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The study was aimed to develop a characterized polyherbal combination as an
immunomodulator containing Phyllanthus emblica L., Piper nigrum L., Withania
somnifera (L.) Dunal, and Tinospora cordifolia (Willd.) Miers. Through response surface
methodology (RSM), the ratio of aqueous extracts of four plant materials was optimized
and comprised 49.76% of P. emblica, 1.35% of P. nigrum, 5.41% of W. somnifera, and
43.43% of T. cordifolia for optimum immunomodulatory activity. The optimized
combination showed antioxidant potential and contains more than 180 metabolites,
out of which gallic acid, quercetin, ellagic acid, caffeic acid, kaempferitrin, and
p-coumaric acid are some common and significant metabolites found in plant extracts
and in polyherbal combination. Treatment with the polyherbal combination of different
doses in cyclophosphamide-induced immunosuppressed mice significantly (p < 0.01)
enhanced the subsets of immune cells such as natural killer (NK) cells (60%), B cells (18%),
CD4 cells (14%), and CD8 cells (7%). The characterized polyherbal combination exhibited
potent immunomodulatory activity, which can be further explored clinically for its
therapeutic applicability.

Keywords: metabolomics, immunomodulatory activity, splenocyte, Phyllanthus emblica, Withania somnifera,
Tinospora cordifolia

INTRODUCTION

Herbs are in increasing demand in developed and developing countries for primary health care.
Plant-based products have been extensively exploited as an essential source for drugs because of their
biological activities and higher safety margins. Immunomodulation using medicinal plants can
provide a substitute for conventional therapy for a variety of diseases, especially when the host’s
defense mechanism has to be generated under the conditions of an impaired immune response
(Ganju et al., 2003). People, every year, turn to herbal medicine because they believe that plant
remedies are free from undesirable side effects. It is also known that herbs have been used in
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traditional systems of medicine as an immunomodulator for a
decade (Kumar et al., 2012; Nagoba and Davane, 2018). Plant
extracts have been proven for their activity in boosting the
humoral (Rehman et al., 1999) as well as cell-mediated
immunity against viruses, bacteria, fungi, and cancer
(Sarvanandaa et al., 2018). In the Indian traditional system of
medicine, several food-grade plants have been used as
immunomodulators, and most of them were proven
individually for their immune-enhancing effect. The bioactive
constituents of these plants that are responsible for the activity
were also determined. In recent years, many herbs from the
Indian system of medicine that modulate the immune system of
the body were scientifically validated. Some herbs such as
Phyllanthus emblica L. (family: Phyllanthaceae) (Liu et al.,
2012), Piper nigrum L. (family: Piperaceae) (Majdalawieh and
Carr, 2010), Tinospora cordifolia (Willd.) Miers (family:
Menispermaceae) (Mathew and Kuttan, 1999), Withania
somnifera (L.) Dunal (family: Solanaceae) (Davis and Kuttan,
2000), Curcuma longa L. (family: Zingiberaceae) (Kim et al.,
2014), Ocimum sanctum L. (family: Lamiaceae) (Mondal et al.,
2011), Azadirachta indica A. Juss. (family: Meliaceae) (van der
Nat et al., 1987), Achilla millefolium L. (family: Asteraceae)
(Mohammed Al-Ezzy et al., 2018), and many more are the
reported herbs exhibiting excellent immunomodulatory
activity. Based on our preliminary study, we focused only on
the first four plants, namely, P. emblica, P. nigrum, T. cordifolia,
and W. somnifera.

P. emblica, Indian gooseberry, is an essential medicinal plant
in the Indian traditional system of medicine and is used as a
dietary combination. It has various properties that can combat
age-related illnesses such as cancer, cardiac diseases, renal failure,
immune deficiency, arthritis, cataracts, and wrinkling of the skin
(Mathai et al., 2015). T. cordifolia is of great interest to scientists
around the world due to its anti-inflammatory, antiarthritic,
antioxidant, antiallergic, antistress, antileprotic, antimalarial,
hepatoprotective, immunomodulatory activities (More and Pai,
2011; Alsuhaibani and Khan, 2017). The modern medical
literature, as well as traditional medical literature, reports
many potential health benefits of W. somnifera in stress,
neurotoxicity, and immune disorders (Singh et al., 2011;
Zahiruddin et al., 2020). P. nigrum is used extensively as a
spice around the world and in traditional medicine as an
antioxidant, antimicrobial, anticarcinogenic, anti-inflammatory,
and gastroprotective drug (Parveen et al., 2015; Bui et al., 2019).
These four selected plant extracts were further subjected to
optimization of the ratio by response surface methodology
(RSM) to develop a polyherbal combination.

Across the globe, several herbal formulations are being sold
claiming to be immunomodulators. Vivartana, Chyawanprash,
Brahma Rasayana, IM-133, and Septilin are the few formulations
used in the Indian traditional system of medicine, which have
been experimentally proven as immunomodulators
(Gnanasekaran et al., 2015). But these formulations have not
been fully explored scientifically, and the dose and frequency of
these formulations are much higher than those of modern
medicines. In the present study, we selected eight traditionally
used plants according to the literature reported for

immunomodulatory activity, and out of eight, only four
named P. emblica, P. nigrum, T. cordifolia, and W. somnifera
were found to be the best immunomodulators in our preliminary
studies. These four selected plants were used to develop a
polyherbal combination. The proposed study aims to develop
a polyherbal combination as an immunomodulator, which can be
used for the management of immunity for the prevention of
various bacterial and viral infections. This herbal combination
has been chromatographically characterized and scientifically
validated through in vitro and in vivo experiments.

METHODOLOGY

Collection of Plant Materials
The fruits of P. emblica, P. nigrum, stem of T. cordifolia, and roots
of W. somnifera were purchased from Universal Biotech, Farash
Khana, Delhi, India. The voucher specimens (P. emblica-BNPL/
JH/Ph.D/12/17/01, T. cordifolia-BNPL/JH/Ph.D/12/17/02, W.
somnifera-BNPL/JH/Ph.D/12/17/03, and P. nigrum-BNPL/JH/
Ph.D/12/17/04) of each plant material have been deposited in
the Bioactive Natural Product Laboratory (BNPL), Jamia
Hamdard, New Delhi, India, for future reference.

Preparation of the Extract
Accurately weighed 150 g of powder of each plant material were
divided into three equal parts. These were macerated overnight
using water, ethanol, and 50% ethanol to form aqueous extract
(AE), ethanolic extract (EE), and hydroethanolic extract (HEE),
respectively. The EE and HEE were further refluxed for 3 h after
maceration. All three extracts were filtered, and the filtrate was
evaporated to dryness under reduced pressure. The extractive
values and percentage yields of different extracts were calculated
and stored at 4°C for further analysis.

