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Abstract
Digera muricata L., commonly known as Tartara, is an edible herb used as traditional medicine in many countries of Africa 
and Asia. This study aimed to elucidate the effect of a phytosterol-rich extract of D. muricata on 7-ketocholesterol-mediated 
atherosclerosis in macrophages. The extract was examined by phytochemical analyses, GC–MS, TLC, DPPH scavenging 
and hRBC membrane stabilization assays. Macrophage polarization was studied with experimental groups framed based 
on alamar blue cell viability and griess assays. Regulations of arginase enzyme activity, ROS generation, mitochondrial 
membrane potential, cell membrane integrity, pinocytosis, lipid uptake and peroxidation, as well as, intracellular calcium 
deposition were determined. In addition, expressions of atherogenic mediators were analysed using PCR, ELISA and immu-
nocytochemistry techniques. Diverse phytochemicals with higher free radical scavenging activity and anti-inflammatory 
potential have been detected in the D. muricata. Co-treatment with D. muricata markedly reduced the atherogenic responses 
induced by 7KCh in the presence of LPS such as ROS, especially, NO and  O2

− along with lipid peroxidation. Furthermore, D. 
muricata significantly normalized mitochondrial membrane potential, cell membrane integrity, pinocytic activity, intracellular 
lipid accumulation and calcium deposition. These results provided us with the potentiality of D. muricata in ameliorating 
atherogenesis. Additionally, it decreased the expression of pro-atherogenic mediators (iNOS, COX-2, MMP9, IL-6, IL-1β, 
CD36, CD163 and TGFβ1) and increased anti-atherogenic mediators (MRC1 and PPARγ) with high cellular expressions 
of NF-κB and iNOS. Results showed the potential of sitosterol-rich D. muricata as a versatile biomedical therapeutic agent 
against abnormal macrophage polarization and its associated pathologies.
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Introduction

Inflammation has been intensely investigated in the field of 
experimental medicine since the nineteenth century. It can 
be referred to as a restorative process with diverse cascades 
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of inflammatory responses which contains a series of reac-
tions provided by cell and molecular activities in response to 
stimuli for tissue repair (Schmid-Schönbein 2006). While it 
is considered a complex contribution of the immune system 
to tissue healing and defensive processes, it is now regarded 
mainly for its adverse effects in the long run. Continuance 
of inflammation poses a great threat as it will lead to tis-
sue damage, provoking chronic inflammation (Nathan and 
Ding 2010). The boon of technological developments has 
now increased human survival, resulting in the curse of 
chronic inflammation in all age populations. The persis-
tence of chronic inflammations leads to several morbidities 
and mortalities in association with various inflammatory 
diseases, namely, rheumatoid arthritis, multiple sclerosis, 
neurodegenerative disorders, inflammatory bowel diseases 
and cardiovascular diseases (Punchard et al. 2004).

Cardiovascular diseases are the global cause of mortality, 
particularly in developing countries among which athero-
sclerosis remains a multifactorial life-threatening chronic 
inflammatory disorder that damages vital organs of the body, 
especially causing myocardial, claudication and cerebral 
infarctions. The cardiological society of India (CSI) has 
warned now India is the “chronic heart disease capital of the 
world” with a rising number of sudden cardiac death (SCD), 
especially among young adults. The current scenario with 
the COVID-19 pandemic terrifies worldwide and research 
indicates that it affects the vascular tissues resulting in ath-
erosclerosis-linked mortalities. SARS-CoV-2 infection may 
either induce the manifestation of atherosclerosis or worsen 
the already existing endothelial dysfunction or atheroscle-
rotic plaque (Vinciguerra et al. 2021). Recent advancements 
in the field of atherosclerosis have conveyed an evolution 
from the previous notions of its pathology. It is developed 
in the intimal layer of arteries which is influenced by the 
components of circulating blood. During early atherogen-
esis, endothelial cells lining the vascular tissues get activated 
upon stimulus and express several cell adhesion molecules 
(CAMs) on their surface and this phenomenon continues 
throughout the establishment of lesions (Swirski et al. 2006). 
This allows the circulating immune cells, monocytes/mac-
rophages and leukocytes, to attach and extravasate into the 
intima influenced by obnoxious mediators in association 
with hypertension, diabetes and hyperlipidemia (Ross 1986, 
1995; Frostegård 2013).

Atherosclerosis is majorly induced by the sequestration 
of apolipoprotein-B (apoB) containing cholesterol-rich 
low-density lipoproteins (LDL) which undergo oxidative, 
enzymatic or non-enzymatic modifications that lead to the 
activation of immune responses (Moore and Tabas 2011). 
Oxidation of cholesterol produces enormous oxidized LDL 
(Ox-LDL) byproducts also denoted as oxysterols. 7-keto-
cholesterol (7KCh) is one of the most abundant toxic Ox-
LDL derivatives in atherogenic lesions, which are generally 

formed through endogenous enzymatic reactions under 
oxidative stress (Anderson and Campo 2020; Mahalakshmi 
et al. 2021). It is produced when the fatty acid esters of 
cholesterol undergo auto-oxidation that is found to exert 
cytotoxic and apoptotic effects with the most atherogenic 
nature, thereby distressing intracellular homeostasis (Ravi 
et al. 2021). 7KCh induces various cellular damages through 
endoplasmic reticulum stress along with epidermal growth 
factor receptor (EGFR) and toll-like receptor-4 (TLR4) acti-
vation. TLRs are the leading cause of the pathogenesis of 
cardiovascular diseases, especially atherosclerosis which can 
be experimentally induced using bacterial lipopolysaccha-
ride (Huang et al. 2010; Roshan and Tambo 2016).

Lipopolysaccharide (LPS) is one of the major compo-
nents of Gram-negative bacterial cell walls. The endotoxin 
bagged by the lipoprotein may give rise to inflammation after 
the fusion of lipoprotein into the vascular wall (Ostos et al. 
2002). LPS stimulates endothelial cells to undergo diverse 
cellular responses through the upregulation of pro-inflam-
matory cytokines, growth factors and adhesion molecules 
(Bannerman and Goldblum 2003). It was also proposed that 
increased LDL oxidation upon LPS administration also pro-
motes atherogenesis through macrophages. 7KCh has been 
proven to be accountable for modulating macrophages by 
converting their phenotype from anti-inflammatory to pro-
inflammatory subtype (Berthier et al. 2005; Larsson et al. 
2007; Buttari et al. 2013).

Macrophages are mononuclear phagocytes and the most 
prominent innate immune cell found to be involved in the 
pathophysiology of atherosclerosis. They are matured forms 
of recruited monocytes that further multiply upon stimuli-
like macrophage colony-stimulating factors (MCSFs). 
Certain characteristic features including their heterogene-
ity and plasticity are recently found to play an important 
role in atherogenesis (Libby et al. 2009). They undergo 
ingestion of accumulated modified LDL and transform 
into lipid-engorged foam cells that persist in the plaque, 
prompting the disease to progress. This type of macrophage 
phenotype alteration owing to lipid dysregulation compro-
mises the beneficial clearance response into a deleterious 
sequence (Moore et al. 2013). Macrophages exhibit a wide 
spectrum of phenotypic subsets, namely, M1, M2, M3, M4 
and Mhem among which M1 and M2 are well described 
to be regulating inflammatory responses during atherogen-
esis (Chinetti-Gbaguidi et al. 2015). M1 macrophages are 
classically activated upon stimuli, especially lipoproteins, 
engaging in tissue destruction and secretion of pro-inflam-
matory cytokines (Interleukin (IL)-1β, IL-6 and Tumour 
necrosis factor (TNF)-α), chemokines, enzymes (matrix 
metalloproteinase (MMP)-9 and cyclooxygenase (COX)-2) 
as well as additionally produce ROS/RNS (Martinez et al. 
2006; Mosser and Edwards 2008; Xue et al. 2014). On the 
contrary, M2 macrophages are alternatively activated and 
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display anti-inflammatory properties by producing IL-10, 
mannose receptor C-type 1 (MRC1), peroxisome prolif-
erator-activated receptor gamma (PPARγ) and extracellu-
lar matrix components (ECM) such as collagen for tissue 
repair (Barrett 2020; Duraisamy et al. 2022). M2 pheno-
typic macrophages orchestrate the resolution of inflamma-
tory response at the site of atherogenesis. Maintaining a 
dynamic balance of M1 and M2 macrophages is crucial to 
undergo proper inflammation. Recent studies are evidence 
that an imbalance in these macrophage ratios due to the phe-
notypic switch from M2 to M1 primes atherosclerotic lesion 
development (Khallou-Laschet and Varthaman 2010). This 
detrimental phenotypic shift is influenced by 7KCh which 
impairs the resolution properties of M2 macrophages such 
as increased loading of Ox-LDL by opposing the cholesterol 
efflux mechanisms (Gelissen et al. 1996). In addition, oxida-
tive stress through reactive oxygen species (ROS) is signifi-
cantly induced along with cell cycle arrest and apoptosis in 
macrophages upon exposure to 7KCh (Palozza et al. 2010).

The pro-oxidant action of 7KCh and related oxysterols 
results in an oxidative burst by macrophages with exces-
sive levels of ROS/RNS especially, nitric oxide (NO) and 
superoxide anion  (O2

−) under the primary effect of a spec-
trum of enzymes such as nicotinamide adenine dinucleotide 
phosphate (NADPH)-oxidase, nitric oxide synthases (NOS), 
xanthine oxidase and mitochondrial enzymes (Leonarduzzi 
et al. 2006; Li and Horke 2014). NO is found to be one of 
the critical moderators of diseases associated with vascu-
lar tissues synthesized by inducible NOS (iNOS). A vari-
ety of physiological as well as inflammatory mechanisms is 
mediated by NO during atherogenesis, namely, endothelial 
dysfunction, vasorelaxation, adhesion of platelet as well as 
leukocyte chemotaxis inhibition (Napoli and Ignarro 2001; 
Napoli et al. 2006). NO is one of the specific markers for 
M1 phenotype macrophages and the coupling of NO with 
 O2

− forms an unstable reactive pro-oxidant molecule, per-
oxynitrite  (ONOO−). These reactive gaseous molecules in 
surplus facilitate toxic reactions during atherogenesis, espe-
cially, the oxidation of cholesterol as well as peroxidation 
of membrane lipids which is dependent on  ONOO− (Rubbo 
et al. 1994; Patel et al. 2000; Förstermann et al. 2017).

Current therapeutics for atherosclerosis include LDL-
cholesterol-lowering therapies (HMG-CoA reductase 
inhibitors, cholesterol absorption inhibitors, kexin type-9 
inhibitors, bile acid sequestrates), triglycerides-lowering 
therapies (statins, fibrates, n-3 fatty acids) and HDL-cho-
lesterol-increasing therapies (cholesterol ester transfer pro-
tein (CETP) inhibitors) (Bergheanu et al. 2017). Long-term 
consumption of such steroidal and non-steroidal formu-
lated drugs largely leads to an increased risk of developing 
concomitant side effects and this brings in a prerequisite 

to unfold better alternatives in particular, cardio-protective 
plant-based drugs that are devoid of such deleterious effects.

Digera muricata, also known as Tartara, is a widely dis-
tributed edible medicinal tropical plant in several countries 
of Africa and Asia such as Kenya, Sudan, South Ethiopia, 
Tanzania, Yemen, India, Pakistan, Malaysia, etc. It is a cool-
ant, astringent and laxative in Ayurveda and rich in micro-
nutrients with wide distribution (Mathad and Mety 2010; 
Ghaffar et al. 2019). Several studies support the competent 
anti-oxidant effect of D. muricata on oxidative stress by 
decreasing thiobarbituric acid reactive substances (TBARS) 
which are byproducts of lipid peroxidation with correspond-
ingly increasing levels of enzymes namely, superoxide dis-
mutase, peroxidase, catalase, glutathione peroxidase (GPx), 
quinone reductase (QR), glutathione-S-transferase (GST) 
and reduced glutathione providing evidence for free radi-
cal scavenging activity (Khan and Ahmed 2009; Khan et al. 
2009; Muhammad et al. 2011). The protective effect of D. 
muricata was accredited by attenuating the altered biochemi-
cal mediators, DNA fragmentation and inhibiting telomerase 
activity (Khan et al. 2009; Khan and Younus 2011). In addi-
tion, the significant reduction of gamma-glutamyltransferase 
(γ-GT) and malondialdehyde (MDA) upon methanol extract 
of D. muricata warrants its efficiency in cytoprotection 
(Khan et al. 2011a, b). The methanol extract of D. muricata 
was investigated for its active anti-inflammatory, anti-micro-
bial and anti-diabetic activities (Jagatha and Senthilkumar 
2011; Miah et al. 2017; Ramalashmi 2019; Patel Shivani 
and Nainesh 2017; Shah et al. 2020). It is evident from the 
recent exploration of the biomedical properties expressed 
by D. muricata that its methanol leaf extract may poten-
tially be ideal for preventing the polarization of macrophages 
and atherogenesis. Hence, in this study, we elucidated for 
the first time, the anti-atherogenic potential of D. muricata 
methanol leaf extract against 7KCh and LPS-induced polari-
zation of M2 phenotypic IC-21 macrophages in vitro.

