEK293 cells) were constructed by Saiye 
Biotechnology Co., Ltd (Guangzhou, Guangdong, China). Human labo-
ratory of allergic disease 2 mast cells (LAD2 cells) were kindly provided 
by A. Kirshenbaum and D. Metcalfe (NIH). Human noncancerous breast 
cell line (MCF-10A) and human breast cancer cell lines (MCF-7 and T- 
47D) were from the National Experimental Cell Resource Sharing Plat-
form (Beijing, China).

MRGPRX2-HEK293 cells were cultured in DMEM medium contain-
ing 10% fetal bovine serum (Thermo Fisher Scientific, MA, USA), 100 U/ 
mL penicillin–streptomycin (1:1) (MedChemExpress, NJ, USA), and 0.5 
μg/mL puromycin (Meilun, Dalian, China). LAD2 cells were maintained 
in StemProTM-34 medium supplemented with 10 mL/L StemProTM 

nutrient supplement (Gibco, CA, USA), 1:100 penicillin–streptomycin, 2 
mM L-glutamine and 100 ng/mL human stem cell factor (Peprotech, NJ, 
USA). MCF-10A cells were cultured in DMEM/F12 medium containing 
5% horse serum (Thermo Fisher Scientific, MA, USA), 20 ng/mL 
epidermal growth factor (Peprotech, NJ, USA), 10 μg/mL insulin 
(Sigma-Aldrich, MO, USA), 0.5 μg/mL hydrocortisone (Sigma-Aldrich, 
MO, USA), 0.1 μg/mL cholera toxin (Sigma-Aldrich, MO, USA), and 100 
U/mL penicillin–streptomycin (1:1). HEK293, MCF-7 and T-47D cells 
were cultured in DMEM medium containing 10% fetal bovine serum, 
100 U/mL penicillin–streptomycin (1:1). Cells were cultured in a 37℃ 
incubator containing 5% CO2.

2.4. Construction of MRGPRX2-HEK293/cell membrane 
chromatography (CMC) model

MRGPRX2-HEK293 cells (5×106 cells) were digested with trypsin 
and washed 3 times with PBS. The cells were then broken with 5 mL Tris- 
HCl (50 mM, pH 7.4) by a JY92-IIN ultrasonic cell grinder (Ningbo 
Scientz, Zhejiang, China). After that, the cell suspension was centrifuged 
at 3000 rpm for 10 min; the supernatant was collected followed by 
centrifugation at 12,000 rpm for 20 min to obtain the cell membrane 
precipitation. Subsequently, the cell membrane precipitation was 
captured onto 0.05 g of BG-derivative-modified silica gel in 1 mL of PBS 
at 37℃, 1500 rpm for 30 min, using a ThermoMixerC thermal mixer 
(Eppendorf, Hamburg, Germany). Finally, the stationary phases were 
wet packed into the CMC columns by a RPL-ZD10 loading machine 
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(Dalian Ripuli, Liaoning, China), with a flow rate of 1 mL/min and a 
pressure below 5 MPa. All samples were dissolved in methanol to a 
concentration of 1 mg/mL, and then filtered with 0.45 μm membrane 
filter. A Shimadzu LC-20A high performance liquid chromatograph 
(Kyoto, Japan) was used for chromatographic analysis, with a constant 
flow rate of 0.2 mL/min at 238 nm in 37℃. 5 μL of the samples were 
injected into the CMC columns that pre equilibrated with water, and the 
affinity curves of the compounds for specific binding to MRGPRX2 were 
obtained based on chromatographic principles.

2.5. Stepwise frontal analysis

The stepwise frontal method is a technique derived from frontal 
analysis theory that can determine the KD value of drug-receptor in-
teractions through continuous injection. The CMC column (1 mm I.D. ×
1 mm) was equilibrated with water (mobile phase A) for 1–2 h. 1×10-6 

M TAM prepared in water was considered as mobile phase B. Break-
through curves were formed by sequential entry of TAM from low to 
high concentrations of 2×10-7, 4×10-7, 6×10-7, 8×10-7, and 1×10-6 M 
into the column. The time required for each concentration of TAM to 
reach the detection platform was recorded. Once the prior concentration 
of TAM reached platform stage in the CMC column, the next concen-
tration of TAM began to flow in. The gradient elution procedure was as 
follows: 0 → 60 min, 20% (B); 60.1 → 90 min, 40% (B); 90.1 → 120 min, 
60% (B); 120.1 → 150 min, 80% (B); 150.1 → 180 min, 100% (B). The 
detection was performed at 238 nm in 37℃, with a flow rate of 0.6 mL/ 
min. Breakthrough curves of AZT (a negative control) were obtained in 
the same way to determine the dead volume of the MRGPRX2-HEK293/ 
CMC system. The KD values were calculated according to equation (1)
[31]: 

1
Vj-V0

=
1
Bt

(
[A]0,j + yj

)
+

KD

Bt
(1) 

yj was calculated according to equation (2): 

yj =

∑j− 1
i=1

(
[A]0,i − [A]0,i− 1

)
(Vi − V0)

Vj − V0
(2) 

Where j represents the jth concentration of TAM. Vj and [A]0, j are the 
elution volume and molar concentration of TAM at the jth concentra-
tion, respectively. V0 is the elution volume of the nonspecific substance 
(AZT). yj is the increased molar concentration of TAM. Bt is the total 
amount of immobilized MRGPRX2 receptor. A plot of 1/Vj-V0 versus 
[A]0, j + yj should produce a linear relationship for specific system, 
where the KD value can be found by taking the ratio of the intercept over 
the slope.

2.6. Competitive displacement

The competitive displacement technique is based on the interactions 
of different ligands with MRGPRX2 to evaluate the competitiveness of 
TAM towards the binding sites of the reference ligand with MRGPRX2, 
suggesting that they may share the same binding sites on MRGPRX2. CIP 
is a known MRGPRX2 agonist that employed as a reference ligand in this 
experiment. The CMC column (2 mm I.D. × 10 mm) was equilibrated 
with water (mobile phase A) for 1–2 h. Firstly, 1 mg/mL CIP was injected 
into the MRGPRX2-HEK293/CMC column to generate an affinity curve. 
After complete elution of CIP, 1×10-7 M TAM prepared in water (mobile 
phase B) was used to pre saturate the MRGPRX2-HEK293/CMC column. 
Subsequently, CIP was injected again to observe the changes of the 
retention time. The detection was performed at 278 nm in 37℃, with a 
flow rate of 0.2 mL/min.

