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a b s t r a c t

Background: Annona reticulata Linn, has been shown to possess antipyretic, antihelmintic, hypoglycemic,
antiulcer and wound healing properties. However, its immunomodulatory role is yet to be explored.
Objective(s): In the present study, we intended to investigate the effects of A. reticulata leaf ethanol
extract on various components of the immune system.
Material and methods: The effects of A. reticulata leaf extract on human peripheral blood mononuclear
cells, monocyte (THP1), and human macrophage (U937) cell lines were investigated. An animal study
was conducted to observe the effect of the extract on humoral as well as cell mediated immunity.
Results: The extract stimulated proliferation of human PBMC, monocytes (THP1), and macrophages
(U937) significantly in a dose dependent manner; expression of transforming growth factor-beta (TGF-b)
increased in western blot analysis. Additionally, the extract treated macrophages exhibited features of
activation under the microscope with a significant hike in the NO production. Flow cytometry of extract
treated human PBMC revealed increased proliferation of lymphocytes (CD4, CD8 & B-cells) along with
enhanced intracellular expression of IL-2, IL-6. Animal study data indicate a significant rise in the
antibody titer as well as a strong delayed type hypersensitivity response in the extract (150 mg/kg and
300 mg/kg) treated mice; furthermore, the expression of IL-2 and IL-6 in mice PBMC was augmented.
Conclusion: The collective data evince the immunomodulatory potential of A. reticulata L. leaf.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The immune system is a remarkably sophisticated and highly
developed defense systemwith a simple mission to seek and kill all
invaders and to protect the host. In the modern world, many dis-
eases are the result of a defect in the immune system. Malnutrition,
inadequate dilatory intake, stress, HIV, etc. have weakened the
immune system making the host vulnerable to life threatening
diseases [1]. Various drugs and modern synthetic molecules have
been used to reinforce the host defense by modulating ‘induction,
expression, amplification, or inhibition of any part or phase of the
immune response’ [2]. However, the cost, their toxicity, and asso-
ciated adverse effects have made them undesirable [3]. In response
to this squeal, there is a rise in the utilization of medicinal herbs as
immunomodulators. Researchers are now taking more interest in
the idea of developing plant-derived immunomodulators as po-
tential and safer alternatives.
isciplinary Health Sciences and Technology and World Ayurveda Foundation. This is
nses/by-nc-nd/4.0/).
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Many biological substances have been shown to exert anti-
inflammatory, anti-stress, anti-cancer effects by modifying the
immune response [4]. Annona reticulata L (Bullock's heart) is one
such popular plant that has been used in the alternative medicine
to treat various diseases and to maintain good health. It is a
member of the Annonaceae family. This highly valuable plant
grows in the tropical and subtropical regions. In India, this fruit
(also known as Bullock's heart or Ramphal) containing plant is
cultivated widely in Bengal, Burma, and southern regions. Almost
all parts (leaf, root, fruit, seed, stem bark, and root bark) of the plant
have been used traditionally [5]. Multiple research studies have
established its anticancer [6], anti-infective [7] and antioxidant [8],
analgesic and anti-inflammatory [9], and wound healing activities
[10].

A. reticulata leaves contain a wide range of phytochemicals such
as alkaloids, amino acids, carbohydrates, steroids, flavonoids, pro-
teins, tannins, glycosides, and phenolics [5]. The phytochemical
profile of A. reticulata leaf implies it to be a rich source of immu-
nomodulatory agents, though its effect on immunomodulation has
not been elucidated scientifically till date, and literature regarding
this is limited or inconspicuous. The leaves of another two species
of the same family A. muricata and A. squamosa have already been
shown to possess immunomodulatory activity both in vitro and
in vivo [11,12]. Therefore, in the present study, the objective was to
examine the immunomodulatory role of A. reticulata Linn leaf both
in vitro and in vivo by using 32% ethanol extract. Varying percent-
ages of ethanol for extraction starting from 30% to 50% were assess
and it was observed that cell proliferation (MTTassay) wasmaximal
at 32% ethanol extract of A. reticulata leaves. HPLC-MS analysis from
a previous study [10] indicated that the extract contains two major
compounds quercetin 84.02% (w/v) and b-sitosterol 15.98% (w/v)
that promote cellular cross-talk and critically modulate various
bioactive molecules and cytokines that are crucial in eliciting an
immune response. Human PBMC were treated with the extract and
its effects on the immune cells (CD4 cell, CD8 cell, and B-cells) were
observed; effects on the macrophage and monocytes were also
assessed (innate immunity). Apart from these cellular components,
interleukins [13] and TGF-beta, a pleiotropic cytokine that can both
suppress [14] and stimulate [15] the immune response,are the
potential targets for immunomodulation. Therefore we also
assessed the level of soluble factor TGF-beta and expression of
intracellular interleukins (IL-2, IL-6) in cultured immune cells.
Different cell lines were employed in these investigations to
explore whether the plant extract interacts with a single or mul-
tiple cellular components of the immune system and alsotheir
nature of interaction with different immune cells. In vivo animal
study was designed to explore the effect of the leaf extract on both
humoral and cell-mediated immunity. Again intracellular expres-
sion of IL-2, IL-6 in the extract treated mice PBMC was evaluated.