Materials and methods

Collection and identification of plant material

Fresh Digera muricata (Thoiya keerai in Tamil) plants 
belonging to the Amaranthaceae family were collected 
around the cultivation field of Kancheepuram district, 
Tamil Nadu, India. The collected plant was taxonomically 
identified and confirmed by the Department of Botany, Ala-
gappa University, Karaikudi, Tamil Nadu, India with a plant 
authentication certificate (Accession No: ALUH1832). Fresh 
leaves were collected from the plant, washed thoroughly 
with water, air dried to remove the moisture content at room 
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temperature, pulverized into a fine powder and stored in an 
airtight container until further studies.

Preparation of sitosterol‑rich fraction from D. 
muricata

Air-dried leaf powder of D. muricata was subjected to 
extraction by following the method of Gulluce et al. (2007) 
with methanol as a solvent source using a Soxhlet extrac-
tor for 72 h at a temperature of 40 °C, less than the boiling 
point of methanol. The resultant plant-solvent extract was 
filtered using Whatman filter paper No. 1 and air-dried at 
room temperature for evaporation of the solvent. The fol-
lowing residual extract was stored and maintained in a dry, 
cold condition until further experiments.

Phytochemical analysis

The prepared D. muricata leaf extract was subjected to 
qualitative analyses followed by methods of Daniel and 
Krishnakumari (2015) and Geetha and Geetha (2014) for 
diverse bioactive phytochemicals, namely, saponins, tannins, 
alkaloids, reducing sugars, flavonoids, glycosides, steroids, 
terpenoids and phenols. The methods followed for the quali-
tative analyses of each of the aforementioned phytochemi-
cals have been mentioned in Table 1.

Thin‑layer chromatography (TLC) profiling 
of the crude extract

TLC analytical profiling was performed by following the 
modified method of Pascual et al. (2002). In brief, a silica 
gel 60  F254-coated TLC plate (Merck, Chemical Ltd, India) 
was acquired for the stationary phase. Leaf extract of D. 
muricata was spotted on a TLC plate and solvent systems 
with different ratios of hexane, ethyl acetate, chloroform and 
methanol were used as a mobile phase until proper band 
resolution. The chromatograms were then visualized under 
visible light, short UV (254 nm) and long UV (365 nm) 
without any chemical treatment and retention factors (Rf) 
were calculated for each band observed.

Gas chromatography‑mass spectroscopic analysis 
of D. muricata leaf extract

Leaf extract of D. muricata had been analysed for the pres-
ence of bioactive phytocompounds using GC–MS (Gomathi 
et al. 2015) Agilent GC 7890A/MS5975C GC–MS instru-
ment consisting of Agilent DB5MS capillary column with 
specifications of 30 m/0.25 mm internal diameter/ 0.25-µm 
film thickness was utilized to characterize the extract. The 

sample was analysed for a run time of 23.833 min with the 
oven program reaching upto 300 °C. The obtained retention 
index data and gas chromatographic profile were compared 
with the National Institute of Standards and Technology 
(NIST) library.

Analysis of free radical scavenging activity using 
DPPH

2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) is a sta-
ble free radical that estimates the free radical scavenging 
activity of antioxidants. The reaction DPPH solution was 
prepared for 0.3 mM with methanol freshly in regard to 
its radical instability. The free radical scavenging activity 
was estimated by following the method of Brand-Williams 
et al. (1995) with modifications. 1 ml of leaf extract at dif-
ferent concentrations (25–400 µg/ml) was added to 0.5 ml 
of 0.3 mM DPPH methanol solution in test tubes and the 
experimental setup was incubated in a dark environment 
at room temperature for 30 min. Following incubation, the 
optical density of the reaction mixture was recorded using 
a UV–visible spectrophotometer at 517 nm. Ascorbic acid 
was used as a standard antioxidant and the percentage of 
scavenging activity was calculated. The level of DPPH free 
radical scavenging activity was expressed in terms of the 
percentage of reduction (%).

Determination of anti‑inflammatory activity using 
hRBC membrane stabilizing assay

The anti-inflammatory property of various concentrations 
of D. muricata leaf extract was determined by performing a 
human red blood cell (h)RBC membrane stabilizing assay 
as described by Madhu et al. (2014) with modifications. 
Fresh blood was collected from a healthy donor in alsever’s 
solution, the packed cells were obtained and washed thrice 
with isosaline (0.9%) to remove any bound serum protein. 
A stock hRBC suspension of 10% v/v was prepared with 
10 mM phosphate-buffered saline. The reaction mixture was 
prepared with 1 ml of leaf extract at different concentrations 
(25–400 µg/ml) made up of 10 mM PBS, 2 ml of hyposaline 
(0.25% NaCl) along with 0.5 ml of stock hRBC suspension. 
Hyposaline was substituted with distilled water in the control 
tube. The experimental setup was incubated for 30 min at 
37 °C followed by centrifugation for 20 min. Dexamethasone 
(400 µg/ml) is steroidal standard anti-inflammatory drug 
commercially used, and hence, it was taken as a standard 
drug. At the end of the experiment, the optical density of the 
supernatant was assessed at a wavelength of 560 nm using a 
UV–Vis spectrophotometer and the inhibition of hemolysis 
was expressed as absorbance with optical density (OD).
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Culture of IC‑21 macrophage cell line

The immortalized IC-21 macrophage cell line was procured 
from National Center for Cell Science (NCCS), Pune. IC-21 
macrophages were ideal for this experimentation as they 
were identified to express M2 phenotype with non-inflam-
matory characteristics under cultured conditions (Lopukhov 
et al. 2021; Smythe et al. 2003). Cells were cultured and 
maintained under optimal culture conditions of 5%  CO2 at 
37 °C in a humidified incubator with RPMI-1640 (Ross-
well Park Memorial Institute) medium supplemented with 
10% fetal bovine serum (FBS) and 1% antibiotic solution. 
On attaining confluency, cells were passaged using 1X PBS 
(phosphate buffered saline; pH: 7.4) and were utilized for 
further experiments.

Determination of cell viability using alamar blue 
and observation of cytomorphology

The viability of IC-21 macrophages upon treatment with test 
components at different concentrations was assessed with 
alamar blue dye. The aim of this experiment was to deter-
mine the optimal concentrations for carrying out further 
experimental studies with maximum viability. Macrophages 
were treated with different concentrations of 7KCh (2, 4, 
6, 8 and 10 µg/ml), LPS (25, 50, 100, 200 and 400 ng/ml) 
and D. muricata leaf extract (25, 50, 100, 200, 400, 600, 
800 and 1000 µg/ml), respectively, for a period of 24 h. The 
treated cells after experimental time were incubated with 
0.1% alamar blue for 5 h at a standard culture condition 
of 5%  CO2 at 37 °C and changes in the optical densities of 
the treated cells were monitored at 570 and 600 nm for the 
oxidized and reduced forms of alamar blue, respectively. 
The percentage (%) of cell viability was calculated using the 
standard formula (O’brien et al. 2000). Simultaneously, cells 
were observed under a phase contrast microscope (Nikon) 
for the visual assessment of their impact on macrophage 
cytomorphology.

Estimation of nitric oxide using Griess reagent

The nitric oxide (NO) level in the form of nitrite was quan-
tified by a colorimetric assay using Griess reagent with 
modifications (Yang et al. 2009). Following treatment of 
IC-21 macrophages with test components, culture superna-
tants were retrieved for measurement of NO. At the end of 
the experimental time periods, 50 µl of culture supernatant 
was mixed with 50 µl of 0.1% NED and 50 µl of 1% sulfa-
nilamide. The reaction mixture was incubated for 20 min at 
room temperature in dark and the absorbance was measured 
at 540 nm. NO generation in the treated cells was calculated 

using the standard graph of sodium nitrite and expressed in 
concentrations (µM). Initially, the NO level was measured 
for different concentrations of 7KCh (2, 4, 6, 8 and 10 µg/ml) 
and LPS (25, 50, 100, 200 and 400 ng/ml) at different time 
intervals (1–5 h and 24 h). From this experiment, one sig-
nificant concentration for 7KCh (8 µg/ml) and LPS (200 ng/
ml) was selected and experimental groups were framed as 
follows:

Group I: Cells were incubated with RPMI-1640 
medium containing 0.5% FBS for 24 h

Group II: Cells were treated with 8 µg/ml of 7KCh for 
24 h

Group III: Cells were treated with 8 µg/ml of 7KCh and 
200 ng/ml of LPS for 24 h

Group IV: Cells were treated with 8 µg/ml of 7KCh, 
200 ng/ml of LPS and different concentra-
tions (25, 50, 100, 200 and 400 µg/ml) of 
leaf extract of D. muricata for 24 h

Furthermore, NO levels produced upon treatment of the 
above-given experimental setup were also estimated. It must 
be noted that the assay was carried out entirely in RPMI-
1640 medium containing only 0.5% FBS as serum proteins 
are speculated to interfere with the OD values recorded at 
the end of the experiment.

Estimation of arginase enzyme activity

Arginase enzymatic activity was estimated in cell lysates 
following the method of Munder et al. (2005) with slight 
modifications. In concisely, 100 µl cell lysate was added with 
20 µl of 10 mM  MnCl2 and heated (10 min) for activating the 
enzyme. 100 µl of 0.5 M l-arginine was added and incubated 
for 15–75 min at 37 °C, followed by ending the reaction with 
900 µl of  H2SO4:  H3PO4:  H2O (1: 3: 7). Urea concentration 
was measured at 540 nm after heating the reaction mixture 
with 40 µl α-isonitrosopropiophenone at 95 °C for 30 min. 
The enzyme activity is expressed in terms of urea concentra-
tion (M) with commercial urea as the standard.

Analysis of pinocytic activity by neutral red uptake 
method

Neutral red is a vital dye endocytosed by macrophages into 
their lysosomes by the process of pinocytosis. The pinocytic 
activity of IC-21 macrophages was analysed by neutral red 
uptake by following the method of Al Obaydi et al. (2020) 
with modifications. IC-21 macrophages were treated with 
different experimental groups as mentioned above for a 
period of 24 h. After treatment, macrophages were incubated 
with 100 µl of 0.75% neutral red for 2 h. Cells were then 
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washed and lysed with 100 µl of cell lysis solution (acetic 
acid and ethanol at a 1:1 ratio) and incubated overnight. The 
absorbance was measured at 540 nm, and the relative activ-
ity was expressed as optical density values (OD).

Estimation of lipid accumulation using oil red O 
assay

Lipid accumulation in the cells was quantified by staining 
with lipid-specific oil red O followed by the method of Kraus 
et al. (2016). Cells were treated according to experimental 
groups for 24 h. After treatment, cells were washed with 
1X PBS, followed by fixation with 10% NBF for 20 min at 
room temperature and further washing with 1X PBS. 500 µl 
of oil red O working stain solution was added to each well 
and incubated for 30 min at room temperature. The stain 
was removed after incubation and cells were washed with 
distilled water to remove excess stain. To elute the stain from 
the cells, 100% isopropanol is added to the cells and incu-
bated for 10 min. The absorbance of eluted stain was meas-
ured at 510 nm using a spectrophotometer and expressed as 
optical density values (OD).

Assessment of lipid peroxidation using 
thiobarbituric acid (TBA)

Thiobarbituric acid reactive substances (TBARS) which 
are biomarkers of oxidative stress and lipid oxidation 
during atherogenesis were assessed using TBA reagent 
according to the protocol of Utley et al. (1967) with mod-
ifications. In brief, following the experimentation, cells 
were lysed with cell lysis buffer and the supernatant was 
collected. To 0.5 ml of the supernatant, 2 ml of 20% TCA 
and 4 ml of 0.67% TBA were mixed and boiled for 10 min. 
The mixture was then centrifuged for 10 min at 4 °C and 
the optical density of the supernatant was measured at 530 
and 600 nm. The activity was expressed in nmoles.