Quantitative Analysis of Specific Marker
Compounds From Raw Extracts
Gallic acid, piperine, berberine, and withaferin-A were selected as
specific marker compounds for fruits of P. emblica, P. nigrum,
stem of T. cordifolia, and roots of W. somnifera, respectively
(Chatterjee et al., 2012; Gorgani et al., 2017; Neag et al., 2018;
Tiwari et al., 2018). These markers were quantified using high-
performance thin-layer chromatography (HPTLC). Ten
milligrams of each extract were dissolved separately in high-
performance liquid chromatography (HPLC)-grade methanol to
get 10-mg/ml solutions. The stock solutions of standard gallic
acid, berberine, piperine, and withaferin-A (Sigma Aldrich, India)
were prepared in HPLC-grade methanol to get a concentration of
500 μg/ml. The prepared samples were filtered using a 0.2-μm
polytetrafluoroethylene (PTFE) membrane filter before HPTLC
analysis. The prepared extracts and standards were applied
separately on Silica gel 60 F254 precoated TLC plates, 10 cm
× 10 cm (Merck, Germany), with the help of a Camag Linomat
(CAMAG, Switzerland) applicator with nitrogen flow providing a
delivery speed of 120 nl/s from the syringe. Toluene:ethyl acetate:
formic acid (5:4:1; v/v/v) were used as developing solvents for
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gallic acid, piperine, and withaferin-A. For berberine, n-butanol:
water:acetic acid (4:5:1; v/v/v) was used as a developing solvent.
Plates were developed horizontally in a CAMAG twin trough
glass chamber (10 cm × 10 cm), which was presaturated with the
mobile phase for 30 min. The developed plates were air-dried and
scanned by CAMAG TLC densitometric scanner III operated by
WinCATs software. Gallic acid and piperine were scanned at 254
nm, while berberine was scanned at 366 nm. For quantitative
analysis of withaferin-A, the air-dried plate was derivatized by
dipping in 5% anisaldehyde sulfuric acid solution and scanned at
540 nm.

Response Surface Methodology for
Optimization of Extract Ratio
RSM was used to optimize the ratio of four extracts, which is a
collection of statistical techniques to design experiments, build
models, evaluate the effect of factors, and find the optimum
conditions. Four extracts at three different concentration levels
were combined by Box–Behnken response surface design (BBD),
where pinocytic activity in macrophages and splenocyte
proliferation assay were taken as the response of different
combinations. Different concentrations of the aqueous extract
of P. emblica, P. nigrum, W. somnifera, and T. cordifolia were

selected to optimize the effective concentration. The dose of each
selected plant extract was calculated from its extractive values,
which is equivalent to the dose mentioned in Ayurveda
Pharmacopoeia of the respective plant materials. The selected
concentrations for P. emblica were 100 mg (−1), 550 mg (0), and
1,000mg (+1); concentrations of P. nigrumwere 6mg (−1), 33mg
(0), and 60 mg (+1); concentrations of W. somnifera were 10 mg
(−1), 455 mg (0), and 900 mg (+1); and the concentration levels
for T. cordifolia were 6 mg (−1), 333 mg (0), and 660 mg (+1). A
total of 29 experimental combinations with three central points
were generated through BBD using Design Expert 8.0.1.7
software (Stat-Ease Inc., USA), and all these combinations
were tested for their pinocytic activity in macrophages and
splenocyte proliferation assay (Table 1). The point prediction
tool of the software determined an optimum value of the factors
for the maximum in vitro immunomodulatory activity.

Metabolomic Profiling of Extracts and the
Developed Polyherbal Combination by
Ultra-Performance Liquid
Chromatography-Mass Spectrometry
The optimized polyherbal combination and four aqueous extracts
used to make the polyherbal combination were dissolved

TABLE 1 | Four-variable Box–Bhenken design with experimental and predicted values of pinocytic and splenocyte proliferation of different combinations of aqueous
extracts.

Run no. Concentration of aqueous extract (mg) Pinocytic activity Splenocyte proliferation

A B C D Predicted Actual Predicted Actual

1 100 6 455 333 0.028 0.058 0.027 0.012
2 1,000 6 455 333 0.027 0.019 0.180 0.220
3 100 60 455 333 0.017 0.004 0.055 0.110
4 1,000 60 455 333 0.180 0.150 0.031 0.081
5 550 33 10 6 0.004 0.033 0.260 0.240
6 550 33 900 6 0.059 0.051 0.240 0.270
7 550 33 10 660 0.078 0.076 0.240 0.320
8 550 33 900 660 0.110 0.067 0.047 0.160
9 100 33 455 6 0.022 0.001 0.140 0.077
10 1,000 33 455 6 0.067 0.083 0.240 0.260
11 100 33 455 660 0.055 0.053 0.240 0.160
12 1,000 33 455 660 0.055 0.091 0.140 0.150
13 550 6 10 333 0.059 0.070 0.280 0.270
14 550 60 10 333 0.029 0.040 0.220 0.180
15 550 6 900 333 0.005 0.007 0.140 0.130
16 550 60 900 333 0.110 0.110 0.240 0.190
17 100 33 10 333 0.028 0.017 0.052 0.120
18 1,000 33 10 333 0.170 0.130 0.320 0.250
19 100 33 900 333 0.062 0.071 0.074 0.100
20 1,000 33 900 333 0.039 0.048 0.260 0.150
21 550 6 455 6 0.020 0.008 0.160 0.190
22 550 60 455 6 0.070 0.077 0.230 0.220
23 550 6 455 660 0.063 0.070 0.270 0.230
24 550 60 455 660 0.048 0.074 0.230 0.160
25 550 33 455 333 0.120 0.057 0.260 0.230
26 550 33 455 333 0.071 0.057 0.230 0.230
27 550 33 455 333 0.012 0.057 0.240 0.230
28 550 33 455 333 0.100 0.057 0.290 0.230
29 550 33 455 333 0.005 0.057 0.120 0.230

A:P. emblica; B:P. nigrum; C:W. somnifera; D: T. cordifolia. Levels forP. emblica concentration are 100mg (−1), 550mg (0), and 1,000mg (+1); for P. nigrum are 6mg (−1), 33mg (0), and
60 mg (+1); for W. somnifera are 10 mg (−1), 455 mg (0), and 900 mg (+1); and for T. cordifolia are 6 mg (−1), 333 mg (0), and 660 mg (+1).
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separately in LC-MS-grade methanol and filtered through a 0.2-
µm membrane filter. The filtered solutions were diluted in a ratio
of 1:5 (v/v) using methanol. High-throughput profiling of
metabolites was carried out by ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) (Zahiruddin
et al., 2017). The UPLC was performed on a Water’s
ACQUITY UPLC(

™
) system (Serial No. F09 UPB 920M;

Model code # UPB, Waters Corp., MA, USA) equipped with a
binary solvent delivery system, an auto-sampler, column
manager, and a tunable MS detector (Serial No. JAA 272;
Synapt; Waters, Manchester, UK) installed and controlled by
Mass Lynx V 4.1 (Waters, USA). Data acquisition has been
carried out in positive modes. Chromatography was performed
using acetonitrile (A) and water (B) as the mobile phase on a
monolithic capillary silica-based C18 column [ACQUITY
UPLC(R) BEH C18, 1.7 µm, 2.1 × 100 mm], with the pre-
column split ratio of 1:5 min at ambient temperature.
Chromatographic separation was achieved by gradient elution
mode (initially, 10% A; 0–5 min 40% A; 5–10 min 60% A; 10–13
min, 90%A; 13–15min, 100%A; 15–16min 10%A), and the total
run time was 16 min. The flow rate of the nebulizer gas was set at
10 μl/min; for the cone gas, set to 50 L/h, and the source
temperature was set at 100°C. The cone and capillary voltages
were set to 40.0 and 3.0 kV, respectively. For collision, argon was
employed at a pressure of 5.3 × 10–5 Torr. The accurate mass and
composition for the precursor ions and the fragment ions were
calculated using theMass Lynx V 4.1 software incorporated in the
instrument.