2. Materials and methods

2.1. Materials

RPMI 1640 media, Fetal Bovine Serum (FBS) and L-glutamine,
phosphate buffer saline (PBS) were purchased from HiMedia
(Mumbai, India). Penicillin and streptomycin were obtained from
Life Technologies, USA. Antibodies against IL-2 (ab180780), IL-6
(ab208113), anti-mouse HRP linked secondary antibody, anti-
rabbit HRP linked secondary antibody were purchased from
Abcam (MA, USA). Antibodies against TGF-b, Actin were purchased
from Santa Cruz Biotechnology (Dallas, Texas USA). Anti-CD4, anti-
CD8, anti-CD19, anti CD3e antibody (FITC conjugated), anti Ki67
antibody (PE conjugated), anti-IL-2, and IL-6 antibodies (PE con-
jugated) were purchased from BD Biosciences, USA. PMA,
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Ionomycin, Brefeldin A, saponin were purchased from Sigma
Aldrich, India. Vectashield mounting medium was from Vector
Laboratories, Inc. (CA, USA). MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide), Bovine serum albumin (BSA)
were purchased from SRL India. SRBC was procured from Indian
Veterinary Research Institute, Eastern Regional Station, Kolkata.
Cyclophosphamide was purchased from Abcam.
2.2. Cell lines and culture conditions

Peripheral blood mononuclear cells (PBMC) were grown in
RPMI-1640 with 10% FBS, 2 mM glutamine, 1% nonessential amino
acids, 1% sodium pyruvate, and 1% penicillin and streptomycin.
Human Monocyte cell line THP1 and Human macrophage cell line
U937 were also maintained in RPMI supplemented with 10% FBS.
2.3. Collection and authentication of plant material

The fresh leaves of A. reticulata L (the plant name has been
checked with http://www.theplantlist.org) were procured from
Pandua (District-Hooghly, West Bengal, India) in the month of July
2018. The plant herbarium was authenticated by Mr. R. Gogoi, sci-
entist, Central National Herbarium, Botanical Survey of India and a
specimen voucher number (specimen no-SM-1; CNH/Tech.II/2018/
24) was provided which is preserved in the Department of Life
Science and Bio-Technology, Jadavpur University.
2.4. Extraction procedure

The detailed extraction process has been previously reported
[10]. In short, A. reticulata Linn leaves (30 g) were meticulously
cleaned with autoclaved water. The shade dried leaves were then
smashed by a mixer grinder and were macerated in 32% ethanol.
The mixture was passed through a Whatman filter paper (No 1).
The suspension thus producedwas sterilized by filtration technique
(membrane pore size 0.22 mm). The filtrate was then put on a
lyophilizer to obtain the crude dry extract (4.56 g). Finally, the
crude extract was stored at �20 �C. Fresh stock solutions were
prepared from the crude dry extract every time during the
experiment.
2.5. In vitro study

2.5.1. Cell proliferation assay
StandardMTTassaywas performed in humanmonocyte cell line

(THP1), human macrophage cell line (U937), and human PBMC,
isolated by method reported earlier [17]. Twenty-four well plates
were seeded with a seeding density of 5 � l04 cells per well and
allowed to adhere for 24 h before treatment. At three different
incubation periods, different concentrations of the plant extract
were added to the test wells. PHA (10 mg/ml) was also used as a
positive control in case of PBMCs. Control wells contained only
medium (RPMIwith 10% FBS in case of THP1 and U937 cell lines and
L-glutamine with RPMI and 10% FBS in case of PBMC cells). After
24 h, 48 h, and 72 h of incubation MTT solution (0.5 mg/ml) was
added to all thewells. The plates were incubated for 3 h at 37 �C and
5% CO2. Then extraction buffer was added to dissolve the formazan
product and absorbance was measured at 570 nm using a spec-
trophotometer [Synergy H1, BioTek Instruments, Highland Park,
Winooski, USA.]. An initial screening with the extract and MTT
reagent in a 24 well culture plate without any cells was performed
to exclude false positive results.

http://www.theplantlist.org
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2.5.2. Western blot
Standard protocol was followed using actin as the housekeeping

protein (Detailed in Supplement-1). Expression of TGF-b, with and
without extract, in humanmonocytes, macrophages and PBMCwas
observed.

