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Despite advances in cancer therapy, conventional treatment modalities often remain
insufficient in achieving optimal outcomes. To address these limitations, growing
attention has been directed toward combining chemotherapeutic agents with natural
compounds. The present study investigates the effects of co-treatment with
mangiferin and paclitaxel on key cancer-related biological processes, including
proliferation, apoptosis, autophagy, and angiogenesis. The cytotoxicity was assessed
using the ATP assay on Ehrlich ascites carcinoma (EAC) and HUVECs. Protein
expression in EAC cells was analyzed by western blotting. In vivo, tumor growth,
cell death, and autophagic activity were examined in EAC tumors. Angiogenic
responses were examined using In vitro tube formation and an /n vivo chorioallantoic
membrane assay. The combined treatment resulted in a synergistic cytotoxic effects.
Increased LC3B and decreased p62, along with the induction of FAS and cleaved
PARP, suggest involvement of both apoptosis and autophagy. /n vitro results were
consistent with in vivo. Mangiferin (50mg/kg) combined with paclitaxel showed the
greatest tumor reduction with concurrent induction of apoptosis and autophagy.
Furthermore, the co-treatment exhibited stronger anti-angiogenic effect than either
compound alone. In conclusion, mangiferin enhances the anticancer efficacy of
paclitaxel by simultaneously targeting proliferation, programmed cell death, and
angiogenesis. This supports the use of mangiferin as a promising natural agent for
novel cancer treatment strategies.

To Cite This Article: Uvez A, Ulukaya E and Armutak EI, 2026. Mangiferin enhances the anticancer efficacy of paclitaxel
by targeting apoptosis, autophagy, and angiogenesis. Pak Vet J, 46(3): 503-517. http://dx.doi.org/10.29261/pakvetj/2026.040

INTRODUCTION

treatment (Yap et al., 2021; Irshad et al., 2024). MNG
effectively suppresses cell growth, proliferation, migration,

Natural compounds are increasingly explored for
treating life-threatening diseases. Recent studies have
combined natural compounds with chemotherapeutic
agents to increase their efficacy and reduce side effects (J.
Wu et al, 2023). Mangiferin (MNG) is a xanthone
derivative mainly obtained from Mangifera indica. It is also
present in various parts of species belonging to 16 different
families, including Gentianaceae, Anacardiaceae, and
Iridaceae (Dutta et al., 2023). MNG has high therapeutic
potential due to its phenolic groups and structural features,
including C-glycoside and polyhydroxy groups
(Rodriguez-Gonzalez et al., 2021). MNG exhibits diverse
pharmacological activities, including analgesic,
antidiabetic, anti-sclerotic, antimicrobial, antiviral, and
antiallergic effects. It also has protective effects on the
heart, liver, and nervous system (Mei et al., 2021). Several
studies have focused on the essential role of MNG in cancer
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and invasion and induces apoptosis in breast cancer cells.
In vivo studies further confirm that MNG suppresses tumor
growth in breast cancer xenografts (B. Wang et al., 2018;
Yap et al., 2021). The anticancer properties of MNG are
attributed to multiple mechanisms, including the
downregulation of inflammation, inhibition of the cell
cycle, protection against oxidative stress and DNA
damage, and enhancement of apoptosis (Aboyewa et al,
2021). Some studies also show that MNG is a valuable
agent for enhancing the anticancer activity of
chemotherapeutic agents. Several studies have focused on
the synergistic interactions of MNG with platinum based
drugs and doxorubicin. He et al. (2018) reported that MNG
inhibits tumor cell growth and enhances cisplatin
sensitivity (He et al., 2018). Another study showed that
MNG improved the efficacy of oxaliplatin by increasing
apoptotic cell death while reducing the resistance to this



chemotherapy (du Plessis-Stoman et al., 2011). Paclitaxel
(PTX) is widely used to treat many types of cancer (Jiang,
2025). However, to date, there are no reports about the
effects of the combination of MNG and paclitaxel on
proliferation, apoptosis, autophagy, survival, and
angiogenesis.

The present study aims to investigate the effects of
MNG, PTX, and their combinations on proliferation,
apoptosis, autophagy, survival, and angiogenesis. A
comprehensive evaluation of the mechanisms was
conducted through a combination of in vitro experiments
utilizing Ehrlich ascites carcinoma (EAC) cells and human
umbilical vein endothelial cells (HUVECs), complemented
by in vivo studies in EAC-inoculated mice.

MATERIALS AND METHODS

Chemicals and Cell Lines: Mangiferin was purchased
from Sigma-Aldrich Co., and Paclitaxel was obtained from
Bristol Myers Squibb. EAC cells were sourced from the
Aziz Sancar Institute of Experimental Medicine at Istanbul
University, while Human umbilical vein endothelial cells
(HUVECs) were acquired from the American Type Culture
Collection (ATCC). EAC cells were cultured in RPMI
medium  supplemented with  100U/mL  penicillin,
100ug/mL streptomycin, 2mM L-glutamine, and 5% fetal
bovine serum at 37°C in a humidified atmosphere with 5%
CO?% HUVECs were cultured in Endothelial Cell Growth
Medium-2 (EGM-2) BulletKit (Lonza, Switzerland) in a
humidified environment at 37°C and 5% CO2.