Raw data obtained from UPLC-MS analysis were processed in
Progenies Software (Waters, USA). By using this software, the
maximum number of mass peaks was detected, which were
further identified through the library based on their molecular
weight. Chromatographically separated and identified
metabolites were matched with the plant’s native metabolites.
All detected metabolites were processed in XLStat software for
statistical differentiation between the plants used for the
development of polyherbal combination. A metabolite-based
comparison was performed in different extracts to identify the
major metabolites present in the specific plant extract.

Characterization of Polyherbal Combination
Determination of Total Phenol and Flavonoid Contents
The total phenol content (TPC) and the total flavonoid content
(TFC) of the polyherbal combination were determined using the
Folin–Ciocalteu (FC) and aluminum chloride methods,
respectively (Khan et al., 2017). The optimized combination
was dissolved in methanol to prepare 5 mg/ml. For the
determination of the total phenolic content (TPC), 500 µl of
methanolic solution (5 mg/ml) was thoroughly mixed with 2.5 ml
FC and 2.5 ml of sodium carbonate (7.5% w/v). The mixture was
incubated for 30 min at room temperature, and after incubation,
absorbance was measured at 765 nm. For the determination of the
TFC, 0.1 ml of aluminum chloride (10% w/v) and 0.1 ml of
potassium acetate (0.1 mM) were added in 500 µl of sample
solution (5 mg/ml). The resulting mixture solution was kept at
room temperature for 30 min, and absorbance was measured at
415 nm. TPC and TFC were calculated from the calibration curve

of gallic acid and rutin (Sigma Aldrich, India), respectively, and
the results were expressed as milligrams gallic acid and rutin,
respectively, equivalent per gram weight of the polyherbal
combination.

Antioxidant Activity of the Optimized Combination
The antioxidant potential of the developed polyherbal
combination was determined by measuring the scavenging
potential of 2,2-diphenyl-1-picrylhydrazyl (DPPH; SRL, India).
One milliliter of freshly prepared DPPH solution (0.3 mM in
methanol) was mixed with 1.0 ml of optimized combination
dissolved in water. The resulting mixture was kept at room
temperature in the dark for 25 min, and after incubation,
absorbance was recorded at 515 nm. Different concentrations
of optimized combinations were used to determine DPPH radical
scavenging activity (Liu et al., 2009). The ability of the sample to
scavenge the DPPH radicals was calculated using the following
formula:

DPPH radical scavenging effect � (Acontrol−Asample) × 100/Acontrol

where Acontrol is the absorbance of the DPPH solution without
polyherbal combination; Asample is the absorbance of the sample
with DPPH solution.

To determine the reducing power, 500 µl of an aqueous
solution of the optimized combination was thoroughly mixed
with 2.5 ml of potassium ferricyanide (1% w/w) and 2.5 ml of
phosphate buffer (pH 6.6), and the mixture was incubated for
30 min in a water bath at 50°C. After incubation, the mixture was
cooled, and 2.5 ml of trichloroacetic acid (10% w/v in water) was
added. Furthermore, it was centrifuged and the supernatant was
diluted with an equal amount of deionized water, and freshly
prepared 0.5 ml of ferric chloride (0.1% w/w) was added. The
mixture was thoroughly mixed, and its absorbance was measured
at 700 nm (Bhalodia et al., 2013). For control, water was used in
place of an optimized combination, and the reducing power was
compared with the control. For both assays, ascorbic acid was
used as a positive control.

In Vitro Immunomodulatory Activity of the
Developed Polyherbal Combination
Animals
BALB/c mice (6 weeks old, 25 ± 5 g) were provided by Central
Animal House Facility, Jamia Hamdard (Registration No. 173/
GO/RE/S/2000/CPCSEA). Before initiation of the experiment, all
experimental protocols were approved by the Institutional
Animal Ethics Committee, and the experiments were strictly
carried out according to the guidelines of the committee
(Animal Approval Number 1551). The animals were housed
in a polypropylene cage and placed in the experimental room,
where they were allowed to acclimatize for a week before the
experiment. An air conditioning unit (with 10% air exchange per
hour) was maintained along with a relative humidity of 50 ± 10
RH, 12/12 h light–dark cycle, and a temperature of 25°C ± 2°C was
kept in the animal house facility throughout the experimental
period.
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Splenocyte Proliferation Assay
BALB/c mice were euthanized, and the spleen was removed
aseptically for isolation of splenocytes. The spleen was further
homogenized using sterile phosphate-buffered saline (PBS) by
passing it through a mesh (0.4 microns) and centrifuged at 300 ×
g for 5 min. Red blood cells (RBCs) were lysed from the cell pellet
by adding 500 µl of lysis buffer (Tris-HCl-NH4Cl, pH 7.2). The
reaction was stopped by adding Roswell Park Memorial Institute
(RPMI) medium (RPMI-1640, Millipore Sigma Aldrich, India)
and washed two times to remove any debris. The cell pellet was
resuspended in RPMImedium to get 3.0 × 106 cells/ml, and 100 µl
of cell suspension was seeded per well in a 96-well plate. Here,
25 µl of mitogen concanavalin A (Con A; 2.0 μg/ml) was added,
and 25 µl of the polyherbal combination was added to the cells per
well containing splenocytes and incubated at 37°C in a CO2

incubator for 72 h. After incubation, 20 µl of tetrazolium dye
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were added and incubated at 37°C, 5% CO2 for
another 6 h. Furthermore, the tetrazolium crystals formed in
live cells were dissolved after 6 h of incubation, and cell
proliferation was measured at 490 nm using a microplate
reader (Shi and Fu, 2011). The media treated with polyherbal
combination was used as a negative control, and spleen cell
treated with levamisole was used as the positive control.