2.5.3. Activation of macrophages & NO production
Human macrophages (U937) were grown and maintained in

RPMI with 10% FBS. 24 well plates were seeded with U937 cells
(5 � l04 cells per well) and allowed to adhere. Following 24 h in-
cubation period, different concentrations (10, 25, 50, 75, 100,
200 mg/ml) of the plant extract were added to the wells. Control
wells contained only RPMI with 10% FBS. Wells stimulated with
10 mg/ml of lipopolysaccharide (LPS) served as the positive control.
The cells were incubated for another 24 h. Cells (U937) from con-
trol, positive control, and different treatment groups were then put
on a glass slide, stained with hematoxylin and eosin, and observed
under a microscope for the morphological changes indicating
activation. NO production was ascertained by Griess reaction fol-
lowed by quantification of its more stable form, nitrite. The method
has been described elsewhere [16]. The absorbance was measured
at 550 nm and nitrite concentrations (mmol/L) were calculated
against a sodium nitrite standard curve.

2.5.4. Flow cytometry
2.5.4.1. Proliferation assay. Human PBMCs, isolated using previ-
ously reported method [17], were diluted in complete RPMI 1640
medium to a final concentration of 106/ml. The PBMC suspension
was then transferred to 24-well flat-bottom culture plates and cells
were incubated with medium only or phytohemagglutinin (PHA;
10 mg/ml; Sigma) or plant extract (150 mg/ml) for 5 days at 37 �C in
presence of 5% CO2. On day 5, the PBMC were further stimulated
with PMA (5 ng/ml), Ionomycin (1 mg/ml), and Brefeldin A (10 mg/
ml) for another 4 h. PMA and ionomycin lead toT cell activation and
production of a plethora of cytokines whereas Brefeldin A inhibits
protein secretion resulting in accumulation of cytokines within the
activated cell. This was followed by surface and intracellular
staining using anti-CD4, anti-CD8, anti-CD19 antibody (FITC con-
jugated), anti Ki67 antibody (PE conjugated) following the manu-
facturer's protocol. Ki67 is a nuclear protein which is exclusively
expressed during all the active phases of cell proliferation and can
be used as a safe and reliable flow cytometry marker to assess
lymphocyte proliferation [18]. Flow cytometry was performed on
BD FACSVerse flow cytometer using BD FACSuite software (BD
Biosciences).

2.5.4.2. Intracellular interleukin expression. Human PBMC were
stimulated with PMA (5 ng/ml), Ionomycin (1 mg/ml), and Brefeldin
A (10 mg/ml) as described in section 2.5.4.1. This was followed by
intracellular staining with PE conjugated anti IL-2 and IL-6 anti-
bodies (BD Biosciences, USA) following the manufacturer's proto-
col. Flow cytometry was performed on BD FACSVerse flow
cytometer. Mean Fluorescent Intensity (MFI) and relative fold in-
crease in MFI were measured.

2.6. In vivo animal study

2.6.1. Ethical approval
All mouse experiments were conducted at Ballygunge Science

College, University of Calcutta, India, following the guidelines of the
Institutional Animal Ethics Committee (885/GO/Re/S/05/CPCSEA)
in complance with the ARRIVE guidelines regarding the handling of
laboratory animals in scientific experiments.
3

2.6.2. Experimental animals
Healthy adult male Swiss albino mice (8 week old, weighing

28e30 g) were used in the study. They were nurtured in pathogen
free condition with free access to food and water with a 12 h
lightedark cycle at a temperature of 27 ± 2 �C, relative humidity of
50e70%. As described before [19] the animals were weighed twice
weekly, monitored regularly for food and water intake, general
activity, panting pattern, and fur condition. All attempts were made
to lessen the suffering of the mice. They were observed for 2 weeks
for acclimatization.

2.6.3. Antigens and drugs
For this study, sheep RBCs (SRBC) were used as antigen. Cyclo-

phosphamide (CP) 50 mg/kg of body weight (BW) was used as
immunosuppressing agent.

2.6.4. Acute toxicity assay
Acute toxicity testing using the up-and-down (UDP) method

[20] was performed using intraperitoneal route of administration.
No toxicity or mortality was observed up to the dose of 1500mg/kg.
Thus the extract could be regarded to have an LD50 of about
3000 mg/kg or higher [21].