In vitro assays

Cytotoxicity assay: Drug-induced cytotoxicity was
determined by the ATP viability assay (ATP
Bioluminescent Somatic Cell Assay Kit; Sigma). 5x10°
EAC cells and HUVECs were seeded per well of 96-well
plates and incubated overnight. Briefly, after 24 hours, cells
were treated with MNG (6.25-300uM) and PTX (0.25-
15.9uM) alone and in combination for 48 hours.
Intracellular ATP was extracted from the cells, and
measurements were performed as in our previous study
(Uvez et al., 2020).

Western blotting: Western blotting was performed as
described in previous studies (Aydinlik et al., 2021). Cells
were treated with PTX 3.98uM, MNG 300uM, and their
combination for 48h. Protein (30ug) was subjected to 8-
12% SDS-PAGE, then transferred to a nitrocellulose
membrane. Primary antibodies used were anti-PARP-1
(#9532), anti-Fas (#4233), anti-DR4 (#42533), anti-Bax
(#2772), anti-PTEN (#9552), anti-p-SRC (#2101), anti-p-
AKT (#9271), anti- p-c-jun (#3270), anti-Beclin-1
(#84966), anti-Atg5 (#12994), anti-LC3A (#4599), anti-
LC3B (#3868) (1:1000 dilution; Cell Signaling
Technology), mouse anti-p62/SQSTM1 (2C11, Abnova,
Taiwan), and rabbit anti-B-actin monoclonal antibody
(1:1000 dilution; Cell Signaling Technology). Secondary
antibodies conjugated with HRP (1:2000; Cell Signaling
Technology) were used. EMD Millipore Luminata Forte
Western HRP substrate was used to detect the primary
antibodies. Bands were visualized using a Fusion FX-7
imaging device (VilberLourmat, France).
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Tube formation assay: The tube formation assay was
performed using HUVEC, as described in our previous
study (Uvez et al., 2020). Briefly, each well was coated
with 50uL/ per Matrigel in 96-well plates (BD Biosciences,
USA). HUVECs (1.5x10* cells/well) were suspended in a
low serum (1%) culture medium containing either MNG
(12.5- 50uM) or Paclitaxel (1.99- 15.93uM) alone or in
combination and were then seeded. Thalidomide and
DMSO were used as positive and negative controls. Tube
structures were evaluated after 4, 8, 12, and 16h under an
inverted microscope.

In vivo assays

In vivo experimental design: The EAC cells exhibit
characteristics that closely mimic the behavior of human
breast cancer cells, which is crucial for studying the
progression of the disease and evaluating potential
treatments (Radulski et al., 2023). The in vivo solid tumor
model protocol was approved by the Animal Welfare and
Use Committee of Istanbul  University (No:
141199/12.04.2017).  Seventy-eight  Balb-c  mice
(approximately 24+2¢g) were subcutaneously injected with
2.5%10° EAC cells in serum free medium to induce solid
carcinoma (Ikitimur-Armutak ez al., 2015) (day 1), and
then they were randomly divided into eight groups: the
control group (n=8) and seven experimental groups (n=10;
MNG 25mg/kg, MNG 50mg/kg, MNG 100mg/kg, PTX
12.5mg/kg, MNG 25mg/kg +PTX 12.5mg/kg, MNG 50
mg/kg + PTX 12.5 mg/kg, and MNG 100mg/kg + PTX
12.5mg/kg). MNG at the indicated doses was administered
orally until day 12, either alone or in combination with
PTX. PTX at 12.5 mg/kg (Bristol Myers Squibb) was
administered subcutaneously alone or in combination with
MNG on the 5" and 12" experimental days. On the 14"
day, mice were humanely euthanized by cervical
dislocation, and all tumors were excised and measured with
a caliper. The tumor volume was calculated by the
following formula: V(mm3)=a x b2/2, where V(mm3) is
the tumor volume in mm3, a=length, and b=width of the
tumors (Ikitimur-Armutak et al., 2015). Subsequently, all
tumor tissues were rapidly fixed in 4% formaldehyde
solution and subsequently embedded in paraffin.

Immunohistochemical Analysis: 4um-thick sections were
collected onto positively charged slides, and then the
sections were deparaffinized and rehydrated. Antigen
retrieval, endogenous peroxidase, and protein blocking
procedures were performed (Ikitimur-Armutak et al,
2015). PCNA (1:100, SC56, Santa Cruz Biotechnology),
cleaved PARP (1:100 AB91526 Abcam), AKT (1:150
NBP1-69923, Novus Biologicals ), PTEN (1:100, NB100-
92219, Novus Biologicals), ATGS (1:300, #9271, Cell
Signaling), and p62 (1:300, ab91526, Abcam) were
incubated overnight at 4°C. LC3-A (1:750, #4599, Cell
Signaling), LC3-B (1:750, #3868, Cell Signaling), and
cleaved (active) caspase-3 (1:1500, NB100-56113, Novus
Biologicals) were incubated for 1.5h at room temperature.
A commercial secondary antibody kit (TP-125-BN, and
TS-125-HR, Thermo Scientific) was used following the
manufacturer’s instructions. Proteins were visualized with
an AEC (3-amino-9-ethyl carbazole) substrate kit (TA-
004-HAC, Thermo Scientific). Mayer's hematoxylin was
used for counterstaining.