Pinocytic Activity Assay
One milliliter of thioglycolate (1.0 mg/ml in PBS) was injected
intraperitoneally (i.p.) in 2 mice, and peritoneal macrophages were
isolated after 48 h by injecting PBS into the peritoneal cavity. Isolated
macrophages were washed twice with media and resuspended at 1.0
× 106 cells/ml in RPMI medium containing 10% fetal bovine serum
(FBS). Here, 200 µl of cells were transferred to 96-well plates and
incubated overnight at 37°C, 5% CO2 to allow macrophages to
adhere to the plate. Non-adherent cells were gently washed with
RPMI medium, and 100 µl of fresh RPMI medium was added to
each well. Furthermore, 25 µl of the polyherbal combination was
added to the cells in each well and incubated for 48 h at 5% CO2 and
37°C. After incubation, 100 µl of neutral red solution (0.1% in
10 mM PBS) was added, and after 2 h of incubation, a free neutral
red solution was removed by gently washing the cells with PBS. The
macrophages were further lysed by adding 100 µl of neutral red
detainer (ethanol and 0.1% acetic acid in a ratio of 1:1, v/v) and
incubated at room temperature overnight, and optical density was
recorded the next day at 540 nm (Shi and Fu, 2011). For negative
control, RPMI medium was used in place of the combination, and
the results were expressed as compared to the negative control.

Immunoprotective Effect of the Polyherbal
Combination
To determine the effect of the developed polyherbal combination on
the immune system, BALB/cmice (25 ± 5 g) were used for the study.
Animals were randomly divided into seven groups consisting of six
animals per group. Groups I–III received normal saline for 14 days,
and group I served as normal control. In addition to normal saline,
Groups II and III received polyherbal combination at an oral dose of

260 and 520 mg/kg, respectively, for 14 days. Groups II and III
served as a sham control of the polyherbal combination. Groups
IV–VII received cyclophosphamide (80 mg/kg, i.p.) for 4 days of the
experimental period (from days 8 to 11), followed by a washout and
normalization period of cyclophosphamide for 3 days. In addition to
cyclophosphamide, Group IV received normal saline throughout the
experimental period and served as a toxic control; Group V and
Group VI received polyherbal combination orally at a dose of 260
and 520 mg/kg, respectively; Group VII received levamisole
hydrochloride at a dose of 10 mg/kg orally for 14 days and
served as a positive control. The oral dose of the polyherbal
combination was decided on the basis of the RSM result and
administered as a suspension in 0.1% carboxymethylcellulose. At
the end of the experiment, blood samples were collected from each
animal from the retro-orbital vein and used for further analysis.

Determination of Fluorocytometry-Based
Immunological Parameters
Blood samples were collected at the end of the 14-day study
period in anticoagulant-containing collection tubes. The RBCs
were lysed using ammonium-chloride-potassium (ACK) lysis
buffer for 10 min at room temperature, and the reaction was
stopped by adding RPMI medium. For flow cytometry analysis,
cells were washed twice with cold FACS buffer and pelleted by
centrifugation at 400 g for 5 min. Cells were resuspended in FACS
buffer containing antibodies at 1:100 dilution (CD3e-FITC, CD4-
PE-Cy7, CD8-APC-Cy7, CD19-APC, and CD335-PE) and
incubated for 25 min at 4°C in the dark. After the incubation
period, cells were washed twice with FACS buffer and
resuspended in 200 µl of FACS buffer before being acquired
on a BD LSR II flow cytometer (BD Bioscience, USA). Data were
analyzed using FCS Express 7 Research Edition, and results were
expressed in terms of percentage of CD4 cells, CD8 cells, natural
killer (NK) cells, and B cells. The gating strategy for selected
populations of T cells, B cells, and NK cells is shown in Figure 1.

Determination of Hematological Parameters
Blood samples from mice were collected in a tube containing
ethylenediaminetetraacetic acid (EDTA), and white blood cell
(WBC), RBC, hemoglobin (HGB), and platelet (PLT) counts were
determined using a fully automated hematology analyzer (XP
100, Sysmex, Japan) (Anjum et al., 2017).

Statistical Analysis
Data are shown as mean ± SEM, and the difference between
groups was analyzed by two-way ANOVA followed by
Bonferroni posttest using GraphPad Prism 5.00. A p-value
<0.05 was considered statistically significant.

The ANOVA provision of Design Expert was used to establish
statistical validation of the equation supplied by the software. Using
BBD and the Design Expert 8.0.1.7 program (Stat-Ease Inc., USA), a
total of 29 experimental combinations with three central points were
created, and all of these combinations were evaluated for pinocytic
activity and splenocyte proliferation assay. Themodels were assessed
using R2 values and statistically significant coefficients. The
validation of the RSM results was carried out to determine the
optimal combination compositions across the entire experimental
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region. ANOVA was used to justify the inadequacies of the models.
After fitting the data to multiple models (linear, 2FI, quadratic, and
cubic) and performing an ANOVA, it was found that the quadratic
polynomial and 2FI models were the best fit for the splenocyte
proliferation assay and pinocytic activity, respectively. The
experimental values of the reactions were compared to the
expected values quantitatively. MS-Excel was also used to create
linear regression charts between the actual and predicted response
values. The Box–Cox plot was used to describe the appropriate
power transformation of the response data.

Principal component analysis (PCA) is a powerful statistical tool
for data analysis and expression that can highlight the similarities
and differences of sets. Raw data obtained from the UPLC-MS
analysis were processed in the Progenies software (Waters, USA).
Using this software, the maximum number of mass peaks can be
captured and further identified by the library on the basis of their
molecular weight. All detected metabolites are processed in the
XLStat software to make a statistical difference between plants used
to develop a polyherbal combination.

RESULTS

The plant materials used in the present study were authenticated
according to the protocol of Indian Pharmacopoeia (Anonymous,
2010). The authenticated plant materials were extracted in three
different solvents (aqueous, ethanol, and hydroethanol) by overnight
maceration followed by reflux. We have evaluated aqueous,
ethanolic, and hydroethanolic extracts from eight plants for their
in vitro immunomodulatory activity. From eight plants, only

aqueous extracts of P. emblica, T. cordifolia, W. somnifera, and P.
nigrumwere found to be the best immunomodulators on the basis of
their in vitro immunomodulatory activity and extractive yield.

Quantitative Estimation of Specific Markers
The aqueous extracts of four selected plants were chemically
characterized by quantifying specific markers present in them.
The linear regression calibration curves plotted between the peak
area vs. concentration were linear for all standards, namely, gallic
acid, berberine, piperine, and withaferin-A, with good linear
relationships (r2 � 0.99). Well-separated bands of gallic acid,
berberine, piperine, and withaferin-A were visualized at Rf 0.44,
0.46, 0.69, and 0.35, respectively. HPTLC chromatograms of gallic
acid, piperine, berberine, and withaferin-A in the optimized extract
are shown in Supplementary Figures S1–S4. The percentages of
gallic acid in P. emblica, piperine in P. nigrum, berberine in T.
cordifolia, and withaferin-A in W. somnifera were found to be
5.01% ± 0.07%, 1.62% ± 0.01%, 1.04% ± 0.02%, and 2.35% ±
0.04%, respectively, of total weight (w/w).