Qualitative and quantitative assessment of ROS 
generation in macrophages

Estimation of intracellular ROS was performed using a cell-
based dichlorodihydrofluorescein diacetate (DCFH-DA) dye 
assay qualitatively as well as quantitatively following the 
method of Tiwari et al. (2010). Macrophages were treated 
with test compounds for 24 h and at the end of the incuba-
tion period, the existing medium was removed and washed 
with serum-free medium gently. 100 µl of dissolved 0.1% 
DCFH-DA was overlaid on the coverslips and incubated for 
30 min in the incubator. The incubated cells were observed 
using a Carl Zeiss confocal fluorescent microscope for 

qualitative examination. To quantify the level of ROS gen-
eration, the incubated cells were lysed with ethanol: acetic 
acid (1:1). The fluorescence was measured using a spectro-
fluorometer at excitation 485 nm and emission 530 nm and 
expressed as optical density values (OD).

Determination of intracellular superoxide anion 
 (O2

−) generation using NBT assay

Estimation of intracellular  O2
− generation was performed 

quantitatively using nitroblue tetrazolium chloride (NBT) 
following a modified colorimetric method (Sim Choi et al. 
2006). After experimentation of different groups, cells 
were incubated with 100 µl of NBT solution for 1 h. At 
the end of incubation, cells were washed twice with PBS 
followed by once with methanol and air-dried to remove 
the extracellular dye solution. The intracellular deposited 
NBT was dissolved with 120 µl of KOH and 140 µl of 
DMSO. The intensity of the blue colour indicated the level 
of superoxide anion present in them. Their absorbance was 
measured at 620 nm and expressed as optical density val-
ues (OD).

Localization of mitochondria using rhodamine 123/
DAPI staining method

The mitochondrial membrane potential of experimented 
IC-21 macrophages was analysed using rhodamine 123 
(Rh123) fluorescent dye following the methodology of 
Johnson et al. (1980) with modifications. 4',6-diamidino-
2-phenylindole (DAPI) was used as a counter stain for the 
nucleus. In brief, macrophages were treated with different 
experimental groups and stained initially with rhodamine 
123 (1 mg/ml in serum-free medium) for 20 min. Follow-
ing this, DAPI dye was added to the cells and further incu-
bated for 5 min in dark at room temperature. After incuba-
tion, cells were washed gently with serum-free medium to 
remove excess stain and mounted on glass slides for obser-
vation under a Carl Zeiss confocal fluorescent microscope.

Determination of cellular membrane integrity using 
acridine orange‑ethidium bromide staining

The membrane integrity of macrophages was exam-
ined using acridine orange and ethidium bromide (AO/
EB) staining assay (Peng et al. 2020). After treatment, 
the experimental groups were stained with AO/EB stains 
(1 mg/ml in serum-free medium) and incubated for 5 min 
at room temperature. Following incubation, cells were gen-
tly washed with serum-free medium and observed under a 
Carl Zeiss confocal fluorescent microscope. Macrophages 
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were then categorized into live cells (L), early apoptotic 
cells (EA) and late apoptotic cells (LA).

Quantification of intracellular calcium deposits 
using alizarin red S (ARS) staining method

Intracellular calcium deposits were evaluated using an 
anthraquinone dye, alizarin red S. Calcified minerals are 
extracted from the experimental groups for assessing min-
eralization at low pH (Gregory et al. 2020). After treat-
ment, the medium was removed and macrophages were 
washed with 1X PBS. They were then fixed with 10% NBF 
for 20 min at room temperature. 200 µl of 40 mM alizarin 
red S dye was added and incubated for 30 min at room 
temperature. After incubation, the dye was removed and 
cells were washed with 1X PBS followed by incubation 
for 30 min with 10% acetic acid for stain extraction. The 
solubilized stain resulted in a colour change from red to 
yellow due to acidic pH. The optical density of extracted 
stain was measured at 405 nm in a well plate reader and 
expressed as optical density values (OD).

Isolation of total RNA, RT‑PCR and target sequence 
amplification

The gene expression analysis of pro-atherogenic and anti-
atherogenic mediators was conducted with extract of D. 
muricata by following the method of Manikandan et al. 
(2020). After treatment, cells were harvested and pelleted. 
Pellets were processed for the isolation of total cellular RNA. 
Subsequently, cell lysate was prepared with calculated vol-
umes of trizol (100 µl/10 mg) and incubated for 10 min with 
an equal volume of ice-cold chloroform at room temperature. 
Following this, the sample was vortexed briefly, centrifuged 
at 12,000 rpm for 20 min at 4 °C and the supernatant was 
again centrifuged with ice-cold isopropanol in a 1: 2.5 ratio. 
The resulting pellet was ethanol precipitated and reverse 
transcribed into cDNA using Thermo Scientific First-strand 
cDNA synthesis kit. Primers spanning exon-exon bounda-
ries were designed using NCBI Primer-BLAST program for 
some of the atherogenic and anti-atherogenic markers. The 
primer sequences are presented below.

Target gene Primer sequences

iNOS CCA AGT ACG AGT GGT TCC AGG (FP)
GTC CTT CCA GGG CTC GAT CTG (RP)

IL-1β CTT TGA AGA AGA GCC CAT CCT (FP)
TCT GCT TGT GAG GTG CTG ATG (RP)

IL-6 TTC ACA GAG GAT ACC ACT CCC (FP)
GTG ACT CCA GCT TAT CTC TTG (RP)

MMP-9 CTT CAA GGA CGG TTG GTA CTG (FP)
CAA GTC GAA TCT CCA GAC ACG (RP)

Target gene Primer sequences

COX-2 GGA AAA GGT TCT TCT ACG GAG (FP)
CCA CCA ATG ACC TGA TAT TTC (RP)

CD36 TGA ATG GTT GAG ACC CCG TG (FP)
CGT GGC CCG GTT CTA CTA AT (RP)

CD163 GGA GTG ACC TGC TCA GAT GG (FP)
TGT CAC ACC AGC GTC TTC TC (RP)

MRC1 TTC CGC TGG GTG TCA GAT TC (FP)
TCT CGC TTC CCT CAA AGT GC (RP)

PPARγ CGA GTG TGA CGA CAA GGT GA (FP)
GCC CAA ACC TGA TGG CAT TG (RP)

About 100 ng of cDNAs was utilized for amplification. 
PCR-amplified products were then separated through the aga-
rose gel electrophoresis technique and visualized under UV 
light for target gene amplification. The level of gene ampli-
fication was quantified using ImageJ densitometric analysis 
and expressed in terms of density with arbitrary units (a.u).

Enzyme‑linked immunosorbent assay of TGFβ1

The concentration of transforming growth factor β1 (TGFβ1) 
in the cell culture medium was estimated by ELISA (Xin 
et al. 2019). The culture medium was collected after 24 h 
and centrifuged at 800  rpm for 5 min. The sample was 
analysed using a TGFβ1 ELISA kit (Elabscience, Wuhan, 
China) following the manufacturer’s protocol. In brief, the 
sample was activated and incubated with primary antibodies 
coated in the well plate, followed by incubation with a bioti-
nylated detection antibody and HRP conjugate. A substrate 
for the reaction was added and measurement was observed 
at 450 nm. After quantification of TGFβ1 concentration, the 
levels were expressed in ng/ml.

Immunocytochemistry analysis of pro‑atherogenic 
mediators

Expressions of nuclear factor kappa B (NF-κB) and iNOS in 
macrophages were observed using the immunocytochemis-
try technique following the method of Yan et al. (2016). Fol-
lowing 24 h of treatment, cells were fixed with 10% neutral 
buffered formalin for 10 min. Membrane permeability was 
induced with 0.1% triton X-100 and blocked with 5% BSA 
blocking buffer for 2 h. Cells were incubated with primary 
antibodies in 1% BSA-TBST at 4 °C for 3 h after which 
FITC-conjugated secondary antibody was added and incu-
bated for 2 h. 100 μl of DAPI was added for 5 min to stain 
the nucleus and the cells were observed under a confocal 
fluorescent microscope (Carl Zeiss ApoTome.2, Germany).
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Statistical analysis

The statistical significance was assessed using GraphPad 
Prism (version 8.4.2) software. The comparison between 
different groups was performed with a student t-test (Bry-
man and Cramer 2012).

Results

Phytochemical composition of D. muricata leaf 
extract

Phytochemical analyses of D. muricata leaf extract 
revealed the presence of biologically active phytocom-
pounds such as saponins, tannins, alkaloids, reducing 
sugars, flavonoids, steroids, terpenoids, glycosides and 
phenols. The level of their presence/absence is given in 
Table 1.

Thin‑layer chromatography (TLC) profiling 
of the crude extract

Thin-layer chromatography profiling for visualization 
of possible secondary metabolites in the crude extract 
showed the presence of several phytocompounds. After 
trying out different combinations of solvents (hexane, 
ethyl acetate, chloroform and methanol), the ideal separa-
tion profile of compounds was achieved with hexane: ethyl 
acetate at the ratio of 8.4:1.6. Under the observation of 
visible light, short UV and long UV illumination, a total 
number of nine bands were observed which included eight 
bands under visible light (Fig. 1A), a purple band under 
short UV (Fig. 1B) and a fluorescent band under long UV 

(Fig. 1C). The band profile and their respective retention 
factors (Rf) have been calculated and displayed (Fig. 1).

Gas chromatography‑mass spectroscopic analysis 
of Digera muricata leaf extract

In order to find out the possible bioactive compounds, the 
extract of D. muricata was subjected to GC–MS analysis 
(Fig. 2). The chromatogram indicated the retention time 
and the abundance of each of the compounds present in the 
extract. The difference in the peak area can be observed with 
respect to the peak height. The compounds present in the 
extract along with their retention time (RT), quality, peak area 
(%), molecular weight (MW), molecular formula and their 
reported properties have been provided in the table (Table 2). 
The result showed the presence of 20 compounds with majorly 

Fig. 1  Thin layer chromatogram profile of Digera muricata leaf 
extract visualized under different light sources. A Visible light; B 
Short UV at 254 nm and C long UV at 365 nm

Table 1  Phytochemical analysis 
of Digera muricata extract

Data represent concordant values obtained from three determinations
 +  +  +  = indicates higher presence, +  +  = indicates moderate presence, +  = indicates low pres-
ence, −  = indicates absence

S. no Phytochemicals constituents Test performed Digera muricata 
methanol leaf 
extract

1 Saponins Foam test  + 
2 Tannins Ferric chloride test  +  + 
3 Alkaloids Wagner’s test  +  +  + 
4 Reducing Sugars Fehling’s test  + 
5 Flavonoids Lead-acetate test  +  +  + 
6 Glycosides Keller Kiliani test  + 
7 Steroids Liebermann–Buchard test  +  +  + 
8 Terpenoids Salkowski test  +  + 
9 Phenols Ferric chloride test  +  + 
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of γ-sitosterol (31.23%) along with other bioactive com-
pounds, namely 4H-1,3,2-dioxaborin, 6-ethenyl-2-ethyl-4-me-
thyl-4-(2-methylpropyl)- (27.29%) and stigmast-4-en-3-one 
(15.32%) covered major peak areas. Other anti-inflammatory 
and anti-atherogenic compounds like n-hexadecanoic acid, 
phytol, cis-vaccenic acid, lariciresinol, stigmasta-3,5-dien-7-
one and β-sitosterol acetate were also found. The presence of 
phytosterols such as γ-sitosterol and stigmast-4-en-3-one in 
the leaves of D. muricata is first reported in this study.

Free radical scavenging activity of Digera muricata 
leaf extract using DPPH

DPPH radical was analysed to be scavenged efficiently 
by the reference control (L. Ascorbic acid) and D. muri-
cata leaf extract even at the lowest tested concentration 
of 25 µg/ml. This activity was found to be concentration-
dependent when tested linearly upto the highest concentra-
tion of 400 µg/ml (Fig. 3). The scavenging activity of the 

extract was almost equal to the standard with a high radical 
scavenging percentage.

Anti‑inflammatory effect of Digera muricata leaf 
extract using hRBC membrane stabilizing activity

The membrane stabilizing effect of D. muricata leaf extract 
on human RBC upon exposure to a hypotonic solution was 
determined to assess its anti-inflammatory property. The 
maximum membrane stability was exhibited by the high-
est concentration of tested extract. Comparatively, an effec-
tive membrane stabilization potential was observed even 
at the lowest concentration of 25 µg/ml. A dose-dependent 
increase in membrane stabilization activity was exerted 
by D. muricata leaf extract up to the highest tested con-
centration of 400 µg/ml (Fig. 4). Differences in the optical 
densities obtained for dexamethasone and different con-
centrations of D. muricata leaf extract were significantly 
decreased (*p < 0.05 and **p < 0.01) when compared to the 
tested control.

