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Aims: To explore the hepatoprotective role of quercetin and its novel molecular 
mechanism of action on breast cancer associated hepatic inflammation and 
fibrosis via Vitamin D receptor (VDR).

Main methods: We used Ehrlich Ascites Carcinoma (mouse mammary carcinoma) 
model for our in-vivo experiments and human breast cancer cell lines for in-
vitro assays. We  inoculated 1.5 × 106 Ehrlich ascites carcinoma cells into female 
Swiss albino mice. Quercetin (50 mg/kg) was administered intraperitoneally for 
15 days. Liver enzymes activity was determined using a spectrophotometric 
assay. The hallmarks of inflammation and fibrosis were determined using 
Immunohistochemistry. The effect of quercetin on tumor formation was 
elucidated using human breast cancer cell lines and chick chorioallantoic 
membrane assay. Docking study was performed to explore the binding mode of 
quercetin with VDR.

Key findings: In EAC tumor-bearing mice, cell numbers, tumor volume, body 
weight and liver weight were dramatically increased, while they significantly 
decreased in mice treated with quercetin. Additionally, the peritoneal neo-
angiogenesis was also significantly suppressed in the quercetin-treated mice, 
compared to the control. In addition, quercetin treated EAC tumor bearing mice 
had lower levels of liver enzymes, decreased hepatic inflammation and fibrosis 
compared with EAC tumor bearing mice. Docking study confirmed VDR-quercetin 
interaction. Furthermore, in-vitro assays and chick chorioallantoic membrane 
assay revealed the Vitamin D mimicking effect of quercetin.

Significance: Dietary flavonoid, quercetin could act as a promising therapeutic 
drug to suppress the breast cancer induced tumor angiogenesis, hepatic 
inflammation, and fibrosis possibly via activation of VDR.

OPEN ACCESS

EDITED BY

Rong Li,  
Guilin Medical University, China

REVIEWED BY

Denis Baranenko,  
ITMO University, Russia
Dunyaporn Trachootham,  
Mahidol University, Thailand

*CORRESPONDENCE

Prasanna K. Santhekadur  
 prasannakumars@jssuni.edu.in

SPECIALTY SECTION

This article was submitted to  
Clinical Nutrition,  
a section of the journal  
Frontiers in Nutrition

RECEIVED 04 February 2023
ACCEPTED 24 March 2023
PUBLISHED 20 April 2023

CITATION

Sannappa Gowda NG, Shiragannavar VD, 
Puttahanumantharayappa LD, Shivakumar AT, 
Dallavalasa S, Basavaraju CG, Bhat SS, 
Prasad SK, Vamadevaiah RM, 
Madhunapantula SV and Santhekadur PK (2023) 
Quercetin activates vitamin D receptor and 
ameliorates breast cancer induced hepatic 
inflammation and fibrosis.
Front. Nutr. 10:1158633.
doi: 10.3389/fnut.2023.1158633

COPYRIGHT

© 2023 Sannappa Gowda, Shiragannavar, 
Puttahanumantharayappa, Shivakumar, 
Dallavalasa, Basavaraju, Bhat, Prasad, 
Vamadevaiah, Madhunapantula and 
Santhekadur. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE Original Research
PUBLISHED 20 April 2023
DOI 10.3389/fnut.2023.1158633

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1158633&domain=pdf&date_stamp=2023-04-20
https://www.frontiersin.org/articles/10.3389/fnut.2023.1158633/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1158633/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1158633/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1158633/full
mailto:prasannakumars@jssuni.edu.in
https://doi.org/10.3389/fnut.2023.1158633
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1158633


Sannappa Gowda et al. 10.3389/fnut.2023.1158633

Frontiers in Nutrition 02 frontiersin.org

KEYWORDS

Ehrlich ascites carcinoma, quercetin, vitamin D3, vitamin D receptor, hepatic 
inflammation

1. Introduction

Breast cancer is one of the major and the most known and 
reported malignancies among women population around the world, 
and it is also the leading and major cause of cancer-related deaths in 
women. Breast cancer has the highest prevalence and mortality rate in 
India and the world according to the 2020 Globocan cancer report (1). 
Age, family history, mutation, lifestyle, obesity, and other factors play 
a significant role in the development of breast cancer (2). Aside from 
these risk factors, the mortality rate of breast cancer patients has been 
linked to a wide range of other diseases (3). Thus, it is critical to 
understand the molecular relationship between breast cancer and 
other related comorbidities. Some clinical studies suggest that, patients 
with breast cancer shows most prevalent comorbidities such as 
hypertension, arthritis, thyroid problem, hypercholesterolemia and 
diabetes (4). Breast cancer is also directly associated with obesity and 
Nonalcoholic Fatty liver disease (5, 6). There are many reports which 
shows that liver metastasis is very common in breast cancer patients 
(7, 8). Our own previous study showed that Breast cancer associated 
mice model can be used to study the hepatic inflammation and fibrosis 
(9). Based on that, here we aimed to further understand the molecular 
mechanism between breast cancer induced liver inflammation and 
fibrosis and also it can be adopted to the development of therapeutic 
approaches to treat breast cancer induced liver inflammation 
and fibrosis.