Response Surface Methodology-Based
Optimization of Extract Ratio for the
Development of the Polyherbal
Combination
The aqueous extracts of these four plants were optimized in ratios
by RSM to develop a polyherbal combination. A BBD with three
levels was used for all four extracts of P. emblica (A), P. nigrum
(B), W. somnifera (C), and T. cordifolia (D) to finalize their ratio
for the development of a polyherbal combination. The range of

FIGURE 1 | Gating strategy for selected populations of T cells, B cells, and natural killer (NK) cells. Cells were stained with a panel of cell-specific antibodies
conjugated with different fluorochromes: CD3e-FITC, CD4-PE, CD8-APC, CD19-APC, and CD335-PE.
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variables, designs, and results obtained for splenocyte
proliferation and pinocytic activity is presented in Table 1.
The results were the average of three independent assays. The
experimental results were modeled with a second-order quadratic
and two-factor interaction (2FI) model to explain the dependence
of in vitro immunomodulatory activity on different factors. The
experimental data obtained from BBD to predict splenocyte
proliferation and pinocytic activity are expressed by the
following equation.

Splenocyte proliferation assay: 0.2292 + 0.04425 A −
0.009666667 B − 0.031833333 C − 0.0075 D − 0.05987 AB −
0.021125 AC − 0.0485 AD+ 0.0395 BC − 0.024625 BD − 0.045375
CD − 0.080183333 A2 − 0.042433333 B2 + 0.005566667 C2 +
0.013066667 D2.

Pinocytic activity: 0.056965517 + 0.029958333 A +
0.018291667 B + 0.002208333 C + 0.014791667 D + 0.04925
AB − 0.041375 AC − 0.011 AD + 0.0335 BC − 0.016375 BD −
0.00675 CD.

ANOVA for optimizing the ratio of four extracts to develop a
polyherbal combination showed that the regression model was
significant and the lack of fit was insignificant for both the
splenocyte proliferation assay and pinocytic activity (Table 2).

TheModel F-value of 2.72 of pinocytic activity implies that the
model is significant. There is only a 3.11% chance that a “Model
F-value” this large could occur due to noise. The “Lack of Fit
F-value” of 0.26 implies that the lack of fit is not significant
relative to the pure error. A nonsignificant lack of fit is good for
the model. The “Adeq Precision 7.22” indicating the excellent
signal-to-noise ratio and ˃4 is desirable. This model is used to
navigate the design space. However, for the splenocyte
proliferation assay, the “Predicted R2” of (−1.1524982)
negative implies that the overall mean is a better predictor of
the response than the current model. It showed Adeq precision of

4.96, indicating a good signal-to-noise ratio. Figures 2, 3 are the
three-dimensional (3D) representation of the interacting effect of
different plant extracts on the proliferation of splenocytes and
pinocytic activity, respectively. A contour plot is a two-
dimensional (2D) representation of the responses plotted
against a combination of numerical factors and/or mixture
components. It shows the relationship between the responses,
the mixture components, and/or the statistical elements.
Supplementary Figures S5–S6 represent the interactions
among the various factors on splenocyte proliferation and
pinocytic activity, respectively.

The optimal ratio of four different extracts for the maximum
pinocytic activity and splenocyte proliferation assay was 49.76%,
1.35%, 5.41%, and 43.33%. for P. emblica, P. nigrum, W.
somnifera, and T. cordifolia, respectively. The defined
polyherbal combination predicted an improvement in
splenocyte proliferation up to 32.7% and pinocytic activity by
11.8%. These optimized values of the ratio of four extracts were
validated by in vitro immunomodulatory activity. The statistically
developed polyherbal combination exhibited a 34% increase in
splenocyte cell proliferation and 10.7% pinocytic activity,
indicating a 90%–115% validation of the predicted model.

Metabolomic Profiling of the Extract and the
Developed Combination by
Ultra-Performance Liquid
Chromatography-Mass Spectrometry
UPLC-MS analysis files were processed through progenesis
software to detect the maximum possible ions. Metlin,
Massbank, and the chemical library were used to identify the
ions and set tolerance levels below 10 ppm. In these four extracts
and in combination, more than 5,000 ions were detected. These

TABLE 2 | ANOVA of the quadratic response surface model for splenocyte proliferation and response surface 2FI model for pinocytic activity in Box–Bhenken design
experiments.

Parameters For splenocyte proliferation For pinocytic activity

Regression

Sum of square 0.136 0.0402
Df 14 10
Mean squares 0.0097 0.004
F value 1.337 2.7203
P 0.297 0.0311

Residual

Sum of square 0.102 0.0266
Df 14 18
Mean square 0.0073 0.00147

Lack of fit test

Sum of square 0.0845 0.0126
Df 10 14
Mean squares 0.0084 0.0009
F value 1.901 0.2601
p-value 0.2805 0.973
Coefficient correlation (r2) 0.572 0.6017
Coefficient of variation (CV %) 45.936 67.52
Adequate precision value 4.965 (>4) 7.221(>4)
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ions were from molecular ion peaks and/or may be from the
fragmentation of molecular ion peaks. All of these ions were
detected and processed through progenesis software and
identified by a database based on their m/z values. From the
whole mass range, the detected ions were statistically
differentiated through the S-plot, and the major metabolites
causing differentiation between one extract and another were
screened. The main abundant metabolites of the extracts and the
combination are summarized in Supplementary Table S1. Most
of the metabolites found are also reported in these plant extracts.
Some common and major metabolites of P. emblica are
phyllanemblin (Rt 1.25), gallic acid (Rt 2.08), quercetin (Rt

6.02), caffeic acid (Rt 4.59), ellagic acid (Rt 4.13), and
punigluconin (Rt 8.05). Similarly, digallic acid (Rt 2.92), 7-
hydroxyflavanone (Rt 2.92), caffeic acid (Rt 4.59), schaftoside
(Rt 4.56), syringin (Rt 4.59), jatrorrhizine (Rt 4.40), and sinapic
acid (Rt 1.65) are found in T. cordifolia. Withaferin (Rt 5.25),
withanolide (Rt 7.35), chlorogenic acid (Rt 4.16), and anaferine
(Rt 6.30) were found inW. somnifera. Justicidin B (Rt 1.15), apiin
(Rt 4.56), papaverine (Rt 4.78), piperazinamine (Rt 5.37), piperine
(Rt 7.54), piperanine (Rt 9.78), and cubebin (Rt 7.69) are some
metabolites found in P. nigrum. Some specific metabolites are
found only in a single plant extract and a combination. The
structure of major metabolites is summarized in Supplementary

Figure S7. However, the results of UPLC-MS analysis were
processed through PCA. As per the PCA plots
(Supplementary Figure S8), all the aqueous extracts show
different types of metabolites, and it can be seen in the
distribution of the aqueous extract in a different quadrant. All
of these compounds are not being detected in combination due to
their abundance in the extract. Several metabolites are also found
in all extracts and in combination. Gallic acid (Rt 2.08), quercetin
(Rt 6.02), ellagic acid (Rt 4.13), caffeic acid (Rt 4.59),
kaempferitrin (Rt 5.02), and p-coumaric acid (Rt 1.25) are
some common and significant metabolites also found in all
the extracts and in combination.