Fig. 2  Gas chromatography–mass spectrometry chromatogram analysis of Digera muricata leaf extract
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Table 2  GC–MS analysis of D. muricata extract

The value in bold signifies the extract is rich in sitosterol to support the given title

S. no Compound RT Quality Peak area % MW M. formula Properties reported

1 n-Hexadecanoic acid 15.674 83 1.02 256.4241 C16H32O2 Anti-inflammatory
2 Tridecanoic acid 16.074 53 0.35 214.34 C13H26O2 Antimicrobial
3 Phytol 16.874 90 1.50 296.5310 C20H40O Anti-inflammatory
4 Cis-Vaccenic acid 17.096 95 0.32 282.4614 C18H34O2 Anti-inflammatory
5 2-Ethoxy-4-anisaldehyde 18.296 38 3.82 180.20 C10H12O3 Volatile organic compound
6 Cyclohexyldeimethylsilyloxybenzene 18.374 38 7.35 233.38 C10H23NO3Si Silylating agent
7 2(3H)-Furanone, dihydro-3,4-bis[(4-hydroxy-

3-methoxyphenyl)methyl]-, (3R-trans)-
18.641 64 0.91 358.39 C20H22O6 Lignan

8 4H-1,3,2-Dioxaborin, 6-ethenyl-2-e thyl-4- 
methyl-4-(2-methylpropyl)-

18.996 38 27.29 208.11 C12H21BO2 Antifungal

9 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)
ethyl ester

19.729 62 1.66 330.5026 C19H38O4 Anti-inflammatory

10 ( +)-Lariciresinol 20.129 92 0.41 360.4 C20H24O6 Anti-atherosclerotic
11 γ/β-Sitosterol 20.918 95 31.23 414.7078 C29H50O Anti-atherosclerotic
12 6-Nitro-l-tryptophan 21.085 25 1.26 249.22 C11H11N3O4 Inhibitor of rhIDO
13 2-t-Butyl-6-methyl-5-(1-phenylbut- 3-enyl)[1,3]

dioxan-4-one
21.507 51 0.80 302.4 C19H26O3 NA

14 Cyclopropanecarboxylic acid, hydrazide, 
N2-cyclooctylideno

21.585 38 0.60 208.3 C12H20N2O NA

15 Naphthalene, 1,1′-methylenebis- 21.785 62 1.61 268.3517 C21H16 NA
16 Stigmasta-3,5-dien-7-one 22.185 89 2.14 410.7 C29H46O Anti-inflammatory
17 β-Sitosterol acetate 22.585 30 0.92 456.7434 C31H52O2 Anti-inflammatory
18 Stigmast-4-en-3-one 22.751 99 15.32 412.7 C29H48O Anti-inflammatory
19 9,10-Methanoanthracen-11-ol, 9,10-  

dihydro-9,10,11-trimethyl
23.196 60 0.93 250.3 C18H18O Anti-microbial

20 Carbamic acid, 4-methoxyphenyl-, allyl ester 23.351 58 0.56 207.23 C11H13NO3 NA

Fig. 3  Free radical scavenging activity of Digera muricata leaf 
extract determined using DPPH assay with ascorbic acid as a stand-
ard reference at different concentrations (µg/ml). Each data represent 
the mean ± SD of three determinants

Fig. 4  Anti-inflammatory activity of D. muricata leaf extract deter-
mined by its RBC membrane stabilization potential at different con-
centrations with dexamethasone (400 µg/ml) as a standard reference 
drug. Each data represent the mean ± SD of three determinants. The 
differences in the RBC membrane stabilization between control and 
treated cells were significant at *p < 0.05 and **p < 0.01
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Determination of cell viability using alamar blue 
and observation of cytomorphology

Effects of 7‑ketocholesterol on viability 
and cytomorphology of M2 phenotypic IC‑21 macrophages

The cellular viability assay for M2 phenotypic IC-21 
macrophages treated with 7KCh at five different con-
centrations (2, 4, 6, 8 and 10 µg/ml) assessed with incu-
bation of 0.1% alamar blue revealed that the concentra-
tions at 2, 4, 6 and 8 µg/ml did not show any remarkable 
changes in the cell viability of IC-21 macrophages 
upon 24 h of incubation (Fig. 5A). A significant reduc-
tion in cell viability was observed at the highest tested 
concentration of 10 µg/ml (*p < 0.05). Supportive evi-
dence was obtained from the morphological observa-
tion of the macrophages treated with 7KCh (Fig. 5B). 
Cells treated with 2, 4 and 6 µg/ml concentrations of 
7KCh (Fig. 5B b–d) were found to have normal mor-
phology resembling the untreated control cells (Fig. 5B 
a), whereas, the cells treated with 8 and 10 µg/ml con-
centrations showed cellular stress with round morphol-
ogy and detached cellular appearance when observed 

under an inverted phase-contrast microscope after 24 h 
of treatment (Fig. 5B e and f). It is evident from the 
results obtained from cell viability and morphological 
assessments of 7KCh that it put forth a dose-dependently 
decreased impact on macrophages.

Effects of lipopolysaccharide on viability 
and cytomorphology of M2 phenotypic IC‑21 macrophages

LPS at five different concentrations (25, 50, 100, 200 and 
400 ng/ml) was studied for its effect on the alterations in cel-
lular viability of M2 phenotypic IC-21 macrophages at 24 h. 
The results of cell viability assessed with alamar blue assay 
revealed that the macrophages did not show any remarkable 
change in the percentage of cell viability at lower tested con-
centrations (25–200 ng/ml; Fig. 6A), whereas, a significant 
reduction in the cell viability was detected at the maximum 
concentration tested (400 ng/ml) when compared to that of 
control cells (Fig. 6A; *p < 0.05). Obtained viability data 
correlated with the morphological assessment where mac-
rophages treated with lower concentrations (25–200 ng/ml; 
Fig. 6B b–e) were morphologically similar to that of control 
cells (Fig. 6B a). Distortion in the morphology was observed 

Fig. 5  Effects of 7-ketocholesterol on viability and cytomorphology 
of M2 phenotypic IC-21 macrophages. A Percentage of cell viability 
of macrophages treated with different concentrations of 7-ketocho-
lesterol (7KCh) for 24 h assessed by Alamar blue reagent. Each data 
represent the mean ± SD of three determinants. The differences in the 

cellular viability between control and treated cells were significant at 
*p < 0.05. B Cytomorphology of macrophages under control condi-
tion (a) and treatment with different concentrations of 7KCh (b 2 µg/
ml; c 4 µg/ml; d 6 µg/ml; e 8 µg/ml and f 10 µg/ml)
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at the maximum concentration tested (400 ng/ml; Fig. 6B f). 
The resulting data evidently displayed a dose-dependency of 
LPS for its effect on cell viability and morphological altera-
tion of macrophages.

Effect of Digera muricata leaf extract on viability 
and cytomorphology of M2 phenotypic IC‑21 macrophages

Cells treated with different concentrations of D. muricata 
leaf extract (25, 50, 100, 200, 400, 600, 800 and 1000 µg/
ml) were assessed for the cellular viability of M2 pheno-
typic IC-21 macrophages with 0.1% alamar blue, and the 
results revealed that the extract at lower tested concentra-
tions of 25–400 µg/ml showed no significant reduction in 
cell viability after 24 h of treatment, whereas there were 
significant reductions in the cell viability when treated 
with higher concentrations of 600–1000 µg/ml which were 
less than 80% (Fig. 7A; *p < 0.05 and **p < 0.01). Simi-
lar results were observed under an inverted phase-contrast 
microscope with viable and healthy macrophages similar 
to the control cells (Fig. 7B a) at lower concentrations 
(25–400 µg/ml; Fig. 7A b–f). Morphological alterations 
expressing cellular membrane distortions with reduced 

viable cells were displayed at maximum tested concentra-
tions (600–1000 µg/ml; Fig. 7B g–i).

Nitric oxide generation upon 7KCh and LPS 
stimulation of M2 phenotypic IC‑21 macrophage

The griess assay was employed to assess nitric oxide gen-
eration by indirect quantification with sodium nitrite as the 
standard. Cells treated with different concentrations of 7KCh 
(2–10 µg/ml) and LPS (25–400 ng/ml) at different time 
intervals (1–5 and 12 h) showed a dose-dependent increase 
in the nitric oxide generation when compared to that of con-
trol cells (Fig. 8A, B). Treatment with 8 µg/ml of 7KCh 
resulted in a high level of NO production at 5- and 24-h time 
intervals (Fig. 8A) and the cells treated with 200 ng/ml of 
LPS revealed significant production of NO at 5- and 24-h 
time intervals (Fig. 8B). Reduction in the level of NO by 
7KCh and LPS at their highest tested concentrations (10 µg/
ml and 400 ng/ml, respectively) may potentially be incurred 
by their reduced viability effect. From the overall observa-
tion of griess assay, one significant concentration for 7KCh 
(8 µg/ml) and LPS (200 ng/ml) was selected and used for 
further experimental studies.

Fig. 6  Effects of lipopolysaccharide on viability and cytomorphology 
of M2 phenotypic IC-21 macrophages. A Percentage of cell viability 
of macrophages treated with different concentrations of  lipopolysac-
charide (LPS) for 24  h assessed by alamar blue reagent. Each data 
represents the mean ± SD of three determinants. The differences in 

the cellular viability between control and treated cells were signifi-
cant at *p < 0.05. B Cytomorphology of macrophages under control 
condition (a) and treatment with different concentrations of LPS (b 
25 ng/ml; c 50 ng/ml; d 100 ng/ml; e 200 ng/ml and f 400 ng/ml)
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Impact of D. muricata leaf extract on nitric oxide 
generation stimulated by 7KCh and LPS

Control macrophages were found to release a very minimal 
NO (group I), but treating them with 7KCh (8 µg/ml) alone 
for 24 h resulted in an elevated level of NO (Fig. 9; group 
II). Co-stimulation of macrophages with 7KCh and LPS 
(group III) revealed an amplified NO generation owing to 
their synergistic effect with significance at **p < 0.01 level 
when compared to the control cells (group I). Hence, LPS 
was used as an immunostimulant for the following assays. 
Interestingly, group IV treated with different concentra-
tions of D. muricata leaf extract (group IV; 25–400 µg/
ml) was observed to show significant (Fig. 9; *p < 0.05 

and **p < 0.01) suppression in the release of NO in a dose-
dependent manner even at the lowest tested concentration 
(group IV 25) when compared to that of group III (Fig. 9). 
The maximum inhibition of NO production was found to 
be employed by the highest tested viable concentration of 
400 µg/ml (group IV 400), and hence, this active concentra-
tion was utilized for further analyses.

Effect of D. muricata extract on arginase enzyme 
activity

Urea concentration was found to be lower in 7KCh and 
7KCh + LPS-induced macrophages compared to the control 
cells (Fig. 10; group II and IV). Interestingly, the arginase 

Fig. 7  Effect of Digera muricata leaf extract on viability and cyto-
morphology of M2 phenotypic IC-21 macrophages. A Percentage 
of cell viability of macrophages treated with different D. muricata 
leaf extract concentrations for 24 h assessed by alamar blue reagent. 
Each data represents the mean ± SD of three determinants. The dif-
ferences in the cellular viability between control and treated cells 

were significant at *p < 0.05 and **p < 0.01. B Cytomorphology of 
macrophages under control condition (a) and treatment with different 
concentrations of D. muricata leaf extract (b 25 µg/ml; c 50 µg/ml; d 
100 µg/ml; e 200 µg/ml; f 400 µg/ml; g 600 µg/ml; h 800 µg/ml and i 
1000 µg/ml)
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Fig. 8  Quantification of nitric 
oxide (NO) generation upon 
7KCh and LPS stimulation of 
IC-21 macrophages following 
griess assay upon treatment 
with A 7-ketocholesterol and B 
lipopolysaccharide at various 
concentrations and time inter-
vals. Each data represents the 
mean ± SD of three determi-
nants. The difference in the 
nitric oxide production between 
control and treated cells was 
significant at *p < 0.05 and 
**p < 0.01

Fig. 9  Quantification of nitric oxide (NO) generation by IC-21 mac-
rophages following Griess assay upon treatment with different experi-
mental groups (Group I—control cells; Group II—cells treated with 
8 µg/ml of 7KCh; Group III—cells treated with 8 µg/ml of 7KCh and 
200 ng/ml of LPS; Group IV 25–400—cells treated with 8 µg/ml of 
7KCh, 200  ng/ml of LPS and co-treated with different concentra-

tions of D. muricata leaf extract) at 24-h time period. The effect of 
D. muricata leaf extract at different concentrations was estimated and 
compared with group III (7KCh + LPS) for significance in reduction. 
Each data represents the mean ± SD of three determinants. The dif-
ference in the nitric oxide production between groups I and II–III and 
groups III and IV were significant at *p < 0.05 and **p < 0.01
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activity was found to be significantly higher in D. muricata-
treated cells compared to the remaining experimental groups 
(Fig. 10; group IV). The enzyme activity increased with time 
and was highest at 75 min of incubation with the substrate.