2.7. Thermodynamic study

Drug-receptor interactions involve hydrogen bonding forces, van der 

Waals forces, electrostatic attraction, and hydrophobic interactions 
[32]. The relationships of thermodynamic parameters of ΔH, ΔS, and KD 
value were described in the Van’t Hoff equation (3) [33]. 

lnKD =
ΔH
RT

-
ΔS
R

(3) 

The KD values were determined at different temperatures by frontal 
analysis [34] and the main binding forces were discussed by equation 
(3). The detection was performed at 238 nm in 27, 32 and 37℃, with a 
flow rate of 0.2 mL/min.

2.8. Molecular docking

SYBYL-X 2.0 software and Surfex-Dock module was used for mo-
lecular docking. MRGPRX2 protein was downloaded from PDB database 
(PDB ID: 7S8N). The structure of TAM was downloaded from the 
ChemicalBook database (CB Number: CB7853805). MRGPRX2 and TAM 
were optimized by Powell’s method with minimized Tripos force field 
and Pullman charge, and assigned using Gasteiger–Hückel charges.

2.9. Cell viability

Cell viability of LAD2 cells, MRGPRX2-HEK293 cells or HEK293 cells 
were detected by CCK-8. Cells were seeded at a density of 5×104 cells 
per well in a 96-well plate and treated with TAM, CLA, the combination 
of TAM and CLA, or conditioned mediums for 24 h. Then, 10 μL of CCK-8 
solution was added to each well and cultured for 2 h. OD values at 450 
nm were measured using a microplate reader.

MTT assay was used to detect the cell viability of MCF-10A, MCF-7, 
and T-47D cells. Cells were seeded at a density of 5×104 cells per well in 
96-well plates and treated with TAM or conditioned mediums for 48 h. 
Then, culture mediums were discarded and 200 μL of MTT solution was 
added to each well for 4 h incubation. The produced formazan blue was 
dissolved with DMSO. OD values at 490 nm were measured using a 
microplate reader.

2.10. Intracellular calcium ion (Ca2+) mobilization assay

TAM was diluted to the concentrations of 10, 20, 40 μM in calcium 
imaging buffer (CIB, 125 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 0.6 mM 
MgCl2, 10 mM HEPES, 20 mM glucose, 1.2 mM NaHCO3, 20 mM su-
crose, pH 7.4). LAD2 cells, MRGPRX2-HEK293 cells, or HEK293 cells 
were seeded into 96-well plates in advance and cultured with incubation 
buffer (CIB containing 4 μM Fluo-3 AM and 0.1% Pluronic F-127) for 30 
min. Then, cells were washed and maintained with CIB in 96-well plates 
(50 μL/well). At 10 s after initial imaging, TAM diluted with CIB was 
added to the wells. The real-time changes in calcium fluorescence in-
tensity of LAD2 cells, MRGPRX2-HEK293 cells or HEK293 cells were 
monitored at 2-s intervals over 120 s, using an inverted fluorescence 
microscope (Nikon, Ti-U, Japan).

2.11. siRNA transfection of LAD2 cells and RT-PCR

MRGPRX2 knockdown was achieved using small interfering RNAs 
(siRNAs) targeting MRGPRX2 or a control siRNA. The following siRNA 
sequences were used: Negative Control siRNA, forward, 5′-UUCUCC-
GAACGUGUCACGUTT-3′, and reverse, 5′-ACGUGACACGUUCGGA-
GAATT-3′; MRGPRX2 knockdown siRNA, forward, 5′- 
GUACAACAGUGAAUGGAAATT-3′, and reverse, 5′-UUUCCAUUCACU-
GUUGUACTT-3′. LAD2 cells were seeded at a density of 1×106 cells per 
well in a 6-well plate and treated with transfection complex (siRNAs 
were delivered at a final concentration of 1 μM with Lipofectamine® 
3000 reagent in Opti-MEM medium). LAD2 cells were incubated for 48 h 
to allow for MRGPRX2 knockdown. RT-PCR was performed to verify the 
expression of MRGPRX2 mRNA using the PrimeScripTM RT reagent kit. 
The following primer sequences for MRGPRX2 were used: forward: 5′- 
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CAGGACATTGCTGAGGTGGA-3′, reverse: 5′-AGTTCAGCAAATCAGA-
CAGACAGG-3′.

2.12. β-Hexosaminidase release assay

LAD2 cells were seeded at a density of 1×106 cells per well in a 96- 
well plate and treated with TAM (20, 40 and 80 μM) or 30 μg/mL of 
C48/80 for 30 min. The cell supernatants were subsequently collected. 
LAD2 cells without treatment were lysed with 0.1% Triton X-100 for the 
total β-hexosaminidase content. The β-hexosaminidase released into the 
supernatants and cell lysates were quantified by hydrolysis of p-nitro-
phenyl N-acetyl-β-D-glucosamide in 0.1 M citric acid/sodium citrate 
buffer (10.4: 9.6, v/v) for 90 min at 37◦C. 0.1 M sodium carbonate/ 
sodium bicarbonate (9:1, v/v) was used for termination, and OD values 
at 405 nm were measured using a microplate reader.

2.13. Histamine release assay

Histamine release was measured on a HILIC column (Venusil HILIC, 
2.1 mm×150 mm, 3 μm, Agela Technologies, Tianjin, China) by an 
LCMS-8040 mass spectrometer (Shimadzu Corporation, Kyoto, Japan). 
LAD2 cells were seeded at a density of 1×106 cells per well in a 96-well 
plate and treated with TAM (20, 40 and 80 μM) or 30 μg/mL of C48/80 
for 30 min. The cell supernatants were subsequently collected. 10 ng/mL 
of histamine-d4 as an internal standard was used for LC-ESI-MS/MS 
detection. Isocratic elution was performed with acetonitrile–water 
containing 0.1% formic acid and 20 mM ammonium formate (77:23, v/ 
v) at a flow rate of 0.3 mL/min.

2.14. Cytokine and chemokine measurements

LAD2 cells were seeded at a density of 1×106 cells per well in a 96- 
well plate and treated with TAM (20, 40 and 80 μM) or 30 μg/mL of 
C48/80 for 6 h. The cell supernatants were subsequently collected. The 
release of TNF-α, MCP-1 and IL-8 were measured by ELISA kits 

according to the manufacturer’s instructions.