The liver is a vital organ involved in regulating metabolic 
homeostasis and it has a unique vascular supply and it receives most 
of the blood from the portal venous circulation. Therefore, any 
pathological change in liver functional and architectural pattern may 
leads to various diseases (10). Angiogenesis is the biological process 
of establishment of new blood vessels from pre-existing one, and is 
reported in several pathophysiological conditions (11). Abnormal or 
defective liver angioarchitecture is directly linked to hepatitis, which 
may lead to cirrhosis and cancer (12). Tumor angiogenesis is a vital 
process that provides a supportive nutrients and oxygen rich 
microenvironment to the growing tumor and may also play a 
significant role in the development of hepatitis through multiple 
signaling pathways (13). Various findings also suggest that tumor 
angiogenesis as one of the distinguishing signatures for the 
development of liver inflammation and fibrosis, which eventually 
leads to hepatocellular carcinoma (HCC) (14, 15). As a result, 
inhibition of tumor-angiogenesis will be  a favorable therapeutic 
approach to prevent the breast cancer induced liver injury (16). 
Currently, dietary natural compounds are gaining popularity due to 
their limited or no side effects nature (17). Therefore, we attempted to 
explore the beneficial effects of a dietary natural compound that 
ameliorates breast cancer induced liver injury via novel signaling 
pathways (9).

Quercetin is a dietary flavonoid, which is abundant in various 
fruits and vegetables and possess anti-inflammatory, anti-tumor, 

anti-oxidants and other beneficial effects (18). Recent reports have 
shown that quercetin inhibits various cancer hallmarks and oncogenic 
signaling pathways in breast cancer cells (19, 20). However, the 
potential effect of quercetin and its molecular mechanism in inhibiting 
breast cancer mediated hepatitis is not studied and needs to 
be investigated.

To explore the potential beneficial effects of quercetin, 
we examined its effect on EAC mice model as well as on human breast 
cancer cell lines. Since the receptor for vitamin D are ubiquitously 
present in all cells, vitamin D3 acts as a ligand for the activation of 
Vitamin D receptor (21). Although few reports have also shown that 
quercetin directly interacts with vitamin D receptor, but the molecular 
mechanism is poorly understood and requires experimental validation 
(22, 23). Here, we tried to explore the possible link between tumor 
angiogenesis and liver injury and novel possible hepatoprotective 
effect of quercetin and its vitamin D mimicking action via VDR in 
breast cancer.

2. Materials and methods

2.1. Cells and materials

EAC (Ehrlich ascites carcinoma cells) and human Breast cancer 
cell lines (MDA-MB-231 and BT-474) were kind gift from Dr. MVVST 
SubbaRao, CEMR laboratory. Quercetin (Q4951) and vitamin D3 
(C9756) were procured from Sigma-Aldrich, United States. WST-1 
reagent was procured from TAKARA. Fertilized chicken eggs were 
procured from Ilavala poultry farm, Mysuru. The Ehrlich ascites 
carcinoma (EAC) model is very commonly used model to study the 
pathological conditions of breast cancer and associated tumor 
angiogenesis. These EAC cells were first discovered and isolated by the 
Nobel Laureate, Paul Ehrlich in the mammary gland tumor of a white 
mouse, therefore these tumor cells were named after him to honor his 
great contribution to tumor biology. Recently, we further developed 
this model to study the breast cancer induced liver inflammation and 
fibrosis (9).

2.2. Animal care and handling

The Institutional Animal Ethics Committee (JSSAHER/CPT/
IAEC/087/2021), JSS Medical College, JSS AHER, Mysore, Karnataka, 
India approved the animal experimental procedure. A total of 15 
female Swiss albino mice were procured from M/s. Adita Biosys, 
Tumakuru, which were weighing 18–21grams and aged between 5 and 
6 weeks and then housed for 7 days prior to all in-vivo studies. All the 
animals were kept in polypropylene cages at a constant room 
temperature of 25°C ± 3°C, with a relative humidity of 45%–55% and 
a 12 h light/12 h dark cycle (artificial photoperiod). The animals were 
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fed with a rodent normal chow diet and mineral water on an ad 
libitum basis.