2.6.5. Experimental design
Thirty animals (N ¼ 30) were divided randomly (simple

randomization; using online randomization software; https://
www.graphpad.com/quickcalcs/randomize1/) into 6 treatment
groups (IeVI) each containing 5 mice. The first group (group I)
served as the control and received only vehicle (normal saline)
treatment. The treating agents, their dose, and the schedule of
treatment in different groups is presented in Table 1. Overall the
animals were treated for 7 days. All injections were given intra-
peritoneally maintaining sterility and traumawasminimized to the
extent possible. The reason behind choosing the intraperitoneal
route is described previously [22]. In a preliminary screening, the
plant extract was administered intraperitoneally in normal healthy
Swiss albino mice at fixed doses of 150, 200, 250, 300 mg/kg of BW
(between 1/10th and 1/20th of LD50) and the increase in total
leukocyte count was measured. The optimum results were ob-
tained with the dose of 150 mg/kg and 300 mg/kg (Supplement A).
Further exploration was done with these two doses. After 9 days,
the animals were anaesthetized and sacrificed by cervical disloca-
tion. The following variables in different treatment groups were
assessed: paw thickness as a measure of delayed type of hyper-
sensitivity; antibody titer; expression of interleukins in mouse
PBMCs; immunohistochemical analysis of spleen tissue. Group
allocation, conduction of the experiments, outcome measurement,
and data analysis were performed by different individuals in the
same research team to minimize confounding bias.

2.6.5.1. Cellular immune response. Delayed type of hypersensitivity
(DTH) was assessed. After measuring the footpad thickness on the
7th day, SRBC (0.025 � 109 cells) was injected subcutaneously in
the right paw and 25 ml of saline was injected into the left paw of
animals of all the groups. Footpad thickness was measured again
after 24 h. Increase in the right foot thickness was taken as the
index of cell-mediated immunity. All themeasurements were taken
by digital calipers (Mitutoyo America).

2.6.5.2. Humoral immune response. We followed the method re-
ported by Bin-Hafeez et al. 2001 withmodification [23]. In short, all
groups were challenged with an injection of 0.2 ml of 10% SRBC
suspension in normal saline (v/v) intraperitoneally, on day 5. On

https://www.graphpad.com/quickcalcs/randomize1/
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Table 1
Different experimental groups and the treatment they were given.

Groups Treatment received on different day of the experiment

Group I (Saline group) Saline (ip) for 7 days þ SRBC (ip) on 5th day þ SRBC (rf, sc) on 7th day
Group II (CP group) Saline (ip) for 7 days þ SRBC (ip) on 5th day þ CP injection on 6th day þ SRBC (rf, sc) on 7th day
Group III (CP þ Extract 150 group) Extract (ip) (150 mg/kg) for 7 days þ SRBC (ip) on 5th day þ CP on 6th day þ SRBC (rf, sc) on 7th day
Group IV (CP þ Extract 300 group) Extract (ip) (300 mg/kg) for 7 days þ SRBC (ip) on 5th day þ CP on 6th day þ SRBC (rf, sc) on 7th day
Group V (Extract 150 group) Extract (ip) (150 mg/kg) for 7 days þ SRBC (ip) on 5th day þ SRBC (rf, sc) on 7th day
Group VI (Extract 300 group) Extract (ip) (300 mg/kg) for 7 days þ SRBC (ip) on 5th day þ SRBC (rf, sc) on 7th day

All the animals were randomly divided into 6 experimental groups. Each row represents a single treatment group and the treatment received by each experimental unit
(animal) in that group on various day of the experiment. All the agents were administered by injection. ip-intraperitoneal injection; rf-right foot pad; sc-subcutaneous
injection; SRBC-sheep RBC; CP-cyclophosphamide.
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day 8, blood was collected in a microcentrifuge tube from each
mouse by retro-orbital vein puncture and was subjected to hem-
agglutination assay to determine the antibody titer (Detailed in
Supplement 2).
2.6.5.3. Flow cytometry analysis. As described above (section
2.5.4.1), the mice PBMC from different treatment groups were
stimulated with PMA (5 ng/ml), Ionomycin (1 mg/ml), and Brefeldin
A (10mg/ml). Following surface staining with FITC conjugated anti-
CD3e and anti-CD14 antibody, cells were permeabilized (0.2%
saponin) and stained with PE conjugated anti IL-2 and IL-6 anti-
bodies respectively, and then analyzed on BD FACSVerse flow cy-
tometer (Detailes provided in Supplement 3).
2.6.5.4. Immunohistochemistry. Immunostaining of the formalin-
fixed, paraffin-embedded mice spleen tissue from each group was
started with overnight incubation with primary antibodies against
IL-2 (ab180780; Abcam) and IL-6 (ab208113; Abcam) and was
completed according to the protocol (MP-7601; IHC Guide, Vector
Laboratories). Bright field images were captured with a microscope
(Leica).
2.7. Statistical analysis