2.15. Passive cutaneous anaphylaxis (PCA) assay

Male C57BL/6 mice aged 6 weeks were anesthetized with pento-
barbital sodium via intraperitoneal injection. Then, 200 µL of 0.15% 
Evans blue in saline was intravenously injected into each mouse. The 
initial thickness of the left and right hindpaw of mice were measured by 
vernier caliper. Next, 5 µL of TAM (0.25, 0.5, 1.0 mg/mL) or C48/80 (30 
μg/mL) were subcutaneously injected into the left hindpaw, and an 
equal volume of saline was injected into the right hindpaw. After 15 
min, mice were sacrificed and photos were taken later. The thickness of 
the hindpaws were measured again. Finally, the hindpaw were cut along 
foot joints, and weighted after drying. OD values of the hindpaw 
extracting solutions (acetone: saline, 7:3, v/v) at 630 nm were measured 
using a microplate reader.

2.16. Active systemic anaphylaxis (ASA) assay

Male C57BL/6 mice aged 6 weeks were weighted and the initial body 
temperatures were measured. TAM (1.265, 2.53, 5.06 mg/kg) or 30 μg/ 
mL C48/80 were given to the mice via tail vein injection. The equal 
volume of saline was injected as a control. The body temperature 
changes of the mice were measured at 3-min intervals over 30 min. After 
6 h, mouse serums were obtained by eye blood collection.

2.17. Transwell migration assay

The transwell migration assay was conducted using 24-well Boyden 
chambers containing inserts (8.0 μm pore size; transparent polyethylene 
terephthalate membrane; Corning, NY, USA). LAD2 cells with the 
serum-free DMEM medium were seeded at a density of 1×106 cells per 
well in the upper chambers. The conditioned mediums of MCF-10A, 
MCF-7, or T-47D cells containing 20% serum were added to the lower 
chambers. After incubation for 48 h, the small chambers were removed. 

Fig. 1. The binding affinity of tamoxifen citrate (TAM) with mas related G protein-coupled receptor X2 (MRGPRX2). (A) Chromatogram of TAM on 
MRGPRX2-HEK293/CMC; (B) Breakthrough curves of TAM (red) and azidothymidine (AZT, blue), and (C) regression curve of TAM on MRGPRX2-HEK293/CMC by 
stepwise frontal analysis. AZT was set as negative control. The concentrations of ligands were 2 × 10-7, 4 × 10-7, 6 × 10-7, 8 × 10-7, and 1 × 10-6 mol/L (from bottom 
to top), respectively; (D) Chromatograms of ciprofloxacin (CIP) before (blue) and after (red) TAM saturation on MRGPRX2-HEK293/CMC; (E) Van’t Hoff regression 
curve of TAM binding with MRGPRX2. The KD values at 27, 32, and 37℃ were determined by frontal analysis; (F) Binding modes of TAM with MRGPRX2 by 
molecular docking. Experiments were performed three times.
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LAD2 cell migration was photographed and quantified under a 
microscope.

2.18. Colony formation assay

MCF-10A and MCF-7 cells were seeded into 12-well plates in advance 
at a density of 50 cells per well, while T-47D cells were seeded at a 
density of 200 cells per well. Then, cells were incubated with condi-
tioned mediums of LAD2 cells containing 3% serum for 48 h. Subse-
quently, the conditioned mediums were replaced by fresh DMEM 
medium. After continuous cultivation for 10 days, the colonies were 
fixed with 4% methanol followed by 0.5% crystal violet (Solarbio, Bei-
jing, China) staining for 30 min. Next, the colonies were washed with 
PBS until the background were colorless before taking photos. Image J 

software (NIH; Bethesda, MD, USA) was used to count colonies＞0.1 mm 
in diameter.

2.19. Wound healing assay

MCF-10A, MCF-7 or T-47D cells were seeded into 12-well plates and 
cultured until confluent. The monolayer cells were scratched with a 
sterile 10 μL pipette tip and were supplemented with 1 mL of DMEM 
medium subsequently. The scratch widths of 0 h were photographed 
under a microscope. Then, cells were incubated with conditioned me-
diums of LAD2 cells containing 3% fetal bovine serum, which were 
replaced by DMEM medium after 48 h to photograph the scratch widths. 
The migration rates were calculated by the following equation: migra-
tion rate (%) = [ (scratch widths of 0 h − scratch widths of 48 h) / 

Fig. 2. Tamoxifen citrate (TAM) induced calcium influx of human laboratory of allergic disease 2 mast cells (LAD2 cells) and mas related G protein- 
coupled receptor X2-expressing HEK293 cells (MRGPRX2-HEK293 cells) in vitro. (A) Cell viability of LAD2 cells treated with different concentrations of 
TAM; (B) Calcium influx change in LAD2 cells treated with 10, 20, 40  μM TAM; (C) Cell viability of MRGPRX2-HEK293 cells treated with different concentrations of 
TAM; (D) Calcium influx change in MRGPRX2-HEK293 cells treated with 10, 20, 40  μM TAM; (E) Cell viability of HEK293 control cells treated with different 
concentrations of TAM; (F) Calcium influx change in HEK293 control cells treated with 10, 20, 40  μM TAM. Data were presented as mean ± SEM. One-way ANOVA 
analysis was used to determine significance in statistical comparisons. (***P < 0.001 vs. 0). Three independent experiments were performed with three samples 
per experiment.
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Fig. 3. Tamoxifen citrate (TAM) induced mast cell degranulation in vitro. The release of (A) β-hexosaminidase, (B) histamine, (C) TNF-α, (D) MCP-1, and (E) IL-8 
from LAD2 cells treated with different concentrations of TAM. The concentrations of TAM were set as 10, 20, 40  μM. TM buffer was set as negative control and 30 μg/ 
mL C48/80 as positive control. Data were presented as mean ± SEM. One-way ANOVA analysis was used to determine significance in statistical comparisons. (*P <
0.05, **P < 0.01, ***P < 0.001 vs. Control). Three independent experiments were performed with three samples per experiment.