Effect of D. muricata extract on pinocytic activity 
by neutral red uptake method

The pinocytic activity assay of IC-21 macrophages by 
using the neutral red uptake method revealed higher endo-
cytic activity under control conditions (Fig. 11; group I), 
whereas, macrophages treated with 7KCh (group II) showed 

comparatively decreased pinocytic activity. Macrophages 
upon treatment with 7KCh + LPS (group III) exhibited sig-
nificantly (**p < 0.01) lesser uptake of neutral red when 
compared to the control (group I). Interestingly, D. muricata 
extract (group IV; 400 µg/ml)-treated macrophages showed a 
significantly increased pinocytosis by higher uptake of neu-
tral red when compared to group III macrophages (Fig. 11).

Effect of D. muricata extract on the accumulation 
of lipids in M2 phenotypic IC‑21 macrophages

Foam cell formation of macrophages by lipid uptake was 
evaluated with Oil red O which is a lysochrome diazo dye 
used for the staining and quantification of intracellular lipid 
accumulation (Xu et al. 2010). Estimation of accumulated 
lipid level in experimented macrophages using oil red O 
staining revealed a significantly higher accumulation of 
lipids with increased absorbance in groups II and III upon 
exposure to 7KCh and 7KCh + LPS, respectively, when com-
pared to the control (Fig. 12A; group I). In contrast, cells 
co-treated with leaf extract of D. muricata showed a signifi-
cant reduction at **p < 0.01 level (group IV), thereby show-
ing a decrease in the amount of lipid accumulated which 
was similar to that of control cells (Fig. 12A; group I). We 
presumed that LPS aided in TLR4 receptor activation in 
macrophages which efficiently involved them in the uptake 
of administered 7KCh.

Effect of D. muricata leaf extract on lipid 
peroxidation using thiobarbituric acid (TBA)

Our results obtained from the assessment of lipid peroxi-
dation using thiobarbituric acid (TBA) showed that the 
7KCh alone (Fig. 12B; group II) was able to induce the 
peroxidation of intracellular lipid which was compara-
tively greater than the control cells (group I). The syner-
gistic effect of 7KCh and LPS (group III) was able to sig-
nificantly increase at *p < 0.05 level of lipid peroxidation 
when compared to groups I and II treated macrophages. 
This increased peroxidation was counteracted by co-treat-
ment with D. muricata extract (Fig. 12B; group IV) which 
resulted in a significantly reduced (** p < 0.01) level 
which was almost similar to that of control cells (group I).

D. muricata leaf extract on ROS generation in M2 
phenotypic IC‑21 macrophages

DCFH-DA was used to detect ROS levels in the experi-
mented cells qualitatively as well as quantitatively. Quali-
tative observation under a fluorescent microscope with 

Fig. 10  Effect of D. muricata leaf extract on arginase enzyme activ-
ity of M2 phenotypic IC-21 macrophages. Each data represents the 
mean ± SD of three determinants

Fig. 11  Pinocytic activity of IC-21 macrophages was determined by 
neutral red dye uptake upon treatment with different experimental 
groups (Group I—control cells; Group II—cells treated with 8 µg/ml 
of 7KCh; Group III—cells treated with 8 µg/ml of 7KCh and 200 ng/
ml of LPS; Group IV 25–400—cells treated with 8 µg/ml of 7KCh, 
200 ng/ml of LPS and co-treated with 400 µg/ml of D. muricata leaf 
extract). Significant differences in the amount of neutral red uptake 
following 24 h of treatment suggest a potential difference in the pino-
cytic capacity of macrophages. Each data represents the mean ± SD of 
three determinants. The difference in the pinocytic activity between 
groups I and II–III and groups III and IV were significant at *p < 0.05 
and **p < 0.01
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ROS-specific DCFH-DA dye showed that the ROS pro-
duction level in group II (7KCh) cells was increased than 
in the control cells (Fig. 13A; group I). When an LPS con-
centration of 400 ng/ml was treated along with 8 µg/ml of 
7KCh (group III), the ROS production was observed to be 
significantly higher than 7KCh alone treated and control 
macrophages (group I). Contrastingly, cells co-treated with 
the extract of D. muricata (group IV) showed significantly 
reduced ROS generation when compared to that of control 
cells (Fig. 12A; group I). Similar results were obtained 
during the quantification of fluorescence in experimental 
groups (Fig. 13B).

D. muricata extract on intracellular superoxide 
anion  (O2

−) generation in M2 phenotypic IC‑21 
macrophages

O2
− produced by some of the phagocytic cells under in vitro 

conditions is insufficient for extracellular detection using a 
microscopic NBT assay. Hence, a colorimetric NBT assay 
was performed for the detection of the superoxide anion in 
IC-21 macrophages. The results demonstrate that the cells 
treated with 7KCh (group II) and 7KCh + LPS (Fig. 14; 
group III) showed higher superoxide anions generation 
(OD = 0.895 and 0.1245, respectively) when compared to the 
control condition (group I). Strikingly, group IV upon co-
treatment with extract of D. muricata exhibited a remarkably 
lower level of superoxide anions generation (OD = 0.75), 
similar to the control cells (Fig. 14; group I).

Influence of D. muricata extract on mitochondrial 
membrane potential

Upon observing the experimented macrophages, we noted 
decreased fluorescent staining of mitochondrial with 
Rho123 in 7KCh as well as 7KCh + LPS-induced mac-
rophages (Fig. 15; groups II and III) when compared to the 
control group (I). Interestingly, macrophages co-treated 
with D. muricata leaf extract (group IV) showed increased 
mitochondrial fluorescent emission which resembled the 
control (Fig. 15; group I). DAPI being a nucleic acid dye 
stained the nucleus of cells of all the experimental groups 
uniformly. This heterogeneity in fluorescent staining is 
attributed to the regulation of mitochondrial membrane 
potential by D. muricata.

Maintenance of cellular membrane integrity by D. 
muricata extract

In order to observe the membrane integrity-associated 
well-being of macrophages, experimented macrophages 
were stained with nucleus-specific stains namely, acridine 
orange and ethidium bromide. The proportion of live and 
apoptotic cells was observed after 24 h of experimen-
tation in different groups. Acridine orange is a perme-
able dye that emitted green fluorescence upon binding 
with the DNA of live cells, whereas ethidium bromide 
could enter a cell only upon membrane damage and it was 

Fig. 12  A 7-ketocholesterol uptake by IC-21 macrophages was quan-
tified using lipid accumulation assay with oil red O staining in experi-
mental groups (Group I—control cells; Group II—cells treated with 
8 µg/ml of 7KCh; Group III—cells treated with 8 µg/ml of 7KCh and 
200 ng/ml of LPS; Group IV 25–400—cells treated with 8 µg/ml of 
7KCh, 200 ng/ml of LPS and co-treated with 400 µg/ml of D. muri-
cata leaf extract) after 24 h. Each data represents the mean ± SD of 
three determinants. The difference in the lipid accumulation levels 
between groups I and II–III and groups III and IV were significant 
at *p < 0.05 and **p < 0.01. B Total lipid peroxidation level measure-

ment of thiobarbituric acid reactive substances (TBARS) in IC-21 
macrophages following treatment with different experimental groups 
(Group I—control cells; Group II—cells treated with 8  µg/ml of 
7KCh; Group III—cells treated with 8  µg/ml of 7KCh and 200  ng/
ml of LPS; Group IV 25–400—cells treated with 8 µg/ml of 7KCh, 
200  ng/ml of LPS and co-treated with 400  µg/ml of D. muricata 
leaf extract). Each data represents the mean ± SD of three determi-
nants. The difference in the lipid peroxidation levels between groups 
I and II–III and groups III and IV were significant at *p < 0.05 and 
**p < 0.01
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used to identify unhealthy cells undergoing early and late 
apoptosis. Cells under early apoptosis exhibited bright 
yellow-green coloured nuclei due to chromosome con-
densation and late apoptotic cells were stained red. Our 

results indicated that the control group (Fig. 16; group 
I) was composed of live cells with no cells undergoing 
apoptosis. Induction with 7KCh (group II) results in early 
and late apoptosis of macrophages and the maximum level 
of apoptosis with the highest late apoptotic cells was evi-
dently observed in 7KCh + LPS-induced cells (group III) 
compared to the control (group I). The effect of 7KCh and 
LPS on damaging the membrane integrity was effectively 
prevented upon co-treatment with D. muricata extract 
(Fig. 16; group IV) which showed the highest number of 
live cells with greatly reduced cells undergoing apoptosis 
almost similar to control cells (group I).

Effect of D. muricata extract on mineralization 
of calcium in M2 phenotypic IC‑21 macrophages

Intracellular calcium deposition was evaluated in exper-
imental macrophages using an acid extraction method 
for quantification. Upon staining macrophages with 
ARS, mineralization of calcium was evident upon visu-
alization. When the extracted stain was quantified col-
orimetrically, we observed that the groups (II and III) 
treated with 7KCh and 7KCh + LPS resulted in high 
calcium deposition with OD values of 0.057 and 0.061, 
respectively (Fig. 17). As anticipated, macrophages upon 

Fig. 13  Quantitative and qualitative detection of ROS generation 
by DCFH-DA in M2 phenotypic IC-21 macrophages. A ROS level 
observed under a fluorescent microscope (→ in the figures denote 
the level of ROS generated inside the macrophages). B Estimation of 
ROS level produced by different experimental groups (Group I—con-
trol cells; Group II—cells treated with 8 µg/ml of 7KCh; Group III—
cells treated with 8 µg/ml of 7KCh and 200 ng/ml of LPS; Group IV 

25–400—cells treated with 8 µg/ml of 7KCh, 200 ng/ml of LPS and 
co-treated with 400 µg/ml of D. muricata leaf extract) after treatment 
for 24 h. The fluorescent absorbance (OD) was measured with a spec-
trofluorometer at an excitation of 485 nm and an emission of 530 nm. 
Each data represents the mean ± SD of three determinants. The differ-
ence in the ROS levels between groups I and II–III and groups III and 
IV were significant at *p < 0.05 and **p < 0.01

Fig. 14  Level of superoxide generation estimated using NBT quanti-
fication assay in M2 phenotypic IC-21 macrophages (Group I—con-
trol cells; Group II—cells treated with 8 µg/ml of 7KCh; Group III—
cells treated with 8 µg/ml of 7KCh and 200 ng/ml of LPS; Group IV 
25–400—cells treated with 8 µg/ml of 7KCh, 200 ng/ml of LPS and 
co-treated with 400  µg/ml of D. muricata leaf extract) after experi-
mentation for 24  h. The levels are expressed as absorbance (OD). 
Each data represents the mean ± SD of three determinants. The differ-
ence in the superoxide anion generation between groups I and II–III 
and groups III and IV was significant at *p < 0.05 and **p < 0.01
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co-treatment with D. muricata extract expressed signifi-
cantly reduced (group IV) calcium deposits with lower 
absorbance of OD value of 0.047 closely resembling the 
control group I (Fig. 17).

Effect of D. muricata extract on expressions 
of inflammatory genes produced upon 7KCh 
and LPS induction

Pro‑atherogenic enzymes (iNOS, COX‑2 and MMP‑9)

Inflammation is generally orchestrated by enzymes such 
as iNOS, COX-2 and MMP-9 produced by macrophages 
upon pro-inflammatory stimulation. Our expression analy-
sis revealed that these genes of pro-atherogenic enzymes 
were significantly upregulated in 7KCh-treated cells and 
7KCh + LPS-treated cells (group II and III, respectively) when 
compared with control cells (group I). On the contrary, their 
levels were remarkably downregulated upon co-treatment 

with D. muricata leaf extract (group IV) which was closely 
similar to that of the control cells (Fig. 18; group I).