Detection of apoptosis by DNA fragmentation assay
(TUNEL): Apoptosis was assessed using a commercial
TUNEL kit (S7101, MILLIPORE,) according to the
manufacturer's instructions (Ikitimur-Armutak et al., 2015).

Assessment of immunohistochemistry and TUNEL
assay: Immunohistochemical staining was quantified for
further evaluation using a histologic score (H-Score) and
index (Adiyeke ef al., 2024) for BAX, AKT, PTEN, LC3-
A, LC3B, ATGS, and p62. The H-score value was calculated
with the following formula: “H-Score= Pi (i+1)”, where "i"
is the intensity score and "Pi" is the percentage of cells with
the same intensity scores. Staining was determined as “0, no
staining; 1, weak staining; 2, moderate or distinct staining; 3,
intense staining”. Proliferative (PCNA) and apoptotic
(cleaved PARP, active (cleaved) caspase 3, and TUNEL)
index (percentage of positive cells in 800-1000 cells) was
calculated with the following formula: “100 x (positive cell
number/total cell number)” (Ikitimur-Armutak et al., 2015).
Sections were examined by two different observers at a 40x
magnification.

Chick Chorioallantoic Membrane (CAM) Assay: The in
vivo CAM assay was conducted as described previously
by our research group (Uvez et al., 2020; Uvez et al.,
2021). All studies were performed on fertilized chicken
eggs at 36.5°C and a relative humidity of 80% for a 7-day
incubation time. The CAM assay groups were as follows:
Smg/mL, 2.5mg/mL, and 1.25mg/mL concentrations of
MNG; 0.3mg/mL, 0.15mg/mL, 0.075mg/mL, and
0.0375mg/mL  concentrations of PTX and their
combinations. (£)Thalidomide (5mg/mL) was used as a
positive control. All samples were dissolved in a 2.5%(w/v)
agarose (UltraPure, Invitrogen) solution. Drug pellets
(10uL) were prepared and rapidly applied to the CAM.
Forty-five eggs were used for each test group. The
antiangiogenic effect on capillaries was briefly evaluated
under the stereo-microscope with Leica Application Suite,
Las V4.7. Antiangiogenic effects were quantified using
formula 1 and scored according to Table 1(Krenn et al.,
2009).

Table I. Semi quantitative scoring system for evaluating antiangiogenic

effects on CAM

Score Antiangiogenic
effect

Effects observed on CAM after treatment

<0.5 Inactive No change (Normal embryo growth).

0.5-  Weak No capillary free area. Area with reduced

0.75 density of capillaries around the pellet not
larger than its own area.

>0.75- Strong Small capillary free area or area with

| significantly reduced density of capillaries.
Effects not larger than double the size of the
pellet.

Capillary free area around the pellet at least
doubles the size of the pellet.

>| Very strong

Average score = [Number of eggs (score
> 1) X 2 4+ Number of eggs (score
>0.75-1) x1]

<+ (Total number of eggs scored)

Statistical analysis: Statistical analyses were performed
using GraphPad Prism 6.0 statistical software for
Windows. At least three independent experiments were
performed for all in vitro studies. The significance was
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determined using a one-way analysis of variance
(ANOVA) was followed by Tukey’s post hoc test for H-
Score, Index, and CAM assays, and by Dunnett’s test for
other comparisons. All results were expressed as mean +
SD. Levels of *P<0.05 were considered statistically
significant.

RESULTS

Evaluation of In vitro studies

Cytotoxic effects of Paclitaxel, Mangiferin, and their
combinations on EAC cells and HUVECs: Cytotoxic
effects of MNG (6.25pM-300uM), PTX (0.25uM-15.9uM),
and their combination were evaluated on EAC cells and
HUVECs by the ATP viability assay, as shown in Fig. 1A.
MNG alone was found not to be cytotoxic against EAC cells
and HUVEC: after 48h of treatment. On the other hand, PTX
showed dose-dependent cytotoxic effects in both cell lines.
Cell viability of EAC cells was found to decrease more than
50% at a dose of 7.97uM PTX (P<0.001). When 200pM and
300uM of MNG were combined with increasing doses of
PTX in EAC cells, cell viability decreased in a dose-
dependent manner (Fig. 1A, P<0.01; P<0.001). When the
viability of HUVECs was evaluated with combinations of
the two agents, it was found that with increasing doses of
PTX, the concentration of MNG 6.25uM-100 uM showed a
dose-dependent cytotoxic effect, as shown in Fig. 1B
(P<0.001). The combination of MNG 12.5uM with PTX
3.98-7.97-15.9uM produced the greatest reduction in
HUVEC viability (P<0.001). The results show that MNG
synergizes with PTX and exhibits a dose-dependent
cytotoxic effect on HUVECs (Fig. 1B).