Fig. 4. Mast cell degranulation induced by tamoxifen citrate (TAM) in vitro was mediated by mas related G protein-coupled receptor X2 (MRGPRX2). (A) 
The relative mRNA expression of MRGPRX2 in human laboratory of allergic disease 2 mast cells (LAD2 cells) transfected with Negative Control siRNA and MRGPRX2 
siRNA, respectively; The release of (B) β-hexosaminidase, (C) histamine, (D) TNF-α, (E) MCP-1, and (F) IL-8 from control LAD2 cells (Control siRNA) and MRGPRX2 
knockdown LAD2 cells (MRGPRX2 siRNA) treated with different concentrations of TAM. The concentrations of TAM were set as 10, 20, 40  μM. TM buffer was set as 
negative control and 30 μg/mL C48/80 as positive control. Data were presented as mean ± SEM. Two-way ANOVA analysis was used to determine significance in 
statistical comparisons. (*P < 0.05, **P < 0.01, ***P < 0.001 Control siRNA vs. MRGPRX2 siRNA). Three independent experiments were performed with three 
samples per experiment.
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Fig. 5. Tamoxifen citrate (TAM) induced passive cutaneous anaphylaxis (PCA) and active systemic anaphylaxis (ASA) in C57BL/6 mice. (A) Representative 
images of Evans blue extravasation after intraplantar injection of TAM; The quantification of (B) paw thickness and (C) Evans blue leakage into the paw. Left paw was 
injected with TAM at doses of 0.25, 0.5, 1 mg/mL (Treated), while the right paw was injected with the vehicle (Control). 30  μg/mL C48/80 was set as positive 
control. Data were presented as mean ± SEM. Two-way ANOVA analysis was used to determine significance in statistical comparisons. (*P < 0.05, **P < 0.01, ***P 
< 0.001 Control vs. Treated); (D) Changes in body temperature of C57BL/6 mice after the tail vein injection with TAM; The release of (E) histamine, (F) TNF-α, (G) 
MCP-1, and (H) IL-8 from serum in C57BL/6 mice injected with different doses of TAM. The doses of TAM were set as 1.265, 2.530, 5.060  mg/kg, the same dose of 
vehicle was set as negative control and 30 μg/kg C48/80 as positive control. Data were presented as mean ± SEM. One-way ANOVA analysis was used to determine 
significance in statistical comparisons. (*P < 0.05, **P < 0.01, ***P < 0.001 vs. Vehicle). Three independent experiments were performed with three samples 
per experiment.
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scratch widths of 0 h] × 100%.

2.20. Statistical analysis

Data were expressed as the means ± SEM from three repeated ex-
periments. Two-tailed unpaired student’s t-test was used for compari-
sons between two individual groups. One-way ANOVA or two-way 
ANOVA analysis were used for multiple comparisons. Differences were 
considered significant at *P<0.05, **P<0.01, ***P<0.001.

3. Results

3.1. TAM bound specifically with MRGPRX2

MRGPRX2-HEK293/CMC model was used for the investigation of 
specific affinity of TAM binding with MRGPRX2. TAM bound MRGPRX2 
with a retention time of 7.01 min (Fig. 1A), and gave a KD value of (2.86 
±0.02)×10-7 M by stepwise frontal analysis (Fig. 1B, C). CIP, as a classic 
agonist of MRGPRX2 [35], was used to verify the selectivity of TAM 
towards MRGPRX2. After pre saturation of TAM on MRGPRX2-HEK293/ 
CMC column, the retention time of CIP decreased and the affinity curve 
moved forward. This suggested that TAM was a potential agonist for 

Fig. 6. The effects of conditioned mediums (CMs) from breast cells on the proliferation and migration of human laboratory of allergic disease 2 mast cells 
(LAD2 cells). Cell viability of (A) MCF-10A, (B) MCF-7, and (C) T-47D cells treated with different concentrations of tamoxifen citrate (TAM). The concentrations of 
TAM were set as 0, 3.125, 6.25, 12.5, 25, 50, 100, 200  μM. Data were presented as mean ± SEM. One-way ANOVA analysis was used to determine significance in 
statistical comparisons. (***P < 0.001 vs. 0); Cell viability of LAD2 cells in the CMs of (D) MCF-10A, (E) MCF-7, and (F) T-47D cells with or without 10 μM TAM 
treatment; (G) Representative images of LAD2 cell migration induced by the CMs of MCF-10A, MCF-7, and T-47D cells with or without 10 μM TAM treatment. Image 
scale: 100 μm; (H) The quantification of the number of migrated LAD2 cells. DMEM was set as control. Data were presented as mean ± SEM. Two-tailed unpaired 
student’s t-test was used to determine significance in statistical comparisons. (***P < 0.001 vs. Control). Three independent experiments were performed with three 
samples per experiment.
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Fig. 7. The effects of conditioned mediums (CMs) from human laboratory of allergic disease 2 mast cells (LAD2 cells) on the proliferation of breast cells. 
(A) Cell viability of LAD2 cells with or without independent treatment of 40 μM tamoxifen citrate (TAM), 200 μM clarithromycin (CLA), and the combination of TAM 
and CLA. TM buffer was set as control; (B) β-Hexosaminidase release in the CMs of LAD2 cells treated with 40 μM TAM at different times. Data were presented as 
mean ± SEM. One-way ANOVA analysis was used to determine significance in statistical comparisons. (**P < 0.01, ***P < 0.001 vs. 0); (C) β-Hexosaminidase release 
in the CMs of LAD2 cells with or without independent treatment of 40 μM TAM, 200 μM CLA, and the combination of TAM and CLA. TM buffer was set as control; Cell 
viability of (D) MCF-10A, (E) MCF-7, and (F) T-47D cells in the CMs from LAD2 cells with or without independent treatment of 40 μM TAM, 200 μM CLA, and the 
combination of TAM and CLA. DMEM was set as control; Cell viability of (G) MCF-10A, (H) MCF-7, and (I) T-47D cells in the CMs from LAD2 cells with or without 
MRGPRX2 silencing, as well as in the presence or absence of 40 μM TAM treatment. DMEM was set as control. Data were presented as mean ± SEM. Two-tailed 
unpaired student’s t-test was used to determine significance in statistical comparisons. (*P < 0.05, **P < 0.01 and ***P < 0.001). Three independent experi-
ments were performed with three samples per experiment.
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MRGPRX2, as it can compete with CIP for binding to MRGPRX2 
(Fig. 1D).