Pro‑atherogenic interleukins (IL‑6 and IL‑1β)

Interleukins are inflammatory cytokines produced by mac-
rophages among which IL-6 and IL-1β are pro-atherogenic 
in nature. Analysis of the genes responsible for these inter-
leukin productions showed that they were highly elevated 
in groups II and III treated with 7KCh and 7KCh + LPS, 
respectively, than in the control group I. In contrast, when 
they are co-treated with D. muricata leaf extract (group IV) 
their levels are significantly reduced closely resembling the 
control cells (Fig. 18; group I).

Pro‑atherogenic scavenging receptors (CD36 and CD163)

Scavenging receptors CD36 and CD163 are pro-atherogenic 
markers highly expressed on the surface of pro-inflammatory 

Fig. 15  Fluorescent imaging 
for mitochondrial membrane 
potential analysis of experi-
mented IC-21 macrophages 
using rhodamine 123 (Rh123) 
and 4′,6-diamidino-2-phenylin-
dole (DAPI). Images expose the 
level of active mitochondria in 
live cells upon treatment with 
different experimental groups 
after 24 h (Group I—control 
cells; Group II—cells treated 
with 8 µg/ml of 7KCh; Group 
III—cells treated with 8 µg/ml 
of 7KCh and 200 ng/ml of LPS; 
Group IV 25–400—cells treated 
with 8 µg/ml of 7KCh, 200 ng/
ml of LPS and co-treated with 
400 µg/ml of D. muricata leaf 
extract). DAPI was used as a 
counter stain for the nucleus. 
Macrophages were observed 
under a confocal fluorescent 
microscope and the indications 
in the images are as follows: 
M → active mitochondria and 
N → nucleus
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macrophages. We assessed the expression level of these 
receptor genes under experimental conditions. Our results 
illustrate that treatment of macrophages with 7KCh and 
7KCh + LPS (groups II & III) significantly upregulated their 
levels compared to the control group, whereas, their levels 
were notably decreased upon co-treatment with D. muricata 
leaf extract (group IV) and closely resembled the control 
cells (Fig. 18; group I).

Anti‑atherogenic surface receptors (MRC1 and PPARγ)

Along with pro-atherogenic inflammatory markers, we also 
analysed for the expression of anti-atherogenic markers 
namely MRC1 and PPARγ which are beneficial. MRC1 and 
PPARγ involve in tissue healing and remodelling for anti-
inflammation. Our results on gene expression analyses of 
these beneficial macrophage markers show that their expres-
sion levels were lower in groups treated with 7KCh and 
7KCh + LPS (groups II and III) than in the control group. 
Interestingly, when macrophages were co-treated with D. 

Fig. 16  Membrane integrity 
analysis of experimented IC-21 
macrophages visualized under a 
confocal fluorescent microscope 
using acridine orange (AO) and 
ethidium bromide (EB) nuclear 
stains. Images expose the level 
of membrane integrity in cells 
upon treatment with different 
experimental groups after 24 h 
(Group I—control cells; Group 
II—cells treated with 8 µg/
ml of 7KCh; Group III—cells 
treated with 8 µg/ml of 7KCh 
and 200 ng/ml of LPS; Group 
IV 25–400—cells treated with 
8 µg/ml of 7KCh, 200 ng/ml of 
LPS and co-treated with 400 µg/
ml of D. muricata leaf extract). 
Macrophages were observed 
and the indications in the 
images are as follows: L → live 
cells; EA → early apoptotic cells 
and LA → late apoptotic cells

Fig. 17  Quantitative analysis of intracellular calcium deposition 
in cultured M2 phenotypic IC-21 macrophages using alizarin red 
S staining. Data represents the level of calcium deposits in each of 
the experimental groups after 24  h of treatment (Group I—control 
cells; Group II—cells treated with 8  µg/ml of 7KCh; Group III—
cells treated with 8  µg/ml of 7KCh and 200  ng/ml of LPS; Group 
IV 25–400—cells treated with 8 µg/ml of 7KCh, 200 ng/ml of LPS 
and co-treated with 400 µg/ml of D. muricata leaf extract). Each data 
represents the mean ± SD of three determinants. The difference in the 
calcium deposition between groups I and II–III and groups III and IV 
were significant at *p < 0.05 and **p < 0.01
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muricata leaf extract (group IV) they expressed a higher 
level of surface receptors very much resembling control cells 
(Fig. 18; group 1).

Effect of D. muricata leaf extract on expressions 
of TGFβ1

Results obtained from the ELISA technique showed lower 
levels of TGFβ1 in the groups treated with 7KCh and 
7KCh + LPS (groups II and III) compared to the control 
group (Fig. 19). The concentration of TGFβ1 was signifi-
cantly higher in the supernatant obtained from the group co-
treated with D. muricata leaf extract (2.8025 ± 0.07 ng/ml; 
group IV) than that of the remaining experimental groups.

Protein expression of NF‑κB and iNOS

Immunocytochemistry analysis showed that the cells 
treated with 7KCh and 7KCh + LPS (groups II and III) 
expressed higher expression of NF-κB p65 in the nuclear 
region compared to the control group. The co-treatment of 

macrophages with D. muricata leaf extract (Fig. 20; group 
IV) down-regulated the expression of NF-κB p65 and it was 
similar to the control cells. Similar results were observed 

Fig. 18  Gene expression of pro-atherogenic enzymes (iNOS, COX-2 
and MMP-9), interleukins (IL-6 and IL-1β), pro-atherogenic scav-
enging receptors (CD163 and CD36) and anti-atherogenic surface 
receptors (MRC1 and PPARγ) which are specific for M1 and M2 
phenotypic macrophages were analysed. Pro-atherogenic mediators 
were found to be upregulated, whereas anti-atherogenic mediators 
were downregulated in the 7KCh along and 7KCh + LPS treated cells 
(Groups II and III) compared to the control condition (Group I). From 

the gel electrophoresis results, co-treatment with D. muricata leaf 
extract (Group IV) has evidently modulated the expression of mac-
rophage mediators. Densitometric values of the obtained bands were 
platted in graphs for comparison. Each data represents the mean ± SD 
of three determinants. The difference in the gene expression levels 
between groups I and II–III and groups III and IV were significant at 
*p < 0.05 and **p < 0.01

Fig. 19  Effect of D. muricata leaf extract on the TGFβ1 cytokine 
expression in M2 phenotypic IC-21 macrophages. Each data rep-
resents the mean ± SD of three determinants. The difference in the 
TGFβ1 cytokine level between groups I and II–III and groups III and 
IV were significant at *p < 0.05 and **p < 0.01
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upon observing the expression of iNOS in the experimented 
cells which implied that treatment of D. muricata was sig-
nificantly able to reduce NF-κB p65 and iNOS expression 
levels.

Discussion

Medicinal plants have the potential to prevent and reduce 
atherosclerotic manifestations through their pleiotropic anti-
inflammatory, anti-oxidant, anti-lipidemic and anti-throm-
botic effects exhibited by their phytochemicals (Kirichenko 
et al. 2020). In this context, this study aimed to elucidate 
the anti-atherogenic activity of a traditionally consumed 
medicinal plant, D. muricata which is locally being used 
for treating multiple disorders associated with inflamma-
tion (Khan and Younus 2011). The presence of all the tested 
phytochemicals observed in the methanol extract was vali-
dated by the previous studies which stated the presence of 
such phytochemicals in the extract of D. muricata (Mathad 
and Mety 2010; Usmani et al. 2013). Ramalashmi (2019) 
reported the absence of saponins and steroids in the metha-
nol leaf extract of D. muricata which is contradictory and 
requires further validation. In general, bioactive phytochemi-
cal constituents including polyphenols, flavonoids, steroids, 
and vitamins of medicinal plants like Allium cepa (onion), 
Allium sativum (garlic), Ocimum sanctum (holy basil), etc. 
have been proven to combat several diseases (Vasanthi et al. 

2012). These phytochemicals have been suggested to be the 
prime responsible compounds with beneficial effects on 
human health, especially for cardioprotection (Liu 2003).

Phytochemical profiling with TLC and GCMS denoted 
the presence of various phytochemicals in the leaf extract 
of D. muricata and their retention factors of the compounds 
indicate an idea of their polarity. This will further help in 
the future for the selection of suitable solvent systems for 
the separation and isolation of a bioactive compound using 
column chromatography. Similar TLC profiling of aque-
ous leaf extract of D. muricata was separated by Mubark 
and Ahmed (2020). This qualitative analysis has been per-
formed on several other medicinal plant extracts like Cas-
sytha filiformis (love-vine), Daucus carota (wild carrot), 
Catharanthus roseus (cape periwinkle), Anredera cordifolia 
(mignonette vine), etc. to identify and isolate phytochemi-
cals for cardioprotection (Astuti et al. 2011; Sathiavelu and 
Arunachalam 2012; Kabesh et al. 2015; John et al. 2017). 
This analysis authenticates the visual confirmation of diverse 
phytochemicals present in the leaf extract making it suit-
able for further experimentation. Sitosterol is an important 
phytosterol that has been found to express protective activ-
ity against the foam cell formation of J774A.1 macrophage 
cell line and modulatory effect on oxidative stress induced 
by Ox-LDL (Vivancos and Moreno 2008; Rosenblat et al. 
2013). This plant has already been reported to contain some 
of the pharmacologically significant phytocompounds like 
α and β-spinasterol with nutritional interest that have been 

Fig. 20  Effect of D. muricata leaf extract on protein expression of A nuclear transcription factor NF-κB and B pro-inflammatory mediator iNOS 
in M2 phenotypic IC-21 macrophages when induced with 7KCh and LPS
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extensively studied for their impact on mechanisms of cell 
responses, especially involving anti-oxidation and cellular 
signalling to prevent disease developments (Virgili and 
Marino 2008; Ghaffar et al. 2019).

In support of our results, the DPPH scavenging property 
of D. muricata extract was also reported previously with 
higher scavenging activity among other studied medicinal 
plants such as Gomphrena serrata (prostrate gomphrena), 
Alternanthera paronychioides (smooth joyweed) and Celo-
sia argentea (prince of wales feathers) emphasizing its 
dynamic antioxidant activity (Shazia et al. 2013; Arulm-
athi et al. 2017). The effective anti-oxidant activity of D. 
muricata leaf extract could be attributed to the presence of 
free radical scavenging constituents like hexadecanoic acid, 
sitosterol, phytol and tridecanoic acid (Henry et al. 2002; 
Santos and Salvadori 2013; Bharath and Perinbam 2021; 
Gupta et al. 2011). Similar analyses of plants such as Hibis-
cus sabdariffa (roselle) and Solanum sisymbriifolium (sticky 
nightshade) with higher free radical scavenging activities 
have been reported to suppress ROS production, LDL oxida-
tion and Ox-LDL-mediated apoptosis in macrophages which 
are pro-inflammatory in action (Chang et al. 2006; More 
and Makola 2020). In this context, the anti-inflammatory 
property of this extract was tested further.

RBC membrane stabilization test remains to be one of 
the classical techniques to preliminarily evaluate the anti-
inflammatory property of a drug (Sur et al. 2002). The cel-
lular membrane integrity of immune cells like macrophages 
is greatly affected during oxidative stress and its protection 
is vital for its normal functioning (Coquette et al. 1986). 
Oxidized lipid products have been shown to exert cytotoxic 
effects on macrophages by disrupting their membrane home-
ostasis, causing destabilization of lysosomes and mitochon-
dria, which is a crucial event in the macrophage foam cell 
necroptosis (Yuan et al. 2000). Hence, an anti-inflamma-
tory drug with efficient cytoprotective activity is critical for 
maintaining macrophage integrity to prevent plaque progres-
sion during atherogenesis. In this study, the extract was able 
to prevent the hypotonicity-induced membrane instability of 
hRBC effectively even at the lowest concentration resem-
bling the standard drug, thereby suggesting its protective 
effect in modulating inflammatory mediators. Surprisingly, 
the membrane stabilization activity of the extract was almost 
equal to the effect of dexamethasone even at the lowest con-
centration tested. This indicated the efficiency of the extract 
to exert a potential anti-inflammatory effect, thereby pre-
venting macrophage polarization.