Study data represented as mean ± SD. Variance among groups
was evaluated using two factors ANOVA, single factor ANOVA, fol-
lowed by post Hoc Tukey's range test for multiple comparisons.
KruskaleWallis test followed by Dunn's test was performed to
evaluate the difference of antibody titers in different treatment
groups. P < 0.05 was accepted as statistically significant. P < 0.05,
P < 0.01 and P < 0.001 are represented by *, **, and *** respectively.
(Software: Graph pad Prism version-8 GraphPad Software, Inc., San
Diego, California, USA).
3. Results

3.1. Effect of A. reticulata L. leaf extract on immune cell proliferation
and TGF-b expression

Significant proliferation of human PBMC was observed with
increasing concentration of the extract, maximum (141 ± 21%)
being at 48 h of incubation with the concentration of 20 mg/ml. In
case of monocytes (THP1), maximal proliferation was obsrved at
the extract concentration of 50 mg/ml both at 24 h and 48 h
(308 ± 80%, 259 ± 12.7% respectively). Macrophages (U937) also
showed a hike in proliferation in a dose-dependent manner.
Maximal proliferation was noted at 50 mg/ml both at 24 h
(131.5 ± 10.9%) and 48 h (183.3 ± 13.2%) (Fig. 1a). We also obsrved
that the expression of TGF-bwas enhanced in all the three cell lines
with increasing time up to 48 h (Fig. 1b).
4

3.2. Effect of A. reticulata L. leaf extract on activation of
macrophages

The extract caused activation of the macrophages (U937) both
morphologically (Fig. 2a) and functionally (Fig. 2b) compared to the
mock-treated cells. The basal nitrite level (control group) was
1.78 ± 0.31 mmol/L. The leaf extract significantly raised the nitrite
levels with increasing concentrations and reached its peak
5.45 ± 0.24 mmol/L at the concentration of 75 mg/ml. LPS stimulated
cells (positive control group), however, produced a higher amount
of nitrite 9.50 ± 1.32 mmol/L.

3.3. The extract stimulates lymphocyte proliferation and up
regulates cytokine expression

We observed the expression of Ki67 protein as a marker of cell
proliferation. Flow cytometry analysis (Fig. 3a) on human PBMC,
gated on lymphocytes, revealed significantly increased prolifera-
tion in the extract treated cells compared to themedia treated cells,
i.e., control group (40.9% ± 14.4% versus 4.3% ± 0.3% for CD4 cells,
31.8% ± 5.3% versus 5.51% ± 0.5% for CD8 cells, and 49.2% ± 7.6%
versus 0.2% ± 0.3% for CD19 cells) (Supplement 4). Cytometry data
also indicated a hike in the Mean Fluorescence Intesity (MFI)
compared to both the untreated and PHA challenged cells implying
an increased expression of intracellular IL-2 (MFI 364 ± 8) and IL-6
(MFI 346 ± 11) in the extract treated group. Fig. 3b shows the
relative fold increase in MFI which is maximal in the extract treated
group.

3.4. Effect of the extract on cell mediated and humoral immunity

The extract induced a significant hike in the foot pad thickness
of the treated animals compared to the control ones, in a dose
dependent manner (Fig. 4a and b). Though not statistically signif-
icant, the extract could also strengthen the DTH response in
immunosuppressed (CP treated) mice. We also noted that the
extract prompted a significant rise in the antibody titer with both
the doses when compared to the saline treated group (Fig. 4c). In
addition, the immunosuppressed (CP treated) animals treated with
plant extract exhibited significant recovery in the antibody titer
(Fig. 4d).