Furthermore, the KD values of TAM binding with MRGPRX2 at 27, 
32, and 37℃ were (9.51±2.59)×10-7, (7.47±0.91)×10-7, and (6.91 
±0.74)×10-7 M, respectively. The linear equation for Van’t Hoff 
regression analysis between ln KD and 1000/RT was y=(25.6900 
±7.7280)*x-(8.0640±3.0480) (Fig. 1E). An endothermic process of 
TAM binding with MRGPRX2 was confirmed by ΔH>0 and ΔS>0, ac-
cording to the thermodynamic principles of chemical reactions [33]. 
This proved that hydrophobic forces were the main driving force for 
TAM binding with MRGPRX2. In addition, TAM can form three 
hydrogen bonds with residues of TRP243, TRP248, and GLU164 in 
MRGPRX2 by molecular docking (Fig. 1F).

3.2. TAM induced mast cell activation via MRGPRX2

Mast cell activation was detected by calcium mobilization and 
degranulation. LAD2 cell viability was more than 80% within concen-
trations of 40 μM TAM (Fig. 2A). Calcium imaging of LAD2 cells showed 
a strongly activated response effect, which was produced by TAM at 
concentrations of 10, 20, 40 μM (Fig. 2B). MRGPRX2-HEK293 cells were 
used to assess the contribution of MRGPRX2 in mast cell calcium 
mobilization, with HEK 293 control cells serving as a control. TAM did 
not significantly affect cell viability at concentrations below 40 μM 
(Fig. 2C, E). The intracellular Ca2+ concentrations of MRGPRX2- 
HEK293 cells were increased by TAM in a dose-dependent manner 
(Fig. 2D), while TAM rarely affected Ca2+ influx change in HEK293 
control cells (Fig. 2F). It was indicated that TAM induced mast cell 
calcium mobilization via MRGPRX2.

Calcium influx change shows a subsequent effect on mast cell 

Fig. 8. The effects of mast cell activation induced by tamoxifen citrate (TAM) on the colony formation of breast cancer cells can be reversed by clari-
thromycin (CLA). Representative images and numbers of colony formation of (A) MCF-10A, (B) MCF-7, and (C) T-47D cells in the conditioned mediums (CMs) of 
LAD2 cells with or without independent treatment of 40 μM TAM, 200 μM CLA, and the combination of TAM and CLA. Image scale: 50 or 100 μm. DMEM was set as 
control. Data were presented as mean ± SEM. Two-tailed unpaired student’s t-test was used to determine significance in statistical comparisons. (*P < 0.05 and **P 
< 0.01). Three independent experiments were performed with three samples per experiment.
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degranulation, which includes the rapid secretion of pre-formed in-
flammatory mediators and synthetic cytokines [36]. C48/80 is a specific 
MRGPRX2 agonist used as positive control. TAM dose-dependently 
increased the release of β‑hexosaminidase, histamine, TNF-α, MCP-1 
and IL-8 in LAD2 cells (Fig. 3). Besides, MRGPRX2 was knockdown 
through siRNA interference of LAD2 cells (Fig. 4A). The release of 
β-hexosaminidase, histamine, TNF-α, and MCP-1 induced by TAM were 
significantly weakened in MRGPRX2 knockdown LAD2 cells, compared 
to control LAD2 cells (Fig. 4B-F). It was confirmed that MRGPRX2 
mediated mast cell degranulation induced by TAM.

3.3. TAM induced pseudo-allergic reactions in C57BL/6 mice

PCA mouse models were used to explore the in vivo pseudo-allergic 

reactions induced by TAM. TAM produced a dose-dependent increase 
in swelling and Evans blue extravasation of the left hindpaw, compared 
to right hindpaw that injected with physiological saline (Fig. 5A-C). It 
was revealed that TAM could induce local pseudo-allergic reactions in 
C57BL/6 mice.

Furthermore, different doses of TAM were intravenously injected 
into C57BL/6 mice, and body temperature changes within 30 min were 
monitored to investigate ASA induced by TAM. TAM caused dose- 
dependently rapid decreases in body temperature of the mice, which 
maintained at low levels for a period of time. The degrees of temperature 
decrease induced by TAM at doses of 2.530 and 5.060 mg/kg were 
higher than that induced by C48/80 (Fig. 5D). Besides, mouse serums 
treated with TAM for 6 h were collected. The release of histamine, TNF- 
α, MCP-1, and IL-8 in serum increased remarkably by TAM in a dose 

Fig. 9. The effects of mast cell activation induced by tamoxifen citrate (TAM) on the colony formation of breast cancer cells can be reversed by mas 
related G protein-coupled receptor X2 (MRGPRX2) silencing. Representative images and numbers of colony formation of (A) MCF-10A, (B) MCF-7, and (C) T-47D 
cells in the conditioned mediums (CMs) of LAD2 cells with or without MRGPRX2 knockdown, as well as in the presence or absence of 40 μM TAM treatment. Image 
scale: 50 or 100 μm. DMEM was set as control. Data were presented as mean ± SEM. Two-tailed unpaired student’s t-test was used to determine significance in 
statistical comparisons. (*P < 0.05 and ***P < 0.001). Three independent experiments were performed with three samples per experiment.
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dependent manner (Fig. 5E-H), which were consistent with the results in 
vitro (Fig. 3).

3.4. Breast cancer cells could recruit mast cells

Human noncancerous breast cell line (MCF-10A) and human breast 
cancer cell lines (MCF-7 and T-47D) were used to investigate the 
interaction between LAD2 cells and breast cancer cells. The conditioned 
mediums of MCF-10A, MCF-7, and T-47D cells with or without TAM 
treatment were used for indirect cocultures of LAD2 cells. The cyto-
toxicity of TAM on MCF-10A, MCF-7 and T-47D cells were first evalu-
ated. Cell viability of MCF-10A, MCF-7 and T-47D cells were not 
significantly affected by TAM at concentrations below 12.5 μM (Fig. 6A- 
C). Therefore, 10 μM of TAM was selected for the collection of the 
conditioned mediums from breast cells.