7KCh was found to be the most cytotoxic at higher con-
centrations to cultured cells upon internalization among the 
predominant oxysterols (Rodriguez et al. 2004). The proa-
poptotic feature of 7KCh was able to kindle the death of 
murine macrophages through caspases of the mitochondrial 
apoptotic pathway (Biasi et al. 2004). A dose-dependent 

decrease in human macrophage THP-1 cells was reported 
upon treatment with 7KCh up to 25 µM concentration simi-
lar to our results. This was found to be due to 7KCh’s ability 
in arresting cell cycle progression preferably through oxida-
tive stress of DNA (Palozza et al. 2010). In addition, the 
cellular apoptosis of murine macrophage cell line J774A.1 
was exposed to be through the involvement of NF-κB activa-
tion by means of dose and time dependency (Huang et al. 
2010). LPS has been extensively analysed for its induction of 
apoptosis through a spectrum of cytomorphological as well 
as biomolecular changes mediated by mitochondrial and 
nuclear damage (Forbes-Hernández and Giampieri 2014). 
Its effect on inducing inflammation and apoptosis is also 
applicable to macrophages by molecular mechanisms involv-
ing several signalling pathways in a dose-dependent fashion, 
thereby affecting their cell viability (Afrin et al. 2018). Acti-
vation of macrophages at a viable concentration was found 
to induce the production of inflammatory mediators, namely, 
NO and associated cytokines through its TLR4-mediated 
signalling (Padwad et al. 2006). LPS was assessed at very 
low concentrations in this study to avoid its dominance in 
inducing a synergistic activity on macrophages as it was 
used only for co-stimulation with 7KCh. D. muricata has 
been studied to expose concentration-dependent reduction 
in the viability of cells at higher concentrations (Deepthi 
et al. 2021). Hence, in this study, the viable concentrations 
were utilized for further analyses to maintain the viability 
of macrophages. The effect of D. muricata extract had not 
been assessed on macrophages so far; this is the first time 
it has been studied for its protective effect under in vitro 
conditions.

Nitic oxide is a reactive nitrogen species and cyto-
toxic effector synthesized by macrophages through iNOS 
towards its contribution to regulating inflammatory events 
(Boscá et al. 2005). Increased production of NO is known 
to mediate cytotoxicity and apoptosis of vascular cells dur-
ing pro-atherogenesis as well as cause vasodilation result-
ing in inflammation and septic shock (Li and Horke 2014; 
Förstermann et al. 2017). It is a predominant marker of M1 
phenotypic macrophages which synthesizes it through iNOS 
by regulating NF-κB signalling (Colin et al. 2014). 7KCh 
has been found to induce increased production of ROS/
RNS in cells, especially macrophages that lead the cells 
towards apoptosis (Leonarduzzi et al. 2006). In addition, 
7KCh has also been shown to support the polarization of 
macrophages towards the M1 phenotype by increasing its 
pro-inflammatory characteristic production of cytokines 
and chemokines, especially iNOS (Drvar et  al. 2022). 
Elevated expression of inflammatory mediator iNOS in 
7KCh-exposed macrophages is responsible for the higher 
production of NO, thereby modulating its phenotype (Calle 
et al. 2019; Duraisamy et al. 2023). These previous findings 
highly correlate with our results of increased NO production 
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upon 7KCh treatment with dose dependency. In our find-
ings, we observed that even at very lesser concentrations, 
LPS could achieve overproduction of NO. Previous stud-
ies support this by demonstrating its efficiency in inducing 
NO production through iNOS expression in macrophages 
(Ghosh 1999; Ryu et al. 2003; Choe and Choi 2019; Moore 
et al. 2019). Thus, it was used in this study as a co-stimulant 
to achieve a rapid atherogenic environment under in vitro 
conditions. Plants with medicinal values possess natural 
antioxidant properties due to their varied phytochemicals 
which aid in ameliorating nitric oxide radicals that are 
destructive to tissues (Rasheed and Azeez 2019). The anti-
oxidant property of Digera muricata was previously reported 
(Elgailani 2018; Mehwish and Islam 2019), and this may 
have possibly conferred its effect on significant reduction 
of NO production in macrophages in this study. Similarly, 
previous reports prove that extracts of Populus maximowic-
zii, Gynura procumbens, Machilus thunbergii, Ranunculus 
sceleratus Artemisia iwayomogi and Populus davidiana with 
antioxidant properties were shown to potentially inhibit NO 
in macrophages (Ryu et al. 2003; Ning et al. 2019; Mar-
relli et al. 2022). Reduction of M1 macrophage-synthesized 
nitric oxide by a plant molecule, protocatechuic acid (PCA) 
has been shown to attenuate atherogenesis by inhibiting M1 
macrophage polarization (Liu et al. 2018). Similar attenu-
ation of abnormal macrophage polarization was analysed 
through diverse methodologies further in this study.

Nitric oxide generation that is distinctive to M1 mac-
rophages is indirectly proportional to M2 macrophage-
specific arginase enzyme activity since they are involved 
in the metabolism of l-arginine (Yang and Ming 2014). 
Based on our results, it is evident not only that 7KCh and 
LPS were able to induce abnormal macrophage polarization 
through decreased arginase activity but also the effect of D. 
muricata in increasing the arginase activity that is highly 
necessary for macrophage in mediating anti-inflammation 
during atherogenesis (Fig. 9). Studies report evidence of 
7KCh mediating the decrease in arginase expression, thereby 
influencing the polarization of macrophage towards the M1 
phenotype (Drvar et al. 2022). Alcoholic extracts of herbal 
immunomodulators belonging to the Echinacea genus such 
as E. angustifolia, E. pallida and E. purpurea have been 
found to significantly increase arginase activity in stimulated 
RAW 264.7 macrophages (Zhai et al. 2009). In contrast, 
arginase enzyme activity was assessed as a major marker 
of M2 phenotype in macrophages and our results indicated 
that the effect of D. muricata in reducing the NO production 
was through the increased production of arginase (Fig. 10). 
These competing arginine metabolism pathways have been 
well-studied to influence macrophage polarization processes 
during atherosclerosis (Rath et al. 2014).

IC-21 macrophage is an M2 phenotype macrophage 
cell line with enhanced endocytic activity under normal 

conditions. Cholesterol and its derivatives accumulate in 
macrophages and turn them into lipid-laden foam cells that 
contribute to atherosclerotic plaque development (Kruth 
2011). 7KCh has been found to promote foam cell formation 
of macrophages that displayed pro-inflammatory character-
istics with poor sterol efflux transport (Gelissen et al. 1996; 
Hayden et al. 2002). Intracellular accumulation of 7KCh has 
been found to modulate the endocytic responses of murine 
macrophages (Ravi et al. 2021). Our results clearly indicate 
the restoration of pinocytosis in macrophages which was 
impaired by 7KCh and LPS. This may possibly be due to 
the effect of D. muricata leaf extract in the prevention of 
lipid uptake and formation of foam cells or by enhancing the 
cholesterol efflux pathways which was analysed in further 
experiments (Li and Glass 2002).

Similar to our findings, recent studies show that upon 
accumulation of 7KCh in macrophages, atherosclerotic 
responses are produced that are responsible for disease pro-
gression (Biasi et al. 2004; Rao et al. 2014). Several plants 
like piper betel, pomegranate, Castanea molissima and their 
biomolecules such as polyphenols, sterols and stanols were 
claimed to prevent or inhibit the accumulation of lipids in 
macrophages as well as augment cholesterol efflux pathways 
(Ma et al. 2013a, b; Gylling et al. 2014; Zhao et al. 2016; 
Liu and Lu 2022). 7KCh-induced atherosclerotic side effects 
were found to be counteracted upon treatment with numer-
ous natural compounds, especially medicinal plants (Brahmi 
et al. 2018, 2019). D. muricata is one among such medicinal 
plants which have shown promising results in our study by 
efficiently lowering the lipid accumulation in macrophages 
upon co-treatment (Fig. 12A; group IV), thereby proving its 
role in atheroprotection by preventing lipid uptake. The pos-
sible reason behind our results of D. muricata in preventing 
lipid uptake may be due to its potential anti-lipidemic activ-
ity or its regulation of lipid metabolism and efflux.

7KCh has been analysed previously for its lipid peroxida-
tion activity through malondialdehyde formation (Monier 
et al. 2003). Similar evidence was obtained from our experi-
ment when macrophages were treated with 7KCh (group 
II; Fig. 12B). Inhibition of lipid peroxidation with plant-
based anti-oxidant supplementation has been found to pre-
vent the formation of foam cells and atherogenesis (Kaplan 
et al. 2001). Since 7KCh and LPS increased the level of 
lipid peroxidation in macrophages, it made us curious to 
know whether this effect is induced by intracellular oxida-
tive stress. Thus, we assessed the level of ROS and  O2

− in 
particular, under experimental conditions.

The generation of reactive oxygen species results in oxi-
dative stress that leads to inflammation and causes athero-
sclerosis. According to Kattoor et al. (2017), reactive oxygen 
species (ROS) are a group of small reactive molecules that 
play vital roles in regulating cell functions and biological 
processes. Mitochondrial oxidative stress in atherosclerotic 
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macrophages produced upon LDL increase was found to 
amplify lesion formation (Wang et al. 2014). Oxysterols 
such as 7-ketocholesterol at 16 µM concentration enhanced 
the production of reactive oxygen species (Palozza et al. 
2010). Likewise, under our in vitro experiment, we assessed 
the level of ROS generation quantitatively as well as quali-
tatively using DCFH-DA dye under the influence of 7KCh, 
an ox-LDL with or without LPS as an immunostimulant and 
our results correlate with the previous studies as an increased 
ROS level was observed (Brahmi et al. 2018). This phenom-
enon was retained to normalcy upon co-treatment with D. 
muricata leaf extract with reduced ROS levels (Fig. 13A, 
B). Prior studies with this plant extract also support its anti-
oxidant ability when administered with toxic substances like 
carbon tetrachloride  (CCl4) (Khan et al. 2009; Muhammad 
et al. 2011).

Macrophages produce a burst of superoxide anion medi-
ated by NADPH oxidase upon activation in atherogenesis 
(Cathcart 2004) and correspondingly in our study treat-
ment of macrophages with 7KCh along with or without LPS 
(Fig. 14; groups II and III) drastically increased their lev-
els. As superoxide anions contribute to the pathogenesis of 
inflammatory diseases including atherosclerosis, reducing it 
would be a better therapeutic strategy. Upon co-treatment 
with D. muricata methanol extract, the level of superox-
ide anion generation was found to be beneficially reduced 
(Fig. 14; group IV). Plant alkaloids such as berberine involve 
in inhibiting NADPH oxidase-mediated superoxide anion 
production in macrophages (Sarna et al. 2010). Several phar-
macologically important plants namely Cucumis melo (Voul-
doukis et al. 2004), Rhus verniciflua (Jung et al. 2006), Limo-
nium densiflorum (de Medina et al. 2009), Phyllanthus acidus 
(Manikandan et al. 2017), Smilax campestris (Salaverry 
and Parrado 2020), etc., provided a free radical scavenging 
activity that possesses anti-oxidant functions similar to D. 
muricata in this study. Plants belonging to Amaranthaceae 
namely, Amaranthus spinosus and A. viridis, which are sister 
species of D. muricata have also been found to effectively 
express antioxidant activity by suppressing the generation of 
free radicals such as  O2

− (Adegbola et al. 2020).
Mitochondria remain not only as a source of damage-

causing free radicals but also as their susceptible target. This 
in turn stimulates a vicious cycle of excessive ROS genera-
tion that damages mitochondrial membrane potential (ΔΨm) 
and ultimately results in cell death (López et al. 2009). Thus, 
we studied the mitochondrial membrane potential upon 
induction with 7KCh and LPS and the possible influence 
of D. muricata on it using Rh123/DAPI staining. Rh123 
produced green fluorescence upon sequestration with active 
mitochondria and DAPI stained the nucleus of every experi-
mented cell in blue colour, irrespective of its health state. 
Mitochondrial dysfunction and its associated distress-caus-
ing signalling cascades are induced by 7KCh and LPS during 

pro-inflammatory conditions (Brahmi et al. 2018; Mahalak-
shmi et al. 2021). M1 and M2 macrophages have been found 
to exhibit different cellular metabolisms in relation to their 
polarization and function. Mitochondria have been largely 
active in M2 macrophages with increased cellular respiration 
and oxygen consumption to provide its anti-inflammatory 
property which is inhibited in M1 macrophages. Thus, the 
regulation of mitochondria is an important factor in the 
proper management of macrophage polarization and its 
inflammatory properties (Feng et al. 2018; Qing et al. 2020). 
Medicinal plant extracts, as well as their active compounds 
like curcumin (from Curcuma longa), TanshinoneIIA (from 
Salvia miltiorrhiza), SO1989 (an oleanolic acid derivative), 
Guggulsterone (GS from Commiphora wightii), etc., have 
been clinically proven to subside inflammatory responses 
of M1 macrophages and promote its polarization towards 
anti-inflammatory phenotype (M2) through the promotion 
of mitochondrial membrane potential and its function (Cox 
et al. 2022; Gao et al. 2019; Miller et al. 2019; Yang et al. 
2019). Similar results have been obtained in our study where 
D. muricata efficiently prevented mitochondrial damage and 
retained its membrane potential which was evident from the 
microscopic images (Fig. 15). We claim from our results 
that Digera muricata being a natural antioxidant was able 
to exhibit its activity through its protective role of cells and 
their organelles.