2.3. Inoculation of tumor cells

1.5 × 106 EAC cells were injected into a donor mouse’s peritoneal 
cavity. After 10 days, ascites fluid containing EAC cells was collected 
from donor mice and the cells were counted using a hemocytometer. 
After counting, 100 μL of fluid was administered into each recipient 
mouse’s peritoneal cavity, which contained 1.5 million viable cells (24).

2.4. Experimental design

After 3–4 days of post tumor inoculation, the inoculated mice were 
separated into three distinct groups (5 mice per cage) according to the 
treatment pattern as follows: The non-tumor bearing mice were 
considered as the negative control group. The EAC group containing 
EAC tumor cells considered as the positive control group. The 
remaining EAC group was treated with quercetin every day until the 
15th day (Figure 1A). The quercetin dose was prepared using 0.01% 
DMSO, and each mice received 50 mg/kg intra-peritoneally (25). All 
animals were anaesthetized on the 15th day, blood was collected by 
retro orbital (processed serum sample were stored at −80°C), and then 
animals were sacrificed by cervical dislocation. Each group’s peritoneal 
ascites fluid was collected for measurements of tumor proliferation and 
progression parameters (volume of ascites fluid and cell viability), as 
well as the liver and peritoneal cavity layer was collected and 

immediately fixed in 10% formaldehyde and used for 
further experiments.

2.5. Biochemical estimation

Elevated liver enzymes indicate the hepatic inflammation or 
hepatocyte damage. Mouse liver enzymes [Alanine Transaminase 
(ALT), Aspartate Transaminase (AST) and Alkaline Phosphatase 
(ALP)] activity was determined by adding an enzyme specific working 
reagent to each serum sample and incubating at 37°C for 1 min, and 
measuring the change in absorbance per minute during 3 min using a 
semi-autoanalyzer (MISPA VIVA) according to the manufacturer’s 
instructions (Agappe diagnostics Ltd., India).

2.6. Histopathological estimation

The liver tissue and peritoneum of each mouse was harvested and 
instantly fixed in neutral buffered formalin (10% formaldehyde) and 
embedded in paraffin after dehydration of ethyl alcohol series for 
further processing. Five micrometer thick sections of liver tissue were 
stained with Hematoxylin and eosin staining (H&E) and Trichome 
Masson staining (TMS) (9). The intensity of inflammation was 
determined using H&E staining, and the degree of fibrosis was 
determined using TMS. To measure the degree of fibrosis, we used the 
scoring pattern based on the intensity of staining ranging from 0 (no 
fibrosis) to 5 (severe fibrosis). Five micrometer thick sections of 
peritoneum were subjected to immunohistochemistry to visualize the 

A

C D E

B

FIGURE 1

Quercetin has an anti-tumor effect against EAC cells. (A) Schematic treatment pattern of quercetin-EAC liquid tumor model. (B) Image representing 
the reduction of body weight in quercetin treated EAC mice compare to control EAC bearing mice. (C) Graph representing the decrease in the body 
weight of quercetin treated EAC animals compare to control EAC bearing animals (n = 5/group). (D,E) Effect of quercetin on tumor volume and EAC cell 
viability (%) when compared to control EAC bearing animals (n = 5/group). ** represents that p values less than 0.005.
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expression of CD31 marker as well as inflammation level by H&E 
staining (26).

2.7. Cell proliferation assay

To measure the rate of cell proliferation of human breast cancer 
cell lines, the Water-soluble Tetrazolium-1 (WST-1) cell proliferation 
assay was performed. Cells were cultured in DMEM medium with 
10% FBS and 100 U/mL streptomycin at 37°C and 5% CO2 under 
humidified atmospheric conditions. 10,000 cells per well were plated 
in 96 well plates and treated for 24 h with various concentrations of 
quercetin (20–100 μM), vitamin D3 (6.25–200 μM), and a combination 
of both. After 24 h, 10 μL premixed WST-1 reagent was added to each 
experimental well, and the plates were incubated for 3 h at 37°C in 5% 
CO2. After incubation, absorbance was measured at 450 nm using a 
PerkinElmer multimode plate reader. The results were represented in 
percentage of inhibition by using the formula: % of Inhibition = Test/
Net × 100 and the combination index (CI) was calculated by using the 
multiple drug-effect equation of Chou-Talalay in the CompiSyn 
program. Combination index (CI) represent the type of interaction 
between two administered drugs. The Chou-Talalay method for drug 
combination is based on the median-effect equation, which provides 
the theoretical basis for the combination index (CI)-isobologram 
equation that allows quantitative determination of drug interactions, 
where CI < 1 indicates synergism, CI = 1 indicates additive effect and 
CI > 1 indicates antagonism, respectively.