The conditioned mediums of MCF-10A, MCF-7, or T-47D cells did not 
affect the proliferation of LAD2 cells (Fig. 6D-F). Meanwhile, condi-
tioned mediums of MCF-10A cells did not significantly promote the 
migration of LAD2 cells by transwell assay. However, conditioned me-
diums from both MCF-7 and T-47D cells significantly induced LAD2 cell 
migration to the lower chamber. Interestedly, additional TAM treatment 
had no significant effect on the LAD2 cell migration induced by condi-
tioned mediums of MCF-7 and T-47D cells (Fig. 6G, H). This indicated 
that ER+ breast cancer cells could recruit mast cells to participate the 

composition of breast cancer microenvironment.

3.5. Mast cell activation induced by TAM promoted the proliferation and 
migration of breast cancer cells

CLA has been reported as an MRGPRX2 antagonist that inhibits mast 
cell activation, as well as a mast cell membrane stabilizer for anti- 
inflammatory and anti-allergic purposes [37,38]. The conditioned me-
diums of LAD2 cells with or without independent treatment of 40 μM 
TAM, 200 μM CLA, or the combination of TAM and CLA were used for 
indirect cocultures of MCF-10A, MCF-7, and T-47D cells. Cell viability of 
LAD2 cells were not significantly affected by independent or combina-
tional treatment of 40 μM TAM and 200 μM CLA (Fig. 7A). β-Hexosa-
minidase release assay was used to determine the optimal stimulation 
time of TAM in the collection of conditioned mediums from LAD2 cells. 
The highest content of β-hexosaminidase in conditioned mediums of 
LAD2 cells was observed in TAM treatment for 8 min (Fig. 7B). TAM 
increased β-hexosaminidase release in conditioned mediums of LAD2 
cells, while CLA decreased it significantly. Notably, CLA significantly 
reversed the increased β-hexosaminidase release of LAD2 cells induced 
by TAM (Fig. 7C), which indicated that CLA could inhibit TAM-induced 
mast cell activation.

The conditioned mediums of LAD2 cells did not affect the prolifer-
ation of MCF-10A cells (Fig. 7D). However, for ER+ breast cancer cells, 

Fig. 10. The effects of mast cell activation induced by tamoxifen citrate (TAM) on the migration of breast cancer cells can be reversed by clarithromycin 
(CLA). Representative images and migration rates of wound healing of (A) MCF-10A, (B) MCF-7, and (C) T-47D cells in the conditioned mediums (CMs) of LAD2 cells 
with or without independent treatment of 40 μM TAM, 200 μM CLA, and the combination of TAM and CLA. Image scale: 100 μm. DMEM was set as control. Data were 
presented as mean ± SEM. Two-tailed unpaired student’s t-test was used to determine significance in statistical comparisons. (*P < 0.05, **P < 0.01 and ***P <
0.001). Three independent experiments were performed with three samples per experiment.
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conditioned mediums of LAD2 cells promoted the proliferation of MCF-7 
and T-47D cells, which were further enhanced by additional TAM 
treatment. Meanwhile, additional CLA treatment had no significant ef-
fect on the proliferation of MCF-7 cells, while inhibited the proliferation 
of T-47D cells, compared with conditioned mediums of LAD2 cells. 
Moreover, CLA could significantly reverse the proliferation promotion 
of MCF-7 and T-47D cells by inhibiting TAM-induced mast cell activa-
tion (Fig. 7E, F). Additionally, MRGPRX2 was silenced using siRNA 
interference in LAD2 cells. The conditioned mediums from LAD2 cells 
with MRGPRX2 siRNA interference exhibited effects on the proliferation 
of these three cell lines that were similar to those observed with CLA 
(Fig. 7G-I).

The conditioned mediums of LAD2 cells did not affect the number 
and size of MCF-10A cell colonies (Fig. 8A). However, conditioned 
mediums of LAD2 cells significantly promoted the colony formation of 
MCF-7 and T-47D cells, which were further enhanced by additional TAM 
treatment, but inhibited by additional CLA treatment reversely. More-
over, CLA could effectively reverse the enhanced colony formation of 
MCF-7 and T-47D cells caused by TAM-induced mast cell activation 
(Fig. 8B, C). Meanwhile, MRGPRX2 silencing exhibited comparable ef-
fects on the colony formation of MCF-7 and T-47D cells, as using 

MRGPRX2 antagonist CLA (Fig. 9).
The conditioned mediums of LAD2 cells did not affect the migration 

of MCF-10A cells (Fig. 10A). Interestedly, conditioned mediums of LAD2 
cells significantly promoted the migration of T-47D cells, but inhibited 
the migration of MCF-7 cells, both of which were further promoted by 
additional TAM treatment. It was speculated that the genotype expres-
sion of MCF-7 and T-47D cells affected their migration behavior medi-
ated by mast cells. Compared with conditioned mediums of LAD2 cells, 
additional CLA treatment did not affect the migration of MCF-7 cells, 
while significantly inhibited the migration of T-47D cells. Moreover, 
CLA could effectively reverse the enhanced migration abilities of MCF-7 
and T-47D cells caused by TAM-induced mast cell activation (Fig. 10B, 
C). It was noteworthy that MRGPRX2 silencing produced effects similar 
to those of CLA (Fig. 11).

4. Discussion

Chemotherapy is one of the most effective means for cancer therapy, 
which mainly affects the life activities of tumor cells by interfering with 
the biosynthesis of nucleic acids and the structure and function of pro-
teins, or disrupting hormone balance [39]. Allergic reactions have been 

Fig. 11. The effects of mast cell activation induced by tamoxifen citrate (TAM) on the migration of breast cancer cells can be reversed by mas related G 
protein-coupled receptor X2 (MRGPRX2) silencing. Representative images and migration rates of wound healing of (A) MCF-10A, (B) MCF-7, and (C) T-47D cells 
in the conditioned mediums (CMs) of LAD2 cells with or without MRGPRX2 knockdown, as well as in the presence or absence of 40 μM TAM treatment. Image scale: 
100 μm. DMEM was set as control. Data were presented as mean ± SEM. Two-tailed unpaired student’s t-test was used to determine significance in statistical 
comparisons. (*P < 0.05, **P < 0.01 and ***P < 0.001). Three independent experiments were performed with three samples per experiment.
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reported in the vast majority of chemotherapy drugs due to the high 
toxicity and irritancy [40,41]. Although the overall incidence rate is not 
high, the consequences are very serious [42]. Therefore, the investiga-
tion of potential sensitization in chemotherapy drugs is of great practical 
significance for clinical guidance on safe medication and improvement 
of the quality of cancer patients lives.