In vitro evaluation of apoptosis, autophagy, and
survival: Apoptotic effects of PTX (3.98uM), MNG
(300uM), and their combination on EAC cells were
assessed 48 h post-treatment by western blot of DR4, FAS,
BAX, and cleaved PARP-1 (Fig. 2). No difference was
observed in DR4 expression. However, in the combination
group, FAS expression increased approximately two-fold
compared to the control group. On the contrary, BAX
expression decreased by more than half of the control in the
combination group. Additionally, we observed that cleaved
PARP-1 was increased in the combination group.
Phosphorylated Beclin (p-Beclin) as an early autophagy
marker, AtgS, LC3A, and LC3B as autophagosome
markers, and P62 as an autophagy cargo protein were also
examined, as shown in Fig. 2. The combination group
observed an eight-fold increase in p-Beclin expression
compared to the controls. Atg5 levels were decreased in all
treatments, while no obvious change in the LC3A
expression was observed in any of the treatment groups. On
the contrary, the LC3B expression was two times higher in
the combination group than in the control. The p62 protein
expression showed a decrease in the combination groups.
To further evaluate the effect of these drugs on intracellular
signaling pathways, the expression of p-SRC, p-AKT,
PTEN, and p-c-Jun proteins was examined, as shown in
Fig. 2. The expression of p-SRC showed an increase in the
combination group, while p-c-Jun expression was
significantly decreased in the same group compared with
the control. No changes were observed in the expression of
p-AKT and PTEN, as shown in Fig. 2.
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Fig. 1. A) The growth inhibitory effect of combined treatment with PTX and MNG on the Ehrlich ascites carcinoma (EAC) cell line was measured
after 48 hours of treatment using the ATP assay. EAC cells were treated with MNG (0-300uM), PTX (0-15.9uM) and combinations of MNG 300uM
and increasing PTX doses (0-15.9uM). The cell viability (%) of drug-treated cells is shown in graphs. B) The anti-growth effects of combinatorial
treatment with PTX, MNG, and their combination on human umbilical vein endothelial (HUVEC) cells were measured using the ATP assay after 48 h
treatment. HUVECs were treated with MNG (0 - 300uM), PTX (0 - 15.9uM), and combinations of MNG (12.5-25-50-100pM) and increasing doses of
PTX (0 - 15.9uM). The cell viability (%) of drug-treated cells is shown in graphs. Bars represent the averagetstandard error of the mean (SEM).

Statistically significant different at: *P<0.05, **P<0.01 and **P<0.001.

In vitro evaluation of angiogenesis via tube formation
assay on HUVECs: MNG was found to effectively
suppress the tube formation of HUVECS at a concentration
of 50uM after 16 hours of treatment, as shown in Fig. 3.
PTX slightly reduced tube formation at a concentration of
1.99uM but significantly blocked tube formation and
showed a stronger disruptive effect on tubes than the
positive control thalidomide at higher doses, as shown in
Fig. 3. 12.5uM of MNG with 0.5 uM-15.93uM of PTX
exhibited mild blocking effects on tube formation in all
combinations. Combinations of ineffective doses of PTX
(0.5uM, 1pM, and 1.99uM) and MNG had a strong
blocking effect on tube structure, similar to the higher
doses of PTX. Overall, the combination of MNG and PTX
has a stronger disrupting effect on tube formation than the
positive control thalidomide, as shown in Fig. 3.

Evaluation of in vivo experimental studies

Mangiferin or paclitaxel alone or in combination
suppressed EAC solid tumor growth.: EAC tumor
volumes were significantly reduced in all treated groups of
mice compared to the control, as shown in Fig. 4A. The

individual treatments with MNG (at 25, 50, and 100mg/kg)
showed similar significant decreases in tumor size
(P<0.001). Also, compared to control, tumor volumes
decreased significantly in the group treated with 12.5 mg/kg
of PTX (P<0.01). In the combination groups, a significant
decrease in tumor volume was observed when PTX was
combined with MNG at 25 and 50mg/kg (P<0.001).
Interestingly, no synergistic effect was shown in the MNG
100mg/kg and PTX combination group compared to single
treatment with MNG 100mg/kg. (Fig. 4A).

Mangiferin, paclitaxel, and their combinations
decreased the cell proliferation of EAC cells in solid
tumors: In all treated groups, a significant decrease was
observed in the PCNA index compared with the control, as
shown in Fig. 4A-B (P<0.001). The most significant
decrease was also observed in the group that received a
combination of 50 mg/kg of MNG + PTX at 12.5mg/kg
compared with the control (P<0.001). However, similar to
the tumor volume results, MNG 100mg/kg did not show
synergistic effects with PTX, as the decrease of PCNA
indices was the same as in single treatments (Fig. 4).
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Fig. 2. PTX, MNG and their combination effects on apoptosis, autophagy, and survival pathway was investigated by western blotting. PTX (at 3.98uM),
MNG (at 300pM) and their combination on EAC cells, western blot analysis was performed 48 hours after treatment. Expressions of apoptotic (DR4,
FAS, BAX and cleaved PARP-1), autophagy (p-Beclin, Atg5, LC3A, LC3B and P62) and intracellular signaling (p-SRC, p-AKT, PTEN and p-c-Jun) pathway
proteins were shown. Beta-actin was used as a housekeeping gene. Densitometry was performed using Image] software and the intensity of the observed
bands was normalized to B-actin and quantified relative to controls set to |.0.
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Fig. 3: Disturbing effect of MNG, PTX, and their combinations on tubes.In vitro antiangiogenic effects of negative and positive (Thalidomide 200pM) controls,
MNG (12.5uM, 25uM and 50pM), PTX (1.99 -15.93uM) and MNG 12.5 pM and PTX (0.5 -15.93uM) combinations were shown in HUVECs at 0-16h.
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Fig. 4: A) Tumor volume (mm3), PCNA index (%) results and B) Immunohistochemical micrograph of PCNA. EAC carcinoma tumors treated with
PTX (12.5mg/kg), MNG (25-50-100mg/kg) and their combination. Immunoreactivity is nuclear and red-brown. Proliferative cells are shown with an
arrow (—) . **P<0.01 and ***P<0.001, significance compared to the control group. Scale bars = 50uM (x 400).