2.8. Chick chorioallantoic membrane assay

The angiogenic activity was performed by using chick embryos as 
described by Prasanna et al. (27). A Chick chorioallantoic membrane 
(CAM) assay was done to explore the effects of quercetin and vitamin 
D3 on ex-vivo angiogenesis. Fertilized eggs were incubated at 37°C 
until the 8th day. On the 9th day, a small window was made on the top 
of the live eggs shell by using a sterile blade. Quercetin and vitamin D3 
stocks were prepared by dissolving in DMSO followed by diluted with 
PBS to get desired concentration and gently applied on the CAM. The 
eggs were then photographed after a 48-h of incubation period.

2.9. Molecular docking

Auto Dock Vina was used to evaluate the binding affinity of 
quercetin with the vitamin D receptor (28). The docking investigation 
used the crystal structure of the VDR complexed with quercetin as the 
target structure. For the docking study, Water molecules were 
eliminated and further checked for any prior attachment to ligands 
and removed from the dimensional structure with the aid of version 
2.4 of the PYMOL tool. To determine the binding affinity of quercetin 
as a ligand with the vitamin D receptor, docking poses and score 
calculations were performed.

2.10. Data analysis

Statistical analysis for all these experimental results were performed 
by using standard statistical software (Graphpad Prism version 5.0). All 

data were represented as means ± Standard Deviation. One-way ANOVA 
followed by Bonferroni’s Multiple Comparison Test was used to test the 
statistically significant difference among groups where * represents that 
p values less than 0.05. The staining images were captured from stereo 
zoom microscope with a CCD Olympus camera attached to it (cellSens 
Dimension 1.12). The cell proliferation images were captured from Carl 
Zeiss microscope. All the data is shown in n = 5.

3. Results

3.1. Quercetin has an anti-tumor effect 
against EAC cells

Quercetin-treated EAC animals showed significantly decreased 
(p < 0.0001) body weight when compared to control EAC-bearing 
animals (Figures 1B,C). To assess the anti-tumor effect of quercetin 
against EAC cells, changes in tumor volume and EAC cell viability 
were measured. Quercetin-treated EAC animals showed a significant 
reduction in tumor volume (p < 0.0012) on the 15th day of tumor 
inoculation when compare to control EAC bearing animals 
(Figure 1D). Also, quercetin-treated EAC animals showed a slight 
decrease in EAC cell viability (p < 0.0063) in comparison to EAC 
bearing animals (Figure 1E). Further, we found interesting changes in 
liver structure and we measured the liver weight and liver enzyme 
activity to assess the hepatoprotective role of quercetin on EAC mice.

3.2. Quercetin ameliorates EAC tumor cells 
induced hepatitis

Biochemical and physiological changes in liver functions are major 
hallmarks that reveals the gradual progression of liver injury (29). When 
we observed the liver weight, quercetin-treated EAC animals showed 
dramatic reduction (p < 0.0001) in liver weight when compared to 
control EAC bearing animals (Figures 2A,B) Biochemical assay results 
showed a significant decrease in the enzymes ALP (p < 0.0002), AST 
(p < 0.0001), and ALT (p < 0.0001) in quercetin-treated EAC animals 
compared to control EAC bearing animals (Figures 2C–E).

3.3. Quercetin suppresses the peritoneal 
angiogenesis and angiogenic marker, CD31 
expression

We noticed a significant reduction in the formation of new blood 
vessels in the peritoneum of quercetin treated EAC animals as 
compared to control EAC-bearing animals (Figure 3A). To further 
validate our findings, we evaluated the inflammatory cells infiltration 
to the peritoneum. H&E staining was performed and we  found a 
prominent reduction in the levels of inflammatory cell infiltration in 
the peritoneum of quercetin treated EAC animals as compared to EAC 
bearing animals (Figure  3B). We  also evaluated the expression of 
CD31 by immunohistochemistry. The result confirmed that, quercetin 
significantly decreased the CD31 expression against EAC bearing 
control animals (Figure 3C). The scoring of number of positive cells 
in respective mice group was also performed (Figure 3D). We observed 
that quercetin treated EAC animals had fewer CD31 positive cells 
(p < 0.0001) which indicated that quercetin inhibited the endothelial 

https://doi.org/10.3389/fnut.2023.1158633
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Sannappa Gowda et al. 10.3389/fnut.2023.1158633