3.5. The extract up regulated the expression of interleukins in mice
PBMC

FACS data indicated increased percentage of cells expressing
intracellular IL-2 (Fig. 4e, upper panel) in both the extract treated
groups (11.22% ± 1.5% and 6.16% ± 0.7%) compared to the control
group (2.33%± 0.8%). Similarly IL-6 expression (Fig. 4e, lower panel)
was also augmented in the extract treated groups (9.12% ± 0.6% and
5.78% ± 0.9%) in contrast to the control group (2.23% ± 0.6%)



Fig. 1. a. Graphical representation of the MTT assay showing the effect of the increasing concentrations (10, 20, 30, 50, 100 mg/ml) of A. reticulata leaf extract on THP1, U937, and
human PBMC cells at 24 h, 48 h, and 72 h. The results expressed as mean ± S.D. of three independent experiments. The percentage of cell growth was calculated using untreated
cells as 100%. *(P < 0.05), **(P < 0.01), ***(P < 0.001); hr ¼ hour. CTL ¼ Control; PCTL ¼ Positive control; ns (P ˃ 0.05). b. Shows the Western blot analysis on monocyte (THP1),
macrophage (U937) and human PBMC. THP1, PBMC, and U937 cell lysates from treated or mock treated cells were immunoblotted with antibody against TGF-b. Actin was used as
loading control. The band intensity was quantified using ImageJ Software and the relative fold increase in expression of TGF-b was plotted graphically (left panels).
PHA ¼ Phytohemagglutinin, Ex ¼ Treatment concentration of the extract.
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(Supplement 5). In both the occasions, the extract showed a stim-
ulatory effect on the intracellular cytokine expression in the
immunosuppressed (CP) mice.

3.6. Immunohistochemistry

Mice spleen tissue stained strongly positive for IL-2 and IL-6 in
the extract treated groups compared to the non-treated (control)
animals which showed weak positivity (Fig. 5). We also observed
that the immunoreactivity was more with the lower extract dose
(150 mg/kg) than a higher dose (300 mg/kg). In the immunosup-
pressed (CP) animals, minimal immunoreactivity was observed;
whereas, groups treated with both cyclophosphamide and plant
extract showed moderate positivity.

4. Discussion

Plant bioactive compounds can either stimulate or suppress the
immune system and hence can be utilized to treat various disorders
involving the immune system. In this study, we found that 32%
ethanol extract of A. reticulata leaf possesses immunomodulatory
activity in both in vitro and in vivo experimental models of humoral
and cell-mediated immunity. We investigated the ability of
A. reticulata leaf extract to stimulate immune cell proliferation. A
significant increment in the proliferation of cultured human
monocytes (THP1), macrophages (U937), and human peripheral
5

blood mononuclear cells (PBMC) indicated the possible immuno-
modulatory role of the extract.

TGF-b is a potent regulatory cytokine with diverse actions. It has
both positive and negative regulatory influence on T-lymphocyte
proliferation, differentiation, and function [15,24]. Likewise, B-
lymphocytes have multiple high affinity receptors for TGF-b and
studies have proven that the proliferation and differentiation of B-
lymphocytes to plasma cells are finely controlled by various soluble
factors including TGF-b [25]. The present study data indicate an
increased expression of TGF-b in THP1 cells, U937 cells, and PBMC
cells pre-treated with A. reticulata leaf extract, suggesting its
possible immunomodulatory role. However further investigations
are necessary to determine the exact mechanism.

Activation of macrophages followed by phagocytosis and killing
comprises the body's first line of defense against the invading mi-
croorganisms [26]. Activated macrophages induce NO production
as an effector molecule to destroy microbes [27]. In this study, we
observed that the extract treated macrophages underwent
morphological changes, became activated, and significantly
increased NO (nitrite) production with increasing doses of the
extract up to the dose of 75 mg/ml. The decrease in the NO pro-
duction may be due to chemically induced cell death with higher
concentrations (100 mg/ml and 200 mg/ml).

CD4þT cells and CD8þT cells constitute the key effectors of cell
mediated immunity [28] and act via secretion of specific cytokines
or by lysing cells directly [29,30]. Whereas, B-cells mediate



Fig. 2. a. Depicts H&E staining of U937 cells. (A) Normal macrophages of the control group. (B) Cluster of activated macrophages in syncytium with a dividing one (black arrow);
positive control group, LPS treated. (C, D) Extract treated (25 mg/ml) macrophages exhibiting satellitism (blue arrow). (E, F) Extract treated (50 mg/ml) macrophages showing
endocytosis (white arrow). With 75 mg/ml of extract (G) shows activated, dividing macrophages and (H) activated macrophages with satellitism and pinocytosis (red arrow). (For A,
B, C, D, H e magnification 400�; scale bar-50 mm and for E, F, G e magnification is 1000�; scale bar-10 mm) b. Nitric oxide production (mmol/L) in media treated, LPS treated and
extract treated (different concentrations) macrophages. Results expressed as mean ± S.D. of 3 independent experiments. (*P � 0.05, **P � 0.01, ***P � 0.001).
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humoral immune response by production of antibodies [31]. It is
now established that IL-2 is important for activation-induced cell
death, development of Treg cells, and development of cytotoxic T
lymphocytes, as well as for secondary expansion of memory CD8þ T
cells, modulating T helper cell differentiation and regulation of
cytokine receptor expression [32]. IL-6 also plays an important role
in the acquired immune response by stimulation of antibody pro-
duction and effector T-cell development [33]. FACS analysis
revealed an increased proliferation of CD4, CD8, B cells in the
extract treated PBMC compared to the untreated; intracellular
expression of IL-2 and IL-6 was obsreved to be augmented in the
extract treated cells. We chose to perform flow cytometry instead of
ELISA to detect intracellular expression of interleukins as it allows
detection of a particular cell phenotype and the specific antigen
expressed by it simultaneously [34] and to avoid some difficulties
inherent to ELISA [35]. Altogether the data point towards the
immunomodulatory prospect of the leaf extract.