Allergic reactions were involved in the rare adverse reactions of TAM 
in clinical treatment for breast cancer, which we speculated that 
MRGPRX2 was the target receptor. In our study, TAM can specifically 
bind to MRGPRX2 with a KD value of (2.86±0.02)×10-7 M. Calcium 
mobilization was the first step to trigger mast cell degranulation [36]. 
TAM was found to induce calcium influx in LAD2 cells mediated by 
MRGPRX2. The release of β-hexosaminidase (a marker protein highly 
associated with inflammation), histamine (a classic endogenous itch 
substance), TNF-α and MCP-1 (pro-inflammatory cytokines with 
chemotaxis of various inflammatory cells), and IL-8 (a neutrophil 
chemotactic factor and an important indicator for allergic reactions) 
[43,44] were increased by TAM in vitro and in vivo. Moreover, TAM 
could induce pseudo-allergic reactions in vivo. It was suggested that 
MRGPRX2 was the key target receptor for allergic reactions in TAM 
treatment for breast cancer.

The recruitment of mast cells by tumor cells can intervene in tumor 
progression, by altering the tumor microenvironment [25]. In our study, 
ER+ breast cancer cells can recruit mast cells into the adjacent tissues, 
and mast cell activation induced by TAM promoted the proliferation and 
migration of ER+ breast cancer cells. To some extent, mast cell activa-
tion in TAM treatment for breast cancer tend to have potential adverse 
effects on breast cancer, which should be a comprehensive responses of 
inflammatory mediators released by mast cells. Further study needed to 
determine the specific effects of inflammatory mediators involved. 
Moreover, this adverse effects can be reversed by an MRGPRX2 antag-
onist CLA and MRGPRX2 silencing [37]. It was suggested that the po-
tential of MRGPRX2 as an adjunctive target for breast cancer treatment.

MRGPRX2 is a member of the G protein-coupled receptor family 
predominantly expressed in sensory neurons, mast cells, and keratino-
cytes [12]. It is located in adipose tissue, esophagus, bladder, and lungs, 
with the highest levels found in the skin [45]. Some exogenous sub-
stances—such as C48/80, ant venom peptides, and specific drugs 
(neuromuscular blockers, fluoroquinolones, vancomycin) —can activate 
mast cells via MRGPRX2 to induce allergic reactions [35]. Notably, 
several endogenous peptides—including substance P, cathelicidin LL- 
37, PAMP-12, and vasoactive intestinal peptide—also acting as 
MRGPRX2 agonists [45–47].

Specifically, substance P is an endogenous neuropeptide that is 
widely distributed in the central and peripheral nervous systems, and 
immune system of mammals. Substance P/neurokinin 1 receptor me-
diates a range of biological effects, including pain, inflammation, im-
mune regulation [48]; It also promotes the proliferation, invasion, 
metastasis, and angiogenesis of tumors [49]. Notably elevated levels of 
substance P have been identified across multiple human cancer tissues 
[50]. It was detected in the cytoplasm and nucleus of cancerous cells, as 
well as in the tumor body and adjacent tissues [51,52]. Importantly, 
substance P arose from the degradation of protachykinin A, whose levels 
were significantly elevated in breast cancer cells compared to normal 
breast epithelial cells [53]. Moreover, Davoodian et al. reported that 
serum levels of substance P were markedly higher among breast cancer 
patients than those observed in healthy individuals [54]. In addition, the 
expression of cathelicidin LL-37 in breast cancer cells was significantly 
increased, which exhibited a positive correlation with malignancy 
severity [55].

The presence or significant increase of endogenous MRGPRX2 ago-
nists around the tumor tissues or at the systemic level suggested that, we 
should pay more attention to the potential adverse effects of MRGPRX2 
activation in mast cells on breast cancer, as those observed with TAM. 
Given the reported high expression of substance P and cathelicidin LL-37 
across multiple tumor types [50,56], further research warrants to 

elucidate the precise effects of MRGPRX2 activation on different tumors 
and to uncover the underlying mechanisms involved.

In conclusion, our study introduced a novel anti-allergic therapeutic 
strategy to improve TAM treatment for ER+ breast cancer, and prelim-
inarily confirmed that mast cell activation induced by TAM via 
MRGPRX2 played a potential adverse role in breast cancer. However, 
further detailed investigation into the specific mechanisms and the in 
vivo validation are necessary. Clarifying the role of MRGPRX2 in cancer 
immunity and tumor therapy remains a considerable challenge ahead. 
The future use of mast cell membrane stabilizers or MRGPRX2 antago-
nists could serve as a promising adjunctive option for cancer therapy.

CRediT authorship contribution statement

Jiapan Gao: Writing – original draft, Methodology, Investigation. 
Xinyue Su: Methodology, Investigation. Yuxiu Zhang: Formal analysis, 
Data curation. Xiaoyu Ma: Formal analysis, Data curation. Bingxi Ren: 
Visualization, Validation. Panpan Lei: Visualization, Validation. Jim-
ing Jin: Methodology, Formal analysis. Weina Ma: Writing – review & 
editing, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was supported by National Natural Science Foundation of 
China [grant numbers 82150201, 81930096].

Data availability

Data will be made available on request.

References

[1] R.L. Siegel, A.N. Giaquinto, A. Jemal, Cancer statistics, 2024, CA Cancer J Clin 74 
(1) (2024) 12–49, https://doi.org/10.3322/caac.21820.

[2] A.J. Kerr, D. Dodwell, P. McGale, F. Holt, F. Duane, G. Mannu, S.C. Darby, C. 
W. Taylor, Adjuvant and neoadjuvant breast cancer treatments: A systematic 
review of their effects on mortality, Cancer Treat Rev 105 (2022) 102375, https:// 
doi.org/10.1016/j.ctrv.2022.102375.

[3] W.H. Zhou, Y.W. Jiang, Y.Q. Xu, Y.H. Wang, X.W. Ma, L.H. Zhou, Y.P. Lin, Y. 
Wang, Z.P. Wu, M. Li, W.J. Yin, J.S Lu, Comparison of adverse drug reactions 
between tamoxifen and toremifene in breast cancer patients with different CYP2D6 
genotypes: A propensity-score matched cohort study, Int J Cancer 150 (10) (2022) 
1664-1676. https://doi.org/10.1002/ijc.33919.