Frontiers in Nutrition 05 frontiersin.org

A

C D E

B

FIGURE 2

Quercetin ameliorates EAC tumor cells induced hepatitis. (A) Bar graph representing the decrease in liver weight of quercetin treated EAC mice 
compare to control EAC bearing mice (n = 5/group). (B) Representative images showing the decreased liver weight in quercetin treatment group (n = 5/
group). (C–E) Bar graph showing the decrease in the serum AST, ALT, and ALP levels in quercetin treated EAC animals when compared to control EAC 
bearing animals (n = 5/group). **, *** represents that p values less than 0.005 and 0.0005 respectively.

A C

D
B

FIGURE 3

Quercetin suppresses the peritoneal angiogenesis via CD31 angiogenic marker. (A) Representative image shows the decreased peritoneal neo-
angiogenesis in quercetin treated EAC mice when compared to control EAC bearing mice (n = 5/group). (B) Representative histopathology images of 
peritoneum, H&E staining shows the suppression of inflammatory cells infiltration in quercetin treated EAC mice when compared to control EAC 
bearing mice (n = 5/group). (C) Immunohistochemistry images represent the decreased expression of CD31 marker in quercetin treated EAC mice when 
compared to EAC bearing mice (n = 5/group). (D) Bar graph represent the scoring of CD31 marker in respective groups (n = 5/group). **, *** represents 
that p values less than 0.005 and 0.0005 respectively.

https://doi.org/10.3389/fnut.2023.1158633
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Sannappa Gowda et al. 10.3389/fnut.2023.1158633

Frontiers in Nutrition 06 frontiersin.org

cells proliferation. Therefore, these results collectively demonstrated 
that quercetin inhibits angiogenesis which is evident through reduced 
elevation of angiogenic markers.

3.4. Quercetin ameliorates Ehrlich ascites 
tumor cells induced hepatic inflammation 
and fibrosis

To explore the hepatoprotective action of quercetin, we performed 
H&E staining for all the liver tissue. Quercetin-treated EAC mice liver 
sections showed significantly decreased inflammation when compared 
to liver tissues of EAC-bearing control mice (Figure 4A). Further, 
we conducted Trichome Masson staining (TMS) to assess the liver 
injury by fibrosis, and we  observed that quercetin-treated EAC 
animals had considerably lower levels of liver fibrosis than 
EAC-bearing animals (Figure 4B; Supplementary Table S1). Based on 
these histological data, we confirmed that quercetin protects liver 
from EAC cells induced inflammation and fibrosis.

3.5. Cytotoxicity effect of quercetin and 
vitamin D3 on breast cancer cell lines

To validate and confirm the vitamin D3 mimicking effect of 
quercetin, we  treated breast cancer cell lines with quercetin 
(20–100 μM), vitamin D3 (6.25–200 μM), and quercetin (40–100 μM) 
combined with 50 μM and 100 μM vitamin D3 for 24 h (30). The 
WST-1 cell proliferation assay results showed that quercetin (p < 0.0001) 
and vitamin D3 (p < 0.0001) greatly suppressed the proliferation of 
human breast cancer cells (Figures  5A,B). Interestingly, we  also 
observed the positive synergetic effect of quercetin and vitamin D3 

(p < 0.0001) at desired combinations (Figures  5C,D). Our results 
confirmed that quercetin acts similarly to that of vitamin D3 on breast 
cancer cells. Also, we calculated the combination index values by using 
CompuSyn software which indicated the synergetic effects and which 
was interpreted as shown in Tables 1, 2. From that we  observed, 
quercetin and vitamin D3 had a strong synergetic effect at desired 
concentrations (Supplementary Figure S1). The photographs were 
captured under the microscope after 24 h of treatment with the 
respective concentrations (Figure 5E).

3.6. Quercetin inhibits ex vivo angiogenesis

Based on our animal experimental evidence and also from in-vitro 
experiments we  know that quercetin has anti-tumor activity. To 
further elucidate the vitamin D mimicking role of quercetin, 
we performed CAM assay. Our CAM assay data showed that there is 
a noticeable reduction in the neo-angiogenesis in a dose-dependent 
manner (Figure 6). Our results also show that, both quercetin and 
vitamin D3 exhibit a similar inhibitory effect on angiogenesis. Vitamin 
D3 is a well-established ligand for vitamin D receptor and it acts 
through this receptor and regulates various gene expression. But 
whether quercetin interacts with vitamin D receptor is still elusive. 
Therefore, to confirm these results, further validations are required. 
Docking studies were performed to know the possible interactions of 
quercetin as a ligand for vitamin D receptor.