The in vivo study revealed a significant increase in the delayed
type of hypersensitivity reaction to SRBC with both the doses
(150 mg/kg, 300 mg/kg) of A. reticulata leaf extract. A strong DTH
response implies a coordinated interaction between immune cells
(antigen presenting cell, T-cells) and several mediators (cytokines)
in an effective way to protect the individual against numerous in-
fectious organisms. The absence of DTH response to multiple an-
tigens is termed as anergy and is indicative of increased risk of
morbidity and mortality, more in the elderly [36]. In the present
study, the plant extract showed its stimulatory effect on cell
mediated immunity implying its beneficial role in enhancing host
defence against cellular pathogens. Treated animals also showed
increased antibody titer compared to the saline treated mice at
both the doses. Furthermore, the immunosuppressed animals
exhibited significant recovery in the antibody titer after being
treated with the plant extract indicating its stimulatory effect on
humoral immunity. Therefore we observe that the extract
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reinforces both humoral and cell mediated immunity. Yeap SK et al.
demonstrated the immunomodulatory effect of Rhaphidophora
korthalsii via increasing the expression of IL-2 [37]. In another
isolated study, Abood WN et al. showed the immunomodulatory
role of Tinospora crispa through enhancing the expression of IL-6
[38]. Therefore, we further investigated the possible effect of the
extract on intracellular cytokine production. In this study, flow
cytometry analysis on mice PBMC of different treatment groups
showed an enhanced expression of IL-2 and IL-6 in the extract
treated animals compared to the mock-treated as well as immune-
compromised animals. However, it is interesting to note that the
interleukin expression was significantly higher with a lower dose
(150 mg/kg) of the extract and diminished with the higher dose
(300 mg/kg). Crude plant extracts are usually a complex mixture of
different constituents which could have antagonistic, allosteric, and
synergistic effects. At a higher concentration, an active substance
may lose its efficacy or can reduce the activity of a second bioactive
constituent. However, further study is needed to understand the
interplay of different phytochemicals at higher concentrations to
determine the exact cause of this phenomenon. Similar results
were obtained on immunohistochemical staining of mice spleen
tissue. Here we would like to mention that we opted for immu-
nohistochemical staining instead of ELISA (which otherwise would
have been a better option) because we wanted to observe the
intracellular expression of interleukins in spleen cells and visually
represent it at the same time. So, we discerned that the ethanol
extract of A. reticulata leaf enhanced the intracellular expression of
IL-2 and IL-6 both in vitro and in vivo.

Based on the HPLCeMS analysis from a previous study, [10] 32%
ethanol extract of A. reticulata L. leaf contains quercetin and b-
sitosterol as major bioactive compounds. Quercetin is a flavonoid
naturally present in many plants, fruits, leaves, etc. It can both
stimulate and suppress the immune system. Though quercetin in-
hibits macrophage activation and subsequent NO production [39]



Fig. 3. a. FACS analysis (dot plots) showing Ki67 expression in control, PHA challenged, and extract treated PBMC, gated on lymphocytes. Upper, middle, and lower panels represent
CD4þ, CD8þ, and CD19þ lymphocytes respectively. Values in the upper right quadrant (UR) in each dot plot represent the percentage of cells expressing Ki67. The mean of that
percentage value in different groups from 5 different experiments was plotted graphically to evaluate the difference between groups. (One way ANOVA; n ¼ 5); *(P < 0.05),
**(P < 0.01), ***(P < 0.001). Data from one representative experiment out of five are shown. b. FACS profile showing expression of intracellular interleukins in control, PHA
challenged, and extract treated PBMC. Panels on the right represent the fold shift in MFI signifying the expression of IL-2 and IL-6 respectively which has been plotted graphically
(left panels). Data from one representative experiment out of five are shown. PE ¼ phycoerythrin, FITC ¼ fluorescein isothiocyanate, PHA ¼ phytohemagglutinin, CTRL ¼ Control,
ctl ¼ Control, trt ¼ Extract (150 mg/ml) treated cells; MFI ¼ mean fluorescence intensity.