[4] R. Mofarrah, R. Mofarrah, B. Kränke, M. Rahmani, K. Jahani Amiri, M. Ghasemi, N. 
Jallab, S. Ghobadiaski, N. Rahmani, N. Hashemi, First report of tamoxifen-induced 
baboon syndrome, J Cosmet Dermatol 20 (8) (2021) 2574-2578. https://doi.org/ 
10.1111/jocd.13863.

[5] U. Kulkarni, V. Nayak, M.M. Prabhu, R. Rao, Tamoxifen-induced vasculitis, J Oncol 
Pharm Pract 26 (3) (2020) 735–737, https://doi.org/10.1177/ 
1078155219862342.

[6] A.R. Pinto, F. Carolino, Exploring the relationship between tamoxifen and 
hereditary angioedema, Eur J Breast Health 20 (1) (2023) 71–72, https://doi.org/ 
10.4274/ejbh.galenos.2023.2023-12-9.

[7] G. Yang, S. Nowsheen, K. Aziz, A.G. Georgakilas, Toxicity and adverse effects of 
tamoxifen and other anti-estrogen drugs, Pharmacol Ther 139 (3) (2013) 392–404, 
https://doi.org/10.1016/j.pharmthera.2013.05.005.

[8] M. Babina, S. Guhl, M. Artuc, T. Zuberbier, Allergic FcεRI- and pseudo-allergic 
MRGPRX2-triggered mast cell activation routes are independent and inversely 
regulated by SCF, Allergy 73 (1) (2018) 256–260, https://doi.org/10.1111/ 
all.13301.

[9] D.P. Potaczek, M. Kabesch, Current concepts of IgE regulation and impact of 
genetic determinants, Clin Exp Allergy 42 (6) (2012) 852–871, https://doi.org/ 
10.1111/j.1365-2222.2011.03953.x.

[10] M. Babina, F. Kirn, D. Hoser, D. Ernst, W. Rohde, T. Zuberbier, M. Worm, 
Tamoxifen counteracts the allergic immune response and improves allergen- 
induced dermatitis in mice, Clin Exp Allergy 40 (8) (2010) 1256–1265, https://doi. 
org/10.1111/j.1365-2222.2010.03472.x.

J. Gao et al.                                                                                                                                                                                                                                      Biochemical Pharmacology 233 (2025) 116760 

14 

https://doi.org/10.3322/caac.21820
https://doi.org/10.1016/j.ctrv.2022.102375
https://doi.org/10.1016/j.ctrv.2022.102375
https://doi.org/10.1177/1078155219862342
https://doi.org/10.1177/1078155219862342
https://doi.org/10.4274/ejbh.galenos.2023.2023-12-9
https://doi.org/10.4274/ejbh.galenos.2023.2023-12-9
https://doi.org/10.1016/j.pharmthera.2013.05.005
https://doi.org/10.1111/all.13301
https://doi.org/10.1111/all.13301
https://doi.org/10.1111/j.1365-2222.2011.03953.x
https://doi.org/10.1111/j.1365-2222.2011.03953.x
https://doi.org/10.1111/j.1365-2222.2010.03472.x
https://doi.org/10.1111/j.1365-2222.2010.03472.x


[11] S. Roy, C. Chompunud Na Ayudhya, M. Thapaliya, V. Deepak, H. Ali, Multifaceted 
MRGPRX2: New insight into the role of mast cells in health and disease, J Allergy 
Clin Immunol 148 (2) (2021) 293-308. https://doi.org/10.1016/j. 
jaci.2021.03.049.

[12] B.D. McNeil, P. Pundir, S. Meeker, L. Han, B.J. Undem, M. Kulka, X. Dong, 
Identification of a mast-cell-specific receptor crucial for pseudo-allergic drug 
reactions, Nature 519 (7542) (2015) 237–241, https://doi.org/10.1038/ 
nature14022.

[13] K. Lansu, J. Karpiak, J. Liu, X.P. Huang, J.D. McCorvy, W.K. Kroeze, T. Che, 
H. Nagase, F.I. Carroll, J. Jin, B.K. Shoichet, B.L. Roth, In silico design of novel 
probes for the atypical opioid receptor MRGPRX2, Nat Chem Biol 13 (5) (2017) 
529–536, https://doi.org/10.1038/nchembio.2334.

[14] D.L. Che, J. Wang, Y.Y. Ding, R. Liu, J. Cao, Y.J. Zhang, Y.J. Hou, H.L. An, Z.J. Gao, 
T. Zhang, Mivacurium induce mast cell activation and pseudo-allergic reactions via 
MAS-related G protein coupled receptor-X2, Cell Immunol 332 (2018) 121–128, 
https://doi.org/10.1016/j.cellimm.2018.08.005.

[15] T. Zhang, D.L. Che, R. Liu, S.L. Han, N. Wang, Y.Z. Zhan, P. Pundir, J. Cao, Y.N. Lv, 
L. Yang, J. Wang, M.W. Ding, X.Z. Dong, L.C. He, Typical antimicrobials induce 
mast cell degranulation and anaphylactoid reactions via MRGPRX2 and its murine 
homologue MRGPRB2, Eur J Immunol 47 (11) (2017) 1949–1958, https://doi.org/ 
10.1002/eji.201746951.

[16] R. Liu, D.L. Che, T.T. Zhao, P. Pundir, J. Cao, Y.N. Lv, J. Wang, P.Y. Ma, J. Fu, N. 
N. Wang, X.Y. Wang, T. Zhang, X.Z. Dong, L.C. He, MRGPRX2 is essential for 
sinomenine hydrochloride induced anaphylactoid reactions, Biochem Pharmacol 
146 (2017) 214–223, https://doi.org/10.1016/j.bcp.2017.09.017.

[17] T. Zhang, R. Liu, D.L. Che, P. Pundir, N. Wang, S.L. Han, J. Cao, Y.N. Lv, H.Y. Dong, 
F. Fang, J. Wang, P.Y. Ma, T.T. Zhao, T. Lei, X.Z. Dong, L.C. He, A mast cell-specific 
receptor is critical for granuloma induced by intrathecal morphine infusion, 
J Immunol 203 (7) (2019) 1701–1714, https://doi.org/10.4049/ 
jimmunol.1801423.

[18] P.M. Mertes, F. Alla, P. Tréchot, Y. Auroy, E. Jougla, Groupe d’Etudes des 
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