Current evidence suggests that mitochondria-mediated 
oxidative stress regulates several cellular mechanisms 
including membrane integrity and death (Prajapati and 
Gohel 2020). The cytotoxic ability of 7KCh has been 
reported to disturb plasma membranes by incorporating 
itself into lipid rafts leading to its condensation (Schieffer 
et al. 2014). LPS on its own was found to damage mac-
rophage survival resulting in their apoptosis (Conte et al. 
2006). These statements have been supported by our results 
where 7KCh on its own as well as its synergistic effect with 
LPS were very well able to disrupt the membrane integ-
rity of macrophages even at 24 h resulting in apoptotic 
events. This process of apoptosis associated with oxida-
tive stress and autophagy was termed “oxiapoptophagy” 
that was appealed to be caused by 7KCh induction (Nury 
et al. 2014). Several plants and their derivatives generally 
possess a cytoprotective effect through their primary and 
secondary metabolites such as oleic acid, α-tocopherol, ter-
penoids, phytosterols, resveratrol, etc. (Brahmi et al. 2018). 
Spinasterol and sitosterols are primary phytosterols of the 
Mediterranean nutrients which were found to impose cyto-
protective activity on 7KCh-induced cytotoxicity (Rezig and 
Ghzaiel 2022). The effect of D. muricata on the maintenance 
of membrane integrity (Fig. 16; group IV) against 7KCh 
and LPS-induced cytotoxicity may potentially be attributed 
to its phytochemical constituents such as sitosterols. The 
macrophage cellular damage and death were reported to be 
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caused by dysfunctional organelles resulting in disrupted 
calcium homeostasis and hence the calcium mineralization 
was analysed further in this study.

Abnormal mineralization of calcium in vascular tissues 
is a common finding in patients with atherosclerosis and is 
used as a diagnostic marker. Dysfunctional calcification in 
macrophages is found to be a trigger for pro-inflammatory 
responses with a spectrum of effects such as matrix metal-
loprotease production which poses a threat to the severity of 
atherosclerosis (Ewence et al. 2008). Henceforth, we aimed 
to check whether a similar response is also produced upon 
7KCh treatment in macrophages using an intracellular cal-
cium staining procedure with alizarin red S. The assay result 
disclosed that the cells treated with 7KCh with or without 
LPS eventually resulted in increased calcium deposits, thus 
providing evidence for the role of 7KCh and LPS on unchar-
acteristic mineralization. On the other hand, co-treatment of 
the macrophages along with D. muricata extract brought the 
condition back to a standard level with significantly lower 
calcium deposits similar to control cells (Fig. 17). In support 
to our findings, suppression of 7KCh-induced apoptosis of 
cells was shown evidently by the treatment of a phytochem-
ical through prevention of increased intracellular calcium 
deposition (Tesoriere et al. 2013).

In order to further study the atheroprotective effect of 
D. muricata leaf extract, we tested its ability to check on 
the levels of gene expression of mediators that result in an 
inflammatory response. Recent studies have revealed that 
macrophages possess a hallmark feature of plasticity and 
can undergo a dynamic transition between M1 and M2 
phenotype due to polarization and inflammatory markers-
producing genes including iNOS, COX-2, MMP9, IL-1β, 
IL-6, MRC1 and PPARγ and surface markers such as CD16 
and CD36 may serve a key role in macrophage polarization 
(Zhou et al. 2017). In response to inflammatory stimuli by 
LPS, M1 phenotypic macrophages produce inducible nitric 
oxide synthase (iNOS) which uses a substrate like L-arginine 
to produce nitric oxide (Weisser et al. 2013). Pro-atherogenic 
enzymes such as iNOS, COX-2 and MMP-9 were assessed 
for their expression initially (Fig. 18). iNOS generally pro-
duces a higher amount of nitric oxide than eNOS and nNOS 
which could play a role in cellular damage and inflamma-
tion (Luoma et al. 1998). The D. muricata extract greatly 
downregulated the expression of iNOS which was induced 
upon 7KCh and LPS treatment. LPS-treated macrophages 
stimulate iNOS expression and are sufficient to induce NO 
synthesis at the transcriptional level (Panaro et al. 2003). 
Similarly, Gargiulo et al. (2018) in his research concluded 
that iNOS is upregulated with the induction of oxysterols. 
Hori et al. (2001) proved that the level of expression of 
COX-2 is increased or is upregulated during the treatment 
with LPS through their experiments. COX-2 was upregu-
lated during the treatment with oxysterols (Gargiulo et al. 

2018). In contrast, the D. muricata extract downregulated 
the expression of COX-2. Oxysterols in atherosclerotic 
lesions promote the expression of MMP-9 and contribute to 
vulnerable plaque (Gargiulo et al. 2011). MMP-9 is associ-
ated with the development of cardiovascular diseases and is 
upregulated by the induction of LPS (Cheng et al. 2009). On 
the co-treatment with D. muricata extract, the expression of 
MMP-9 was remarkably downregulated.

IL-6 and IL-1β are pro-atherogenic cytokines that are 
known to be highly secreted during lesion formation. IL-6 
is a pro-inflammatory cytokine and is upregulated with the 
induction of LPS and oxysterol such as 7KCh (Sung et al. 
2009; Qi et al. 2019). Supplementation of Amaranthus cru-
entus belonging to Amaranthaceae has been found to signifi-
cantly reduce the expression of inflammatory IL-6 in murine 
macrophages (Tyszka-Czochara et al. 2016). IL-1β is a key 
mediator of the inflammatory response which is upregulated 
by the treatment with LPS and oxysterols (Wong et al. 2020). 
Similar to this, our results denote that these pro-atherogenic 
cytokines were expressed highly upon 7KCh and LPS treat-
ment, whereas co-treatment with extract of D. muricata 
notably reduced their expression (Fig. 18).

Scavenging receptors like CD36 and CD163 involve in 
the excessive uptake of Ox-LDL which results in foam cell 
formation and expression of M1-like features by M2 mac-
rophages. CD36 is a scavenger receptor that plays a vital role 
in foam cell formation and is upregulated with the induc-
tion of oxysterols such as 7KCh (Leonarduzzi et al. 2006). 
LPS treatment was also found to increase the mRNA level 
of CD36 that upregulated the lipid accumulation in mac-
rophages (Li et al. 2013). CD163 is a scavenger receptor 
expressed by the stimulation of anti-inflammatory mediators 
and interleukins are upregulated with the induction of LPS 
and oxysterols (Weaver et al. 2007; Zizzo and Cohen 2015). 
CD163 was considered to be atheroprotective, whereas a 
recent discovery shows that it is associated with increased 
atherosclerotic plaque vulnerability (Bengtsson et al. 2020). 
They were expressed in increased levels upon treatment with 
7KCh along with or without LPS, whereas in contrast they 
were very much decreased upon co-treatment with D. muri-
cata methanol extract (Fig. 18).

Mannose receptor C-type 1, a protein-coding gene highly 
expressed in M2 macrophages was downregulated by the 
induction of LPS and oxysterols (Liu et al. 2015; Viaud et al. 
2018). Similarly, peroxisome proliferator-activated recep-
tor gamma is an anti-inflammatory enzyme that was down-
regulated by the induction of oxysterol and LPS (Kim et al. 
2007; Ma et al. 2013a, b). Our results provided us with a 
reasonable indication of D. muricata extract to effectively 
upregulate these anti-atherogenic markers which were down-
regulated by 7KCh with or without LPS (Fig. 18).

In addition, to study the efficacy of D. muricata in 
maintaining the M2 phenotype of macrophages, TGFβ1 



 3 Biotech (2023) 13:331

1 3

331 Page 26 of 32

expressions were estimated using ELISA. Our study shows 
that 7KCh reduced the production of TGFβ1 in macrophages 
which supports the previous reports where this particular 
anti-inflammatory cytokine was reduced by 7KCh to pro-
mote pro-inflammatory signalling (Saha and Profumo 
2020). Increasing TGF β1 using phytocompounds such 
as α-mangostin, asiaticoside, madecassoside, etc. in mac-
rophages has been found to increase the stability of athero-
sclerotic plaque by promoting the M2 population (Smed-
bakken et al. 2012; John et al. 2022; Bandopadhyay et al. 
2023). The results of the study are supportive of the previous 
findings where TGF β1 concentrations that were reduced 
upon 7KCh and 7KCh + LPS treatment (Fig. 19; Group II 
and III) were significantly increased upon co-treatment with 
D. muricata extract. This made us further study its potential 
in regulating NF-κB and iNOS expression in macrophages. 
NF-κB is a pro-inflammatory transcription factor that 
acts as a fundamental controller of the expression of most 
inflammatory outcomes. Its increase during atherogenesis 
is attributed to the polarization of macrophages towards the 
M1 phenotype under chronic diseases and regulating this 
signalling modulates the plasticity of macrophages (Silveira 
et al. 2016). Previous studies have shown the phosphoryla-
tion and translocation of the transcription factor, NF-κB 
p65 into the nucleus during abnormal polarization in mac-
rophages with elevated expression of iNOS and its associ-
ated pro-atherogenic mediators (He et al. 2017). Plants and 
phytocompounds such as Sutherlandia frutescens, resvera-
trol, berberine, quercetin and silymarin (Camille and Dealtry 
2018; Li and Feng 2020; Bellavite et al. 2023) were reported 
to influence the regulation of macrophage polarization via 
NF-κB signalling and similar observation in our immuno-
cytochemistry analysis support the activity of D. muricata 
in preventing macrophage polarization towards pro-inflam-
matory outcomes (Fig. 20; Group IV). Similar results were 
observed when iNOS expression was analysed which act as 
a supplementary indication of preventing abnormal mac-
rophage polarization (Fig. 20; Group IV). Therefore, it 
is evident from the obtained results that D. muricata leaf 
extract is a possible anti-atherogenic agent against 7KCh 
and LPS-mediated inflammatory responses.

Conclusion

In conclusion, sitosterol-rich D. muricata extract showed the 
presence of diverse ethnopharmacologically significant phy-
tochemicals with multiple therapeutic applications making 
it worthy of functional analyses. We elucidated the athero-
protective property of Digera muricata extract in modulat-
ing the macrophage polarization and atherogenic responses 
stimulated by the synergistic effect of 7-ketocholesterol and 

bacterial lipopolysaccharide. Deleterious atherosclerotic 
manifestations in macrophages such as cellular oxidants 
(NO, ROS and  O2

−) mitochondrial membrane damage, loss 
of cellular membrane integrity, reduced pinocytosis, intra-
cellular lipid accumulation and calcium deposition were 
significantly stabilized by D. muricata with increased argi-
nase enzyme activity. Decreased gene expression of pro-
atherogenic mediators (iNOS, COX-2, MMP9, IL-6, IL-1β, 
CD36 and CD163) and increased anti-atherogenic media-
tors (MRC1 and PPARγ) in macrophages were imposed by 
D. muricata treatment. This effect may be incurred by the 
extract as it is sitosterol-rich, a phytosterol with a wide spec-
trum of medicinal applications. Recently, sitosterol has been 
explored in many studies owing to its ability in attenuating 
atherosclerosis and its inflammatory mechanisms. The mac-
rophage polarization phenomenon from anti-inflammatory 
towards pro-inflammatory phenotype upon 7KCh and LPS 
stimulation was indirectly confirmed in this study through 
the determination of inflammatory mediators that are spe-
cific for particular macrophage phenotypes. Direct evidence 
for macrophage polarization is a limitation of this study 
which will be addressed in future analyses. Nevertheless, 
particular bioactive compounds which are responsible for 
this potential activity will be isolated, and characterized 
and their functional analyses will be investigated in the near 
future. Thereby, we conclude for the first time that sitos-
terol-rich Digera muricata help in attenuating atherosclero-
sis development since it was proven to effectively regulate 
oxysterol-induced macrophage polarization mediators and 
their atherogenic responses. The inclusion of this medicinal 
plant in our daily routine diet will be of immense benefit to 
prevent the manifestation of cardiovascular ailments associ-
ated with an unhealthy lifestyle.
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