Mangiferin or paclitaxel alone or in combination
increased apoptosis in EAC cells in solid tumors.: Based
on the indices of the early apoptosis marker of active caspase
3, a significant increase was observed in all treated groups
compared to the control, as shown in Fig. 5A and 5B (P<
0.001). The combination group MNG 50mg/kg + PTX
12.5mg/kg was the most effective in increasing the active
caspase 3 index (P< 0.001), as shown in Fig. 5A. Cleaved
PARP results agreed with the active caspase 3 increased
levels, as shown in Fig. 5B (P< 0.001). BAX protein levels
increased only in the PTX group as compared with the
control (P<0.001); however, in the groups that received
MNG, a significant decrease was observed in both the single
treatments and the combinations, as shown in Fig. SA. It was
observed that the number of late apoptotic cells (TUNEL)
increased significantly in all treated groups compared to the
control group, as shown in Fig. 5B (P<0.001). The apoptotic
effect of the MNG 25mg/kg and 50mg/kg groups was higher
than PTX 12.5mg/kg. In the combination groups, it was
observed that the MNG 50mg/kg + PTX 12.5mg/kg group
had the highest ( P<0.001) apoptotic index values compared
to the control (Fig. 5).

Mangiferin, paclitaxel, and their combinations increased
autophagy in EAC cells in solid tumors.: A significant
increase in the LC3A levels was observed in the PTX
12.5mg/kg and MNG 50mg/kg + PTX 12.5mg/kg groups

when compared to the control, as shown in Fig. 6A.
However, compared with the control group, there was no
significant difference in the MNG single groups except
MNG 50mg/kg alone. LC3B reactions showed no significant
difference between the MNG 100 mg/kg group and the
control group. In all other groups, there was a significant
increase (P<0.001) in LC3B levels compared with the
control, as shown in Fig. 6A (P< 0.001). No significant
differences between the groups that received MNG 100
mg/kg alone, PTX 12.5mg/kg alone, and MNG 10mg/kg +
PTX 12.5mg/kg in combination were observed in the Atg5
levels compared to the control group. However, there was a
significant increase in the AtgS protein levels in MNG
25mg/kg, MNG 50mg/kg alone, and their combination
groups compared to the control group, as shown in Fig. 6B
(P<0.01; and P<0.001). Finally, p62 levels were significantly
decreased (P<0.001) in all groups compared to the control.
The lowest p62 levels were found in the MNG 50mg/kg +
PTX 12.5mg/kg group, as shown in Fig. 6B.

Mangiferin, paclitaxel, and their combinations
decreased p-AKT and increased PTEN expression in
EAC solid tumors..: The p-AKT levels significantly
decreased in all treated groups, as shown in Fig. 7
(P<0.001). A significant increase in PTEN levels was also
observed in all treated groups (P<0.001) compared to the
control group, except for the MNG 100mg/kg group, as
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shown in Fig. 7. A decrease in p-AKT and an increase in
PTEN levels suppressed survival in vivo in both the single
and combination groups.

Mangiferin, paclitaxel, and their combinations suppressed
angiogenesis in a CAM assay: According to the microscopic
evaluation of CAM, as shown in Fig. 8 and Table 2, MNG
50ug/pellet and all groups showed a stronger antiangiogenic
effect compared with the positive control thalidomide. In
contrast, the MNG 25-12.5pg/pellet group showed a weak
antiangiogenic effect. The antiangiogenic effect of PTX,
whose antiangiogenic properties are well known, was
investigated at decreasing doses using the CAM assay.
Whereas 0.75-1.5- 3pg/pellet concentrations of PTX showed
a very strong antiangiogenic effect (P< 0.001, P<0.01), the
concentration of 0.375ug/pellet was found to have a strong
antiangiogenic effect (Fig. 8, Table 2). This concentration of
PTX that showed a strong effect was further combined with
50 pg/pellet, 25 pg/pellet, and 12.5 pg/pellet concentrations of
MNG, and a very strong effect (P<0.05, P<0.001, P<0.001)
was observed in all combinations as compared to the positive
control (+) thalidomide, as shown in Fig. 8.

A 300

2009

100 4

BAX (H-score)
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Table 2: Antiangiogenic effect results of Mangiferin, Paclitaxel alone and
their combinations on CAM assay.