Characterization of the Developed
Polyherbal Combination
The optimized combination was characterized by determining
their phenolic and flavonoid contents. Phenolic and flavonoid
contents were expressed as gallic acid and rutin equivalent,
respectively. The phenolic and flavonoid contents of the
optimized combination were found to be 29.32% and 17.65%
w/w of the polyherbal combination, respectively. The plants
present in the polyherbal combination are the most abundant
sources of phenolic and flavonoid metabolites, which may be

FIGURE 2 | Response surface graph showing the interaction among four extract concentrations and splenocyte proliferation activity. Interaction between (A) P.
emblica and P. nigrum, (B) P. emblica and W. somnifera, (C) P. emblica and T. cordifolia, (D) P. nigrum and W. somnifera, (E) P. nigrum and T. cordifolia, and (F) W.
somnifera and T. cordifolia.
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responsible for their bioactivity (Mishra et al., 2013; Zhang et al.,
2017; Tungmunnithum et al., 2018).

The developed polyherbal combination showed a potent DPPH
radical scavenging potential, and IC50 was recorded as 82.54 ± 2.54
μg/ml and was comparable to a standard antioxidant compound,
ascorbic acid (IC50 55.37 ± 1.25). The IC50 of a compound is
inversely proportional to its antioxidant activity, as it expresses
the concentration of antioxidants required to decrease the
concentration of DPPH by 50%. The presence of antioxidants in
the herbal combination causes a reduction of Fe3+ to Fe2+ form. At
120 μg/ml, the polyherbal combination showed the maximum
reducing power, which is equivalent to 80 μg/ml of ascorbic acid.

In Vitro Immunomodulatory Activity of the
Developed Polyherbal Combination
The splenocytes isolated from the culture in RPMI medium for
72 h with or without polyherbal combination were counted for
viability using the MTT assay. It was observed that splenocytes
proliferate more when treated with the polyherbal combination
compared to untreated cells. Here, five different concentrations
(5–200 μg/ml) of the polyherbal combination were tested for the
splenocyte proliferation assay, and it was found that there was a
dose-dependent increase in cell proliferation up to the

concentration of 150 μg/ml. In contrast, the concentration
above 150 μg/ml showed no significant increment in the
number of cells (Figure 4). However, all five concentrations of
the combination showed dose-dependent pinocytic activity.
Macrophages are the first-line defense against the antigen, and
pinocytic activity is one of the distinguished methods to
determine macrophage activation. We cultured mouse
peritoneal macrophages in RPMI medium with or without
supplementation of external stimuli and, after 48 h of
incubation, used neutral red, which is readily taken up by
macrophages to measure pinocytic activity. After the
incubation with neutral red, the macrophages were lysed to
measure the concentration of neutral red and determine the
extent of pinocytic activity by macrophages. The enhancement
of pinocytic activity by macrophages was expressed as the
increase in neutral red concentration in cells treated with
external stimuli as compared to untreated cells (Figure 4).

Effect of the Polyherbal Combination on
Immunological Parameters
Hematological Parameters
Without affecting HGB content and RBC count, a significant
reduction in lymphocyte, WBC, and platelet counts was observed

FIGURE 3 | Response surface graph showing the interaction among four extract concentrations and pinocytic activity. Interaction between (A) P. emblica and P.
nigrum, (B) P. emblica andW. somnifera, (C) P. emblica and T. cordifolia, (D) P. nigrum andW. somnifera, (E) P. nigrum and T. cordifolia, and (F)W. somnifera and T.
cordifolia.
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in cyclophosphamide-induced immunosuppressed mice. This
change has been reversed and almost normalized upon
administration of both doses of the polyherbal combination.
Table 3 shows the hematological parameters in mice from all
groups. Healthy mice treated with the polyherbal combination
showed a slight increase in favorable immune cells such as
platelets, lymphocytes, and WBCs.

Immunomodulatory Parameters
The effect of the developed polyherbal combination on the
immune system was measured by analyzing the percentage of
increase or decrease in T cells, B cells, and NK cells. An increase in
T-cell proliferation was observed in the cyclophosphamide-
induced immunosuppressed mouse model when treated with
the polyherbal combination (Figure 5). Cyclophosphamide
treatment resulted in a significant reduction in CD4+ and
CD8+ T cells, NK cells, and B cells. Two doses of the
polyherbal combination (260 and 520 mg/kg) were
administered orally to normal and immunosuppressed mice.
Treatment with the developed polyherbal combination in
cyclophosphamide-induced immunosuppressed mice resulted
in a significant increase in the number of CD4+ and CD8+

T cells. Both doses, 260 and 520 mg/kg, increased CD4 cells
by 18.25% and 22.56%, respectively, compared to 8.50% in the
toxic control. A significant increase in the population of B cells

was observed; similarly, a significant increase in NK cells was
recorded in immunosuppressed mice treated with the polyherbal
combination. The polyherbal combination elicited a proportional
enhancement of the immune cell population, with the maximum
response being at 520 mg/kg dose (Figure 5). In normal mice
administered the polyherbal combination, a slight but not
significant increase in the number of the immune cell
population was observed, such as CD4+ T cells (2%), CD8+

T cells (3%), NK cells (9%), and B cells (3%).

DISCUSSION

In the Indian traditional system of medicine, more than 30 plants
have been used, individually or in polyherbal combinations, for
immune disorders. On the basis of the reported literature, we
have chosen eight plant materials and screened them for
immunomodulatory activity. The aqueous, ethanolic, and
hydroethanolic extracts of these plants were screened for their
splenocyte proliferation assay and pinocytic activity. Based on
their extractive values and in vitro immunomodulatory activities,
the aqueous extracts of four plants were selected for the
development of a polyherbal immunomodulator, although
hydroethanolic extractive values of some plants were found to
be higher compared to aqueous and ethanolic extracts. In the
present investigation, we considered only aqueous extracts
because they are preferred over other preparations of
traditional formulations and are considered much safer as
compared to other extracts (Mensah et al., 2019). The aqueous
extracts of these four plants underwent ratio optimization for the
development of the polyherbal combination.

The application of RSM allowed the simultaneous
determination of the main and interaction effects of different
concentrations of all the extracts on in vitro pinocytic and
splenocyte proliferation assay (Shahab et al., 2020). The data
pertaining to various models (linear, 2FI, quadratic, and cubic)
and their subsequent ANOVA revealed that splenocyte
proliferation assay and pinocytic activity were the most
suitably defined with the quadratic polynomial and 2FI
models, respectively.

The plot indicated that the residuals follow a normal
distribution and approximately form a straight line (Figure 6).
“Adequate Precision” is an index that measures the signal-to-

FIGURE 4 | Splenocyte proliferation assay and pinocytic activity of the
developed polyherbal combination.