3.7. Molecular docking

Previously published reports suggest that, VDR has a significant 
role in the prevention of inflammation, fibrosis, and angiogenesis 

A

B

FIGURE 4

Quercetin ameliorates EAC induced hepatic inflammation and fibrosis. (A) Hematoxylin and Eosin staining of quercetin treated EAC animals when 
compare to EAC bearing animals demonstrating decreased inflammatory cells infiltration (n = 5/group). (B) Liver section of quercetin treated EAC 
animals when compared with control EAC bearing animals staining with Trichome Masson’s staining showing decreased liver fibrosis (n = 5/group). The 
arrow mark indicates inflammatory cells infiltration in H&E staining and degree of fibrosis in TMS staining.

https://doi.org/10.3389/fnut.2023.1158633
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Sannappa Gowda et al. 10.3389/fnut.2023.1158633

Frontiers in Nutrition 07 frontiersin.org

by activating various signaling pathways (31, 32). It is well known 
that vitamin D3 binds to the VDR, but we wanted to know that 
whether quercetin interacts with the VDR. As a result, we used 
software to perform molecular docking to confirm the binding of 
the quercetin molecule to the vitamin D receptor (Figure  7A). 
Docking interaction of quercetin as a ligand revealed a higher 
binding affinity to vitamin D receptor with THR174, ARG 302, 
ASP 176, TYR 175, CYS 316, and SER 306 as the amino acids that 
bind to quercetin ligand based on affinity scoring and binding 
posture (Figures  7B,C). Our study focused primarily on the 
interaction of quercetin with VDR and we did not examine the 
interaction of other flavonoids with VDR. As per the data of 
docking study, we confirmed that quercetin has a high affinity for 

VDR and may be  involved in the prevention of angiogenesis, 
inflammation, and fibrosis by activating signaling pathways.

4. Discussion

The number of deaths in patients with breast cancer is increasing 
day by day. Many breast cancer patients frequently develop 
comorbidities associated complications, which raises the total 
mortality rate. Our recent study linked the breast cancer associated 
angiogenesis with liver inflammation and fibrosis (9). However, the 
molecular mechanism underlying the breast cancer associated liver 
inflammation and fibrosis is still not fully understood. Therefore, 
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FIGURE 5

Cytotoxicity effect of quercetin and vitamin D3 on breast cancer cell lines. (A–D) Cell death was induced in human breast cancer cell lines (MDA-
MB-231 and BT-474) by quercetin, vitamin D3 and combination of both in dose dependent manner for 24 h (n = 3). (E) Photograph representing the 
cytotoxicity effect of quercetin, vitamin D3 and combination for 24 h in respective dosage (n = 3).
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FIGURE 6

Quercetin inhibits ex-vivo-angiogenesis. Anti-angiogenic effect of quercetin and vitamin D3 on chorioallantoic membrane of fertile chicken eggs. 
Microscopic images were representing the suppression of number of blood vessels in quercetin and vitamin D3 treated eggs compare to control eggs 
in dose dependent manner (n = 5).

we further extrapolated our study to address the knowledge in gap and 
also potentially develop the therapeutic strategy to inhibit the breast 
cancer and associated tumor angiogenesis to prevent the liver 
inflammation and fibrosis.

Understanding the link between breast cancer and hepatic 
dysfunction may help to reduce the number of cancer-related fatalities 
not only in breast cancer patients but also in other cancer patients too. 
Therefore, in this novel and innovative study, we explored the most 
possible action of quercetin on breast cancer-induced liver 
inflammation and fibrosis via VDR (Figure 8).

Natural compounds have a wide range of beneficial properties, 
making them promising anti-cancer compounds. Here, 
we demonstrated the new role of quercetin in which it inhibited 
breast cancer-related liver injury. In this model, as the tumor cell 
number increases, the body weight rapidly increases, and as a result 
of body weight and tumor burden, the mortality rate also rises. 
Compelling pieces of evidence showed an association between weight 
gain and breast cancer mortality. Our findings suggest the potential 