Drugs (mg/mL) Concentration Average Anti-
(ug/pellet) score angiogenic

effect

()-Thalidomide 50 0.81+0.03 Strong effect

(Positive control) 5

Agarose 2.5%, wiv 0.20+0.20 Inactive effect

MNG 5 50 0.96+0.09 Strong effect

MNG 2.5 25 0.72£0.10  Weak effect

MNG 1.25 12.5 0.66x0.11 Weak effect

PTX 0.3 3 1.80£0.08*** Very Strong
effect

PTX 0.15 1.5 1.5020.11** Very Strong
effect

PTX 0.075 0.75 I1.11£0.09  Very Strong
effect

PTX 0.0375 0.375 0.76+0.03 Strong effect

MNG 5 + PTX 50+0.375 1.69+0.09*** Very Strong

0.0375 effect

MNG 2.5 + PTX 25+0.375 1.460.10%** Very Strong

0.0375 effect

MNG 1,25 + PTX 12.5+0.375 1.25+0.08*  Very Strong

0.0375 effect

*P<0.05 *¥P<0.01; **P<0.001; significance values determined compared
to the positive control (%) -thalidomide.

Cleaved Caspase 3 index (%)

Cleaved Caspase 3
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Fig. 5: A) BAX (H-score), cleaved caspase 3 index (%), B) cleaved PARP index (%), and apoptotic (TUNEL) index (%) graphics and their
immunohistochemical micrograph. The effects of PTX (12.5mg/kg), MNG (25-50-100mg/kg) and their combination on apoptosis. Inmunoreactivity is
shown in nuclear (cleaved PARP and TUNEL), cytoplasmic ( BAX and cleaved caspase 3) and red-brown or brown. Nuclear immunoreactivity are
shown with an arrow (—),.*P<0.05, **P<0.01 and ***P<0.001, significance compared to the control group. Scale bars = 50uM (x 400).

DISCUSSION

MNG is a natural compound with potent anticancer
activity that has been the focus of several studies. The
study presented here investigated the effects of MNG,
PTX, and their combinations on proliferation, apoptosis,

autophagy, and survival pathways in EAC cells using in
vitro and in vivo methods. The present study demonstrates
that MNG potentiates the cytotoxic and pro-apoptotic
effects of PTX, as well as enhancing its antiangiogenic
capacity, thus suggesting a synergistic therapeutic
interaction..
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MNG has been shown to inhibit the growth of various
cancer cell lines, but the effects are dependent on the cell
type (Irshad et al., 2024). In accordance with the findings
of preceding studies, MNG demonstrated no evidence of
toxicity towards normal endothelial cells (HUVECs:),
even at elevated concentrations, thereby substantiating its
safety profile (Morozkina et al., 2021). It is noteworthy
that, in EAC cells, MNG alone exhibited limited toxicity;
however, its combination with PTX resulted in a dose-
dependent augmentation in cell death. This synergism is
consistent with reports that MNG enhances the activity of
standard chemotherapeutic agents, including platinum
derivatives and doxorubicin (Rahmani et al, 2023;

A 3001

LC3A (H-Score)
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Sarfraz et al., 2023; Igbal et al., 2024; Irshad et al., 2024;
Melo-Betances et al., 2025). In alignment with these
findings, the current study observed that low doses of
MNG (12.5-100uM) in HUVEC cells and high doses
(300uM) in EAC cells acted synergistically with
paclitaxel (PTX), resulting in increased cytotoxicity in a
dose-dependent manner.

The present study demonstrated that both MNG and PTX
effectively reduced EAC breast tumor volumes in vivo,
with MNG at 50mg/kg, achieving the most significant
reduction as a single-agent treatment. In the combination
groups, the concentrations of MNG 25mg/kg and 50mg/kg
exhibited a synergistic effect with PTX 12.5mg/kg,

3001 LR

LC3B (H-score)
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Fig. 6: A) LC3A (H-score), LC3B (H-score), B) ATG5 (H-score) and P62 (H-score) graphics and their immunohistochemical micrograph of EAC. The
effect of PTX (12.5mg/kg), MNG (25-50-100mg/kg), and their combinations on autophagy. Immunoreactivity is cytoplasmic (LC3A, LC3B, ATGS5 and
P62) and red-brown or brown. **P<0.01 and ***P<0.001, significance compared to the control group. Scale bars = 50uM (x 400).

increasing tumor sensitivity and reducing tumor volumes
by 65.48% and 71.70%, respectively. Consistent with the
findings of this study, MNG at doses of 50 and 100mg/kg
has been reported to reduce the tumor size in OVCAR3 and
A549 cells by increasing sensitivity to cisplatin (Shi et al.,
2016; Zou et al., 2017). In addition, Sadhukhan et al.
(2018) further reported that MNG at 20mg/kg resulted in a
significant reduction in EAC tumor volume, approaching
almost 50% reduction. However, no synergistic effect was
observed with cisplatin at 10mg/kg (Sadhukhan et al.,
2018). These results highlight the superior efficacy of the

MNG and PTX combination in suppressing EAC tumor
volume in comparison with cisplatin-based therapy,
thereby emphasizing its potential as an effective
therapeutic strategy.