S. Mazumdar, A.K. Ghosh, S. Purohit et al. Journal of Ayurveda and Integrative Medicine 13 (2022) 100554
b-sitosterol may be responsible for the observed macrophage
(U937) activation and the increased NO production [40]. b-sitos-
terol has also been shown to induce the expression and secretion of
TGF-beta as well [41]. Leaf extract, rich in quercetin, has been re-
ported to increase the proliferation of CD8 and CD4 T lymphocytes
7

with increased expression of Th1 cytokines [42]. Similarly, b-
sitosterol and b-sitosterolglucosidecan stimulate human peripheral
blood lymphocyte proliferation as well as enhance IL2 secretion
[43,44]. Recently Abood et al. have reported that quercetin con-
taining T. crispa leaf exerts its immunomodulatory effect via



Fig. 4. a. Photographs of foot pad thickness (white arrow) observed in animals of different treatment groups. Scale bar ¼ 5 mm; b. Graphical representation of foot pad thickness
(mm) in different groups. Data expressed as mean ± S.D.; (one way ANOVA, n ¼ 5 in each group); *(P < 0.05), **(P < 0.01), ***(P < 0.001). c. Shows increase in antibody titer in
extract (150 mg/kg, 300 mg/kg) treated mice compared to the saline treated. d. Shows the stimulatory effect of A. reticulata extract (150 mg/kg & 300 mg/kg) on antibody titer in
immunosuppressed (CP treated) mice. Data expressed as mean rank difference ± SEM (KruskaleWallis test, n ¼ 5 in each group). e. Dot plots (FACS) representing intracellular IL-2
and IL-6 expression in subpopulation of PBMC of different treatment groups. The upper panel shows the CD3e positive cells (lymphocytes) expressing IL-2 within the whole PBMC
population; the lower panel shows the CD14 positive cells (monocytes & macrophages) expressing IL-6. Data from one representative experiment out of three are shown. Numbers
in the upper right (UR) quadrants show percentages of positive cells expressing IL. The mean of that percentage value in different groups from 3 different experiments was plotted
graphically to evaluate the difference between groups (left panels). (One way ANOVA; n ¼ 3); *(P < 0.05), **(P < 0.01), ***(P < 0.001); ns (P ˃ 0.05); PE ¼ phycoerythrin,
FITC ¼ fluorescein isothiocyanate; CP ¼ Cyclophosphamide; Ex150 ¼ Extract 150 mg/kg; Ex300 ¼ Extract 300 mg/kg.
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Fig. 5. Profile of interleukin expression in spleen tissue in different treatment groups. Immunostaining was performed with antibody against IL-2 and IL-6 in mouse spleen tissue.
(a) Shows the immunoreactivity of spleen tissue against IL-2 and (b) shows the same against IL-6. In all the panels, immunoreactivity can be observed as brown deposits (black
arrow). Magnification 400�; Scale bar ¼ 100 mm. Each image in a single panel represents different treatment groups. CP ¼ Cyclophosphamide; Ex150 ¼ Extract 150 mg/kg;
Ex300 ¼ Extract 300 mg/kg.
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increased expression of IL6 [38]. So, the role of quercetin [45,46]
and b-sitosterol [47] in immunomodulation is well established.
Therefore, in the present study, we observed that the putative
mechanisms of action of immunomodulation by this plant extract
occur via macrophage activation, augmentation of phagocytosis,
proliferation of both cytotoxic and helper T-lymphocytes,
enhancement of cellular immune function, enhancement of antigen
specific antibody production, and increased expression of
nonspecific immunity mediators like IL2, IL6. However, the ability
of the extract to modulate multiple components of the immune
system is noteworthy and needs further investigation to delineate
the underlying molecular mechanisms.
5. Conclusion

Our data imply that the ethanol (32%) extract of A. reticulata leaf
containing b-sitosterol and quercetin as major compounds can
trigger various cellular events or release mediators that are critical
to elicit an immune response and therefore can be a potential
alternative in various diseases related to immune system. However,
this is a preliminary study and is focused to establish the role of
A. reticulata leaf extract in immunomodulation. Therefore, before
extrapolating our results to human subjects further studies are
needed to be implemented for elucidation of the underlying
mechanisms, dosage in humans, side effect profile, etc. Neverthe-
less, to the best of our knowledge, this is the first study displaying
the immunomodulatory effect of A. reticulata leaf.
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