efficacy of quercetin in weight control of animals with breast cancer. 
Future clinical trials are warranted to investigate if quercetin 
treatment could improve the weight control and survival of breast 
cancer patients (33). Therefore, reduction in the body weight 
significantly helps to reduce the tumor burden as well as mortality 
rate in our mouse model. In this study, we found that the body weight 
of the quercetin treated EAC animals was considerably decreased 
than that of the positive control group. Ascites fluid is a direct source 
of various secretary growth factors and cytokines and these molecules 
play a major role in cancer-associated comorbidities and also 
mortality increases from such complications. Therefore, it is 
necessary to reduce the secretion of ascites fluid. Also, ascites volume 
increases with the tumor cell proliferation and stagewise progression 
of tumor growth (34). Quercetin-treated EAC animals significantly 
had much less ascites fluid than untreated control EAC-bearing 
animals. Along with the decreased ascites volume, we also found 
reduced viability of EAC cells in the quercetin-treated group. 
Importantly, our findings showed that quercetin has a 
hepatoprotective role and it aids in physiological liver function. 
Increased liver weight and liver enzyme activity are the major 
hallmarks of liver inflammation and fibrosis (35). When we observed 
the overall liver weight of quercetin treated and untreated EAC 
animals, we found that quercetin treated mice livers had much lower 
liver weight than that of EAC-bearing animals. Furthermore, 
we found decreased levels of liver function associated enzymes such 
as ALP, AST, and ALT in quercetin treated EAC mice compared to 
control EAC mice. These experimental pieces of evidence strongly 
confirmed that quercetin has a positive effect on maintaining 
liver function.

Both experimental and clinical studies have demonstrated 
tumor angiogenesis plays a prominent role in cancer-related 
diseases (36, 37). The increased mortality rate of cancer-related 
deaths is directly linked to tumor angiogenesis, which pumps 
angiogenic factors and inflammatory cytokines toward normal cells 
triggering them to divide faster (38). Further, our experimental 
observational suggests that peritoneal angiogenesis is significantly 

TABLE 1 Interpretation of drug combination index values in MDA-
MB-231.

Concentration
Quercetin (μM)

40 60 80 100

Vitamin D3 (50 μM) 3.77 1.49 0.88 0.50

Vitamin D3 (100 μM) 2.02 0.98 0.59 0.32

*Combination index values < 1 indicate strong synergism.

TABLE 2 Interpretation of drug combination index values in BT-474.

Concentration
Quercetin (μM)

40 60 80 100

Vitamin D3 (50 μM) 6.87 2.72 1.16 0.68

Vitamin D3 (100 μM) 1.96 0.89 0.64 0.42

*Combination index values < 1 indicate strong synergism.
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reduced in quercetin-treated EAC animals compared to control 
EAC-bearing animals. Furthermore, we  examined the level of 
inflammatory cell infiltration in the peritoneum of quercetin-
treated EAC mice as well as control mice. Our 
immunohistochemistry data showed that quercetin-treated EAC 
animals had less immune cell infiltration than control EAC-bearing 

animals. The expression of well-established angiogenesis marker, 
CD31 level was also found to be decreased in quercetin treated 
peritoneum when compared to control peritoneum (39). This 
revealed that CD31 positive endothelial cell proliferation may 
be  inhibited by quercetin and which in turn leads to decreased 
tumor angiogenesis in treated mice compared to control mice. 

A B

C

FIGURE 7

Molecular Docking. (A,B) 2D and 3D visualization of protein ligand interaction of vitamin D receptor with quercetin. (C) Table represent the binding 
affinity and RMSD values of the vitamin D receptor docked with quercetin.

FIGURE 8

Schematic representation and molecular mechanism of quercetin mimicking the role of vitamin D via vitamin D receptor. Quercetin mimics vitamin D 
through activating the vitamin D receptor by forming dimers with retinoid X receptor and is involved in the inhibition of cell proliferation, angiogenesis, 
inflammation, and fibrosis via activating Vitamin D response elements (VDRE).
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Overall, these findings revealed the potential novel role of quercetin 
in the prevention of hepatic inflammation and fibrosis.

Cancer cells secrete a high level of inflammatory and angiogenic 
factors, these factors are key mediators of liver inflammation and 
fibrosis (40). Our H&E and TMS staining data of liver tissue also 
showed decreased hepatic inflammation and fibrosis in quercetin 
treated EAC mice when compared to control mice. These findings 
strongly suggest that quercetin treated EAC animals had a lower level 
of inflammatory cell infiltration and fibrosis.