Aberrant proliferation is an essential hallmark of
cancer development. Consequently, the suppression of
proliferation is one of the main goals of cancer treatment
(Tong et al., 2022). In a previous In vivo study, MNG
100mg/kg was reported to reduce Ki-67 and tumor volume
(Li et al., 2013) of MDA-MB-231 xenografts. Our study
also observed that MNG at 25 and 50mg/kg reduced the
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Fig. 7: p-AKT (H-score), PTEN (H-score) graphics and their immunohistochemical micrograph of EAC. The effect of PTX (12.5mg/kg), MNG (25-50-
100mg/kg), and their combinations on intracellular signaling pathways. Immunoreactivity is cytoplasmic (p-AKT and PTEN) and red-brown or brown.
*#kP<0.001, significance compared to the control group. Scale bars = 50uM ( % 400).

PCNA levels, and this reduction was in line with tumor
volume. The study revealed a significant decrease in PCNA
levels, with a 50.82% reduction observed in the MNG
50mg/kg group and a 38.81% decrease noted in the PTX
12.5mg/kg + MNG 50mg/kg group.

The suppression of apoptosis is a critical factor in
cancer development, inducing apoptosis as a fundamental
strategy in cancer treatment (Chaudhry et al., 2022). MNG
has been demonstrated to induce dose-dependent apoptosis

in MCF7, MDA-MB-231, and OVCAR3 cancer cells. Its
apoptotic effect in OVCAR3 is synergistically enhanced by
cisplatin (1 pg/mL) (Li et al., 2013; Zou et al., 2017). In
this study, the combination of MNG 300 uM and PTX 3.98
UM increased the level of FAS, suggesting an activation of
the extrinsic apoptotic pathway (Peramaiyan Rajendran et
al., 2015). BAX, a marker of the intrinsic mitochondrial
pathway, was found to be decreased in the co-treatment of
MNG and PTX, both in vitro and in vivo.
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Fig. 8: The antiangiogenic effects of different concentrations of MNG, PTX and their combinations on branching blood vessels in the chick
chorioallantoic membrane (CAM) test. The stereomicroscopic evaluation of MNG (1.25-5mg/mL), PTX ( 0.0375-0.3mg/mL), and PTX (0.0375mg/kg) in
combination with MNG (1.25-5mg/mL) at CAM. Thalidomide and agarose were used as positive and negative controls, respectively.

Src  phosphorylation modulates apoptosis by
inactivating the proapoptotic genes Bad, BAX, and
caspase-9 (Liu et al., 2024). A significant increase in p-Src
levels was observed in the combination groups, which was
further associated with a substantial increase in cleaved
PARP levels in EAC cells. PARP is cleaved during the
process of apoptosis, which is a well-known hallmark of
cellular suicide. The elevated levels of cleaved PARP
indicate that the combination of MNG and PTX enhances
apoptosis (Decker et al., 2002). In the present study, an
increase in p-Src, a decrease in BAX protein levels, and an
increase in the expression of cleaved PARP were observed.
The present findings suggest that p-Src can suppress BAX
to bypass the mitochondrial pathway and induce apoptosis
via the extrinsic pathway with an increase in FAS protein.

MNG increases active caspase-3 levels to promote
apoptosis in various cancer cell lines (du Plessis-Stoman,
du Preez, and van de Venter, 2011; Li er al, 2016).
Subsequent examination of the in vivo levels of active
caspase-3 revealed an increase in all groups, thus indicating
that the mode of cell death observed is that of apoptosis.
The combination of MNG and PTX further increased active
caspase-3 levels with a synergistic effect; besides, MNG
50mg/kg + PTX 12.5mg/kg was observed to have the
highest active caspase-3 level. Moreover, the apoptotic
cells in the late stage were examined by the TUNEL
method, and an increase in apoptotic cell index was
observed in all groups compared with the control. These

results are consistent with the increased levels of active
caspase-3 and cleaved PARP and the reduction in the
PCNA levels and tumor volume. Taken together, the
mechanism of cell death relies on apoptotic machinery
activation.

In the previous studies, the effect of MNG at 100mg/kg
on tumor volume and apoptosis was investigated
(Rajendran, Ekambaram, and Sakthisekaran, 2008; Li et
al., 2013; Igbal et al., 2024).In the present study, the
apoptotic effect in a dose-dependent manner using three
different MNG doses was studied, with MNG 100mg/kg
being weaker compared to the 50 and 25mg/kg doses. As
with certain natural compounds, it conceivable that MNG
may also exhibit dose-related antioxidant or prooxidant
properties (Chobot and Hadacek, 2011; Martins et al.,
2014; Dzah et al., 2024). The findings of this study indicate
that MNG 50mg/kg is the optimal effective concentration
on EAC tumors.

In addition to apoptosis, autophagy is an essential
process that aids in eliminating cancer cells (Su et al,
2013). The relationship between autophagy and apoptosis
is frequently characterised as intricate. Autophagy can be
considered as either a facilitator of cell death or a promoter
of cell survival, depending on the cellular context
(Eisenberg-Lerner ef al., 2009; Z. Wu et al., 2024; Kouri et
al., 2025). The in vitro results demonstrate that the
combination of PTX and MNG increases the proteins p-
Beclin, Atg5, LC3A, and LC3B in EAC cells. This finding



indicates that the process of autophagy is underway and
nearing completion (Hizomi Arani ef al., 2022). In line
with these studies, the in vivo results showed a significant
increase in Atg5, LC3A, and LC3B with a substantial
decrease in p62 in the co-treatment groups, which aligns
with the in vivo results.