TABLE 3 | Effect of polyherbal combination on hematological parameters of mice after the end of treatment.

Hematological parameter G-I G-II G-III G-IV G-V G-VI G-VII

HGB (g/dl) 11.22 ± 0.47 13.61 ± 0.77### 10.92 ± 0.64ns 11.82 ± 0.45ns 11.63 ± 0.98ns 12.21 ± 1.11ns 12.44 ± 0.54ns

Neutrophil (×103/µl) 4.12 ± 0.08 5.87 ± 0.44# 4.14 ± 0.01ns 5.74 ± 0.22# 4.27 ± 0.05ns 4.88 ± 0.08ns 4.34 ± 0.07ns

Lymphocyte (×103/µl) 7.23 ± 0.07 8.11 ± 0.14ns 9.33 ± 0.08## 4.25 ± 0.21### 5.45 ± 0.04ns 6.99 ± 0.05*** 6.11 ± 0.14*
WBC (×103/µl) 6.24 ± 0.09 6.91 ± 0.09ns 7.88 ± 0.07# 3.33 ± 0.14### 5.33 ± 0.11** 6.74 ± 0.45*** 6.14 ± 0.11***
RBC (×106/µl) 6.02 ± 0.12 6.47 ± 0.47ns 6.98 ± 0.45ns 6.06 ± 0.13ns 5.84 ± 0.02ns 6.94 ± 0.31ns 7.09 ± 0.23ns

PLT (×105/µl) 7.45 ± 0.12 8.44 ± 1.11ns 12.36 ± 0.11### 5.93 ± 0.54ns 10.70 ± 0.45** 10.24 ± 0.47*** 11.32 ± 0.45***

HGB, hemoglobin; PLT, platelet; RBC, red blood cell; WBC, white blood cell; G-I, Normal control; G-II, Combination low dose sham; G-III, Combination high dose sham; G-IV, Toxic
control; G-V, Combination low. Dose; G-VI, Combination high dose; G-VII, Standard treated group. The data were indicated as mean ± SEM. Results were analyzed by two-way ANOVA,
and the level of significant differences among different groups was determined by Bonferroni posttest using GraphPad Prism version 5.00 software. At 95% confidence interval, p < 0.05
was considered as statistically significant, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001; hash “#” denoted that data were compared to normal control, and asterisk “*” denoted that data
were compared to toxic control.
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noise ratio. A ratio of greater than 4 is desirable. In this study, the
computed ratio of 4.96 and 7.21 for splenocyte proliferation assay
and pinocytic activity, respectively, indicated an adequate signal.
These results are indicative of maximum predictive responses
with constant variance and quadratic model accuracy
demonstrating a good reproducibility of the data. The
optimum conditions were determined using RSM with a four-
factor, two-level BBD. It was also estimated using regression
equation for finding the best range of parameters achieving
maximum splenocyte proliferation and pinocytic activity. To
describe the suitable power transformation of response data,
the Box–Cox plot was used (Vélez et al., 2015), since lambda
(λ) is the most appropriate power transformation to apply the
response data (Figure 6B).

From the point prediction tools, we have checked the effect of
different doses of the extract. Upon increasing the dose of P.
emblica up to 730 mg (100–730 mg), it increased the proliferation
of the splenocytes and the pinocytic activity of macrophages, but
after that point, the proliferation of splenocytes decreased but no
significant change in the pinocytic activity. At an optimal level of
P. emblica (750 mg), the increased dose of P. nigrum up to
22.2 mg was directly proportional to the in vitro
immunomodulatory activity in both the assays. Furthermore,
inverse proliferation was observed. At an optimal level of P.
emblica (750 mg) and P. nigrum (20.59 mg), the concentration of
W. somnifera was found inversely proportional to the in vitro
immunomodulatory activity. At a low concentration of T.
cordifolia, increased splenocyte proliferation and lower
pinocytic activity were predicted when the levels of P. emblica,
P. nigrum, and W. somnifera was at the optimal level.
Individually, a dose of P. nigrum up to 41 mg increased
splenocyte proliferation and decreased pinocytic activity, while,
after this level, splenocyte proliferation was decreased, but no
changes in pinocytic activity were measured. W. somnifera

individually did not cause any change in pinocytic activity but
was directly proportional to the proliferation of splenocytes.
Similarly, T. cordifolia on a lower dose caused an increase in
the proliferation of splenocytes and vice versa for pinocytic
activity.

The combination has shown a better antioxidant potential
compared to individual extracts. A lower value of IC50 (82.54 ±
2.54 μg/ml) indicates a higher antioxidant activity of the
combination. The plant extracts used in the polyherbal
combination contained a higher amount of phenolics and
flavonoids and may be responsible for antioxidant activity (Liu
et al., 2009). The antioxidant potential exhibited by the developed
combination might be due to the presence of secondary
metabolites from selected plants. In particular, P. emblica
contains hydrolyzable tannins with low molecular weight
having a very strong antioxidant action (Ghosal et al., 1996;
Singh et al., 2015), whereas W. somnifera contains withanolides,
naturally occurring steroidal lactones having strong antioxidant
properties (Devkar et al., 2014; Zahiruddin et al., 2020). Similarly,
a strong antioxidant potential was also reported for the aqueous
extract of T. cordifolia (Premanath and Lakshmidevi, 2010) and
P. nigrum (Gülçin, 2005). Our findings strongly suggest that these
plant materials are promising sources of natural antioxidants.

The developed polyherbal combination showed not only
immunomodulatory activity in vitro but also potential
immunomodulatory activity against cyclophosphamide-
induced immunosuppressed mice. Cyclophosphamide is
known to cause a significant reduction in WBC and
lymphocyte count (Huyan et al., 2011), and in this study, the
effects of the polyherbal combination was tested on
cyclophosphamide-induced immunosuppressed mice. The
impact of the developed polyherbal combination was evaluated
on HGB, neutrophils, lymphocytes, WBC, RBC, and platelet
counts in cyclophosphamide-induced immunosuppressed mice.

FIGURE 5 | Effect of the developed polyherbal combination on cyclophosphamide-induced immunosuppressedmice. Data were obtained from FACS analysis, (A)
natural killer (NK) cells and B cells, and (B) CD4 and CD8 cells. The data were indicated as mean ± SEM. Results were analyzed by two-way ANOVA, and the level of
significant differences among different groups was determined by Bonferroni posttest using GraphPad Prism version 5.00 software. At 95% confidence interval, p < 0.05
was considered as statistically significant, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001; hash “#” denoted that data were compared to normal control, and
asterisk “*” denoted that data were compared to toxic control. G-I (Normal control), G-II (Sham low dose), G-III (Sham high dose), G-IV (Toxic control), G-V (Combination
low dose), G-VI (Combination high dose), and G-VII (Standard).
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Lymphocyte, WBC, and platelet counts were significantly
decreased upon cyclophosphamide treatment but reversed
upon the treatment with the polyherbal combination. Even in
healthy mice treated with the polyherbal combination, a slight
increase in these cells was recorded.