When we were searching for a potential target of quercetin, 
we came across few interesting articles which predicted that the 
Vitamin D receptor acts as a possible target of quercetin (23, 41). 
They also indicated that quercetin may serve as a potent ligand for 
Vitamin D receptors and may activate its function. Activation of 
VDR by its ligand is involved in the inhibition of tumor cells 
proliferation, invasion, migration, and angiogenesis (42, 43). Some 
of these studies strongly indicate that lack of vitamin D increases 
the rate and risk of breast cancer (44, 45). Vitamin D3 ameliorates 
the probability of breast cancer by inhibiting the hallmarks of 
cancer such as cell proliferation, invasion, and metastasis (46). To 
explore the further possible mechanism of ameliorating effect of 
quercetin on EAC-induced liver inflammation we treated breast 
cancer cells with vitamin D3 in a dose-dependent manner with 
quercetin. Quercetin and vitamin D3 both significantly suppressed 
the proliferation of human breast cancer cell lines (MDA-MB-231 
and BT-474) in a similar fashion. We  also noticed that the 
combination of quercetin and vitamin D3 shows a strong synergetic 
effect by inhibiting the breast cancer cells proliferation. Although 
some research studies have delved into the effects of vitamin D3 on 
angiogenesis, which is one of the most critical components, it may 
permit metastasis. Our CAM assay results also showed that both 
quercetin and vitamin D3 inhibited neo-angiogenesis. These results 
strongly suggest that quercetin appears to mimic the action of 
vitamin D3 via VDR. Interestingly, one or two studies reported that 
quercetin can act as a ligand for Vitamin D receptor (VDR) which 
further may activate and regulate VDR-mediated signaling 
pathways (22, 23). A recent study showed that VDR acts as a 
possible therapeutic target for breast cancer (41). Some of these 
studies also suggested that VDR activation helps in the prevention 
of hepatic fibrosis in chronic liver injury (47, 48). To confirm the 
interaction between quercetin and VDR, we conducted a molecular 
docking study and confirmed the interaction between quercetin 
and VDR. According to our molecular docking results, quercetin 
has a strong binding affinity for VDR with an excellent affinity score 
and binding posture. Both quercetin and vitamin D3 are 
structurally distinct. However, the functional similarity between 
the quercetin and vitamin D3 shares similar hydrogen bonding 
networks between the hydroxyl groups of the six membered ring of 
the ligand and also interacts with similar amino acid residues while 
interacting with VDR (23). Vitamin D receptor is very commonly 
associated with the retinoic acid receptor (RAR) or retinoid X 
receptor (RXR) (49). Upon dimerization, the VDR-RXR 
heterodimer binds to vitamin D-responsive elements and activates 
specific target genes expression for the physiological process (50). 
To our knowledge, no reports have shown the direct interaction of 
Quercetin with RAR/RXR. This predicts the possible potential role 
of quercetin and its action which may regulate various gene 

expression via activating VDR and making it to bind Vitamin D 
response elements (VDRE).

We were the first to report the potent interaction between 
quercetin and VDR, as well as an ameliorating effect of quercetin on 
breast cancer-induced hepatic inflammation and fibrosis. Limitation 
of our study is that we did not investigate the role of liver-specific 
vitamin D target genes in the prevention of breast cancer induced liver 
injury. Here, we tried to figure out the molecular mechanism and 
ameliorating effect of quercetin on breast cancer-induced liver 
inflammation and fibrosis via VDR and in near future we will further 
extend our study to validate the effect of quercetin on vitamin D target 
genes using breast cancer cells and liver specific cell lines.

5. Conclusion

Through these findings, we explored the novel role of quercetin 
and its ameliorating effect on breast cancer-induced liver injury. 
Quercetin inhibited the elevation of liver enzymes, hepatic 
inflammation, and fibrosis in EAC-induced animals, proving its 
strong hepatoprotective effect. Furthermore, our findings strongly 
suggest that quercetin mimics vitamin D3 and our molecular docking 
analysis demonstrated that quercetin strongly binds to VDR. It is 
already known that activation of this receptor suppresses hepatic 
inflammation and fibrosis. Therefore, our findings in animal model 
clearly show that quercetin can suppress breast cancer-induced liver 
inflammation and fibrosis. The mechanism is possibly through the 
activation of VDR. Future clinical trials are warranted to investigate 
the effect of quercetin on liver inflammation and fibrosis in breast 
cancer patients and the potential to reduce the co-morbidity and 
improve cancer survival. In our future studies we will try to explore 
the role of some of the direct vitamin D target genes in mediating 
quercetin effects and we will also demonstrate the complete molecular 
mechanism behind quercetin mediated VDR activation and its 
therapeutic impact on breast cancer induced hepatic inflammation 
and fibrosis.
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SUPPLEMENTARY FIGURE S1

Graph indicate the synergetic effects of quercetin and vitamin D3.

SUPPLEMENTARY TABLE S1

The table shows the scoring of the pathological changes of H&E and MTS 

staining. 3-4 score indicates severe, 1-2 score indicates moderate and 0 

indicates none.
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