When autophagy is excessively activated, it can lead
to autophagic cell death, which may also result in PARP
cleavage, albeit through different pathways (Wang et al.,
2014; Zhang et al., 2022). The activation of autophagy
through Beclinl has been shown to promote apoptosis in
cancer cells, particularly when combined with
chemotherapeutic agents (Sun et al, 2010). The
promotion of autophagy alongside apoptosis is evidenced
by the increased expression of Beclin 1 and LC3/LC3a
in cancer cells (Yu et al., 2019; Lin et al., 2020). In the
present study, the decrease in p62 with a concomitant
increase in Atg5 and LC3B indicates an increase in
autophagy. In contrast, the decreased tumor volume and
increased apoptosis suggest that MNG and PTX co-
treatment not only triggers apoptosis but also promotes
autophagy, which may act as a complementary cell death
mechanism. The balance between apoptosis and
autophagy likely contributes to the enhanced cytotoxicity
observed in both experimental settings (Kumar et al.,
2015; Kouri et al., 2025).

PTEN, the tumor suppressor gene, suppresses AKT
phosphorylation (Peacock et al., 2009; Park et al., 2019).
MNG modulated the PI3K/AKT pathway, reducing cell
viability in gastric cancer and OVCAR3 cells dose-
dependently (Zou et al., 2017; Du et al., 2018). Similarly,
the combination of PTX and MNG decreased p-AKT
expression and a slight increase in PTEN expression in
vitro and in vivo. Increasing PTEN expression enhances
FAS/FASL-mediated apoptosis (Peacock et al., 2009).
Notably, FAS was also significantly increased in this study,
as reported above. Also, MNG suppresses ERK and JNK
signaling pathways (Xie et al., 2025). Our study also
observed that the in vitro expression of p-c-Jun decreased
in the PTX and MNG combination, which is a downstream
protein of the JNK signaling pathway. All these data
suggest that the co-treatment of PTX and MNG might
suppress cell survival signaling and trigger cell death in
vitro and in vivo in EAC cells.

Angiogenesis is crucial to tumor progression, making
it a key target in cancer therapy (Folkman, 2007; Yang et
al.,2025). While research on the antiangiogenic effects of
MNG is limited, one in vitro study demonstrated dose-
dependent inhibitory effects of MNG on the tube-forming
ability of EA.hy926 endothelial cells (Delgado-
Hernéndez et al., 2020). Our results show that low-dose
combinations of MNG and PTX are sufficient for
interrupting tube structures, indicating an antiangiogenic
effect in vitro.

Delgado-Hernandez et al. (2020) reported that
vascularization was suppressed when MNG was applied at
a concentration of 50ug/disk to the CAM area, with
increased vascularization by bFGF (Delgado-Hernandez et
al., 2020). In this st budy, MNG also showed a strong
antiangiogenic effect at a concentration of Smg/mL
(50ug/pellet). The combination of low-dose PTX and
MNG at concentrations of 5-2.5-1.25mg/mL had a stronger
antiangiogenic effect than single treatments in the CAM
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assay. The low-dose PTX and MNG combination had a
very strong antiangiogenic effect in the CAM model, which
is similar to the results seen in in vitro. MNG has been
shown to enhance the antiangiogenic effect of PTX, even
at low concentrations, which represents a significant
advancement in cancer treatment. Both in vitro tube
formation and in vivo CAM assays revealed that MNG,
especially in combination with low-dose PTX, markedly
inhibited neovascularization

Conclusions: In conclusion, this study provides substantial
evidence that mangiferin significantly enhances the
antitumour efficacy of paclitaxel through complementary
mechanisms involving the induction of apoptosis, the
activation of autophagy, and the inhibition of angiogenesis.
The MNG and PTX combination was found to have a
synergistic effect, resulting in marked tumor regression in
vivo and pronounced cytotoxicity in vitro without affecting
normal endothelial cells, which emphasizes its potential
safety and selectivity.

At a molecular level, MNG appears to make cancer
cells more sensitive to paclitaxel by modulating multiple
signaling cascades, including the PI3K/AKT, JNK and Src
pathways. This leads to the upregulation of proapoptotic
markers (FAS, cleaved PARP and caspase-3) and the
suppression of markers associated with proliferation and
survival (PCNA, p-AKT and p-c-Jun). Additionally, the
concurrent activation of autophagic processes suggests a
cooperative interplay between apoptosis and autophagy in
MNG-mediated cell death.

From a therapeutic perspective, these findings suggest
that MNG could be used as an effective adjuvant in
chemotherapy regimens. Its ability to increase the efficacy
of paclitaxel at lower doses could reduce the adverse side
effects commonly associated with conventional
chemotherapy, thereby improving patient outcomes. Future
studies should aim to elucidate the pharmacokinetic
interactions of MNG and PTX, as well as evaluate their
effects in other tumor models and clinical settings.
Furthermore, exploring the nanoformulation or targeted
delivery of MNG could enhance its bioavailability and
applicability in clinical settings.

Overall, this work highlights mangiferin’s potential as
a natural, safe and effective chemosensitiser that could
strengthen the therapeutic potential of paclitaxel, paving
the way for its use in future anticancer strategies.
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