WBCs are produced from the bone marrow, which is the
most affected organ during immunosuppression therapy, as
indicated by WBC and platelet counts (Vigila and Baskaran,
2008). Mice treated with cyclophosphamide showed a
significant reduction in total platelet and WBC counts and
recovered on treatment with both doses of combination. These
results indicate that the herbal combination can modulate
bone marrow activity, mainly suppression and stimulation,
to counteract cyclophosphamide-induced myelosuppression.
On the other hand, lymphocytes are a type of WBCs that are of
fundamental significance. They regulate the specificity of the
immune response to infectious microorganisms and other
foreign bodies. Total lymphocyte counts were increased

significantly in mice of all groups treated with the
developed polyherbal combination compared to negative
control mice. Our results also showed that there was no
significant change in the RBC count in any group of mice.
For a proper immune system, there should be harmony in RBC
and WBC counts (El Bishlawy, 1999), and the developed
polyherbal combination maintained the harmony. The
results indicated that the developed polyherbal combination
is highly efficient in augmenting the immune responses by
enhancing the population of T cells and B cells but not NK
cells. Since T cells play an important role in regulating the
immune response, being responsible for cell-mediated
immunity, in a balanced immune system, rapid T-cell
proliferation following antigen stimulus is governed by
subsequent differentiation of T cells into effectors cells
(Luckheeram et al., 2012). Modifications of WBCs and
differential counts are important signs of immune response
and were supported by enhanced CD4 and CD8 cell counts.

FIGURE 6 | Plots showing the correlation of actual conversions and values predicted by the model for (Ai) splenocyte proliferation and (Aii) pinocytic activity.
Box–Cox plot showing optimized lambda for the transformation of (Bi) splenocyte proliferation and (Bii) pinocytic activity.
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The results of the developed polyherbal combination
supported the traditional claims of plants used for an
immunomodulatory activity. Previously, aqueous extracts of
these four plant materials were tested for their immune
enhancing potential. For example, the aqueous extract of T.
cordifolia can modulate the immune system by increasing the
count of WBC, and the aqueous extract is superior to the
alcoholic extract (Manjrekar et al., 2000). Similarly, the root
extract of W. somnifera also proved its T-cell enhancement,
splenocyte cell proliferation, and stimulation of phagocytosis
of macrophages (Davis and Kuttan, 2000). It has been also
proven that the aqueous extract of P. nigrum causes
splenocyte proliferation in a dose-dependent manner
(Majdalawieh and Carr, 2010), and this report agrees with our
in vitro results. The aqueous extract of these plant materials
contains phenolic and flavonoids as the major group of
constituents. These phenolic metabolites can promote
nonspecific immune function, proliferate splenocytes, and
enhance humoral immune responses and NK cell activity (Liu
et al., 2012).

We have screened this developed polyherbal combination
and the individual extracts for the identification of major
metabolites. Of the identified metabolites, several
metabolites were previously tested for immunomodulatory
activity. Among different metabolites, cordifolioside A and
tinocordiside present in the extract of T. cordifolia showed
immunomodulatory activity (Sharma et al., 2012), and these
compounds are also found in our developed polyherbal
combination.

Gallic acid (Rt 2.08) and ellagic acid (Rt 4.13) have been
reported to stimulate immune cells and can improve the
immune cell population damaged by cyclophosphamide.
Moreover, these compounds were both found in the
extracts and also in the developed combination. Withaferin
A (Rt 5.25) and withanolide (Rt 9.09) are the major
metabolites found in the aqueous extract of W. somnifera
and in the developed combination (Furmanowa et al., 2001).
These two compounds activated phagocytosis and peritoneal
macrophages, increased the secretion of lysosomal enzymes,
and selectively enhanced the CD4 and CD8 counts (Bani et al.,
2006). Asperuloside (Rt 9.47) increased the T-cell count,
followed by increased secretion of interferon (IFN)-γ and
tumor necrosis factor (TNF)-α, thereby enhancing the
function of immune effector cells via induction of
inflammatory cytokines (Chan et al., 2020). Asperuloside
was found in P. emblica and W. somnifera extracts as well
as in the developed polyherbal combination. Caffeic acid
phenethyl ester (Rt 2.92) was found in all the extracts
except P. nigrum. It increased T-lymphocyte production
and enhanced the T cell-mediated immune response (Park
et al., 2004). While caffeic acid (Rt 4.59) was present in all the
extracts and also in the developed combination, it can increase
NK cell activation and proliferate splenic T cells (Kilani-Jaziri
et al., 2017).

Several formulations composed of these plant materials are
available in the market claiming immunomodulatory activity.
We have compared their activity with the results of the

proposed combination on the basis of the reported
literature. Gnanasekaran et al. (2015) reported that
Chyawanprash could increase the total leukocyte in
cyclophosphamide-induced immunosuppressed mice but
not up to the normal level. Treatment with the developed
combination of cyclophosphamide-induced
immunosuppressed mice resulted in complete normalization
of the total leukocyte count. Septilin, a well-known and widely
used compound formulation in India, is composed of two
powders and six plant extracts, in which T. cordifolia and P.
emblica are the major ones. This formulation does cause the
proliferation of splenocytes and increase in the lymphocyte
count (Daswani and Yegnanarayan, 2002). But the level of
significance is lower than the results obtained using our
polyherbal combination. However, a real comparative
analysis is ongoing in our laboratory. From these
preliminary results, we can say that the developed
polyherbal combination is better in terms of both in vitro
and in vivo immune stimulating activity. The developed
combination has been characterized by measuring the
metabolomic content, thereby identifying the active
constituents.

CONCLUSIONS AND PERSPECTIVES

The developed polyherbal combination containing P.
emblica, P. nigrum, W. somnifera, and T. cordifolia
exhibited potent immunomodulatory activity through
stimulating pinocytosis and splenocyte proliferation. It
also enhanced the subsets of various immune cells, mainly
NK cells, B cells, CD4, and CD8 T cells, in
cyclophosphamide-induced immunosuppressed mice. This
immunomodulatory potential may be attributed to the
presence of a group of metabolites in the polyherbal
combination such as phenols, flavonoids, tannins,
alkaloids, and glycosides exhibiting multiple mechanisms.
The metabolomic profiling of the extracts and polyherbal
combination through UPLC-MS revealed the presence of
more than 180 metabolites, and PCA showed a wide array
of metabolites, which are distributed in different quadrants.
The polyherbal combination studied can be explored for its
protective potential against various immunosuppressing
clinical conditions and microbial attacks. Further research
for its complete efficacy evaluation, development of its dosage
form for its utilization in health care, and its in-depth
metabolic characterization are in progress. It would be also
interesting to check the pharmacokinetic profiling of the
developed polyherbal combination with respect to specific
marker constituents present in it.
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