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Editorial on the Research Topic
Therapeutic potential of natural products in oxidative and
metabolic diseases

Introduction

Research on the therapeutic potential of natural products in oxidative and metabolic diseases
has gained significant attention in the recent years. Oxidative stress and metabolic dysregulations
have been implicated in various health conditions, including cardiovascular diseases, diabetes,
neurodegenerative disorders, obesity and so on (Salau et al.). Natural products, derived from
plants are rich in bioactive compounds with antioxidant and metabolic modulating properties
(Chanu et al.). This thematic issue was conceived on the baseline information that oxidative and
metabolic diseases represent a large proportion of global public health challenges and quality of
life. These diseases are often characterised by the imbalance between the cellular prooxidant
(products of metabolic processes) and the antioxidant molecules within the cells. The imbalance
often leads to the underlying factors that exacerbate the pathogenesis of some life-threatening
diseases such as cancer, obesity, diabetes, and cardiovascular diseases. On the other hand, natural
products, including phytochemicals and functional foods are known for their ability to modulate
metabolic processes such as ameliorating reactive oxygen species (ROS)-induced mitochondria
dysfunction,mitigating inflammatory response, and other cellular functions that could ameliorate
the disease developments (Alruhaimi et al.; Chanu et al.). Despite the relatively low toxicities of
natural products as compared to synthetic medicines, further studies are still required to optimize
their bioavailability, therapeutics, pharmaceutics, at different experimental settings including pre-
clinical and clinical trials in patients suffering from oxidative and metabolic diseases.

Over the years, the treatment and management of metabolic disorders and metabolic
syndromes including diabetes, obesity and cardiovascular diseases have been challenging due to
higher cost, lack of safety and several adverse effects of the synthetic drugs (Chanu et al.). As
these disorders are exacerbated by oxidative and inflammatory stress, natural products including
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phytochemicals, functional foods, and nutraceuticals with antioxidative
and anti-inflammatory properties have now been increasingly utilized
as an alternative therapeutics. Natural products are naturally embedded
with pharmacological activities useful for the prevention and treatment
of various diseases. They are often utilized as starting points for drug
discovery research which can lead to the development of a new drug
with improved efficacy and safety. Metabolic disorders are
multifactorial diseases, thus the use of natural products as a
supplement may also be effective in the treatment of these diseases.

The envisaged Research Topics are a collection of quality original
research articles that provide both experimental and clinical data on the
potential therapeutic relevance of natural products, including
phytochemicals and functional foods in the management of
oxidative and metabolic diseases. In addition to original research
articles, we were able to accommodate some well-articulated review
articles with original interpretations of existing knowledge to expose
scientific gaps and to provide new insights into the therapeutic
prospects of phytochemicals and functional food in oxidative and
metabolic disorders. The thematic areas which were relevant to the
therapeutic relevance of natural products in diabetes and obesity,
cardiovascular diseases, and oxidative stress and inflammation were
considered in the Research Topic. In this editorial, we attempted to
highlight the findings and potential impacts of some of the notable
articles published under the Research Topic as briefly described below.

As shown in some of the studies, the antidiabetic potentials of
natural products comprise different mechanisms. Chanu et al.’s study
provided scientific support for the utilization of Ageratina adenophora
in treating type 2 diabetes in a the streptozotocin (STZ) and
nicotinamide (NA)STZ-NA-induced diabetic rat model. The possible
mechanisms include inhibiting carbohydrate digestion and improving
insulin sensitivity. Alruhaimi et al. demonstrated that a flavonoid-rich
fraction of Euphorbia peplus attenuates hyperglycaemia, insulin
resistance, and oxidative stress in a type 2 diabetes rat model.
Berberine’s ability to enhance the function of the β-cells of
pancreatic islets in db/db mice through the GLP-1/GLP-1R/PKA
signalling pathway was reported by Wu et al. Salemcity et al.
demonstrated the reversal of mitochondrial permeability transition
pore and pancreas degeneration by the chloroform fraction of
Ocimum gratissimum (L.) leaf extract in a type 2 diabetic rat model.
All the above-mentioned studies highlighted the potentials of natural
products and compounds for the management of type 2 diabetes.

Some other studies suggest that the anti-inflammatory and
antioxidant potentials of natural products could mitigate the
damage of key metabolic organs and improve associated disease
conditions. Alshehri and Alorfi elucidated the protective efficacy of
resveratrol against Vancomycin-induced hepatotoxicity in male
Wistar rats through oral administration. The co-treatment of
resveratrol with vancomycin demonstrated a pronounced
hepatoprotective effect, averting the elevation of key markers
such as AST, ALT, ALP, IL-6, and MDA. Additionally, it
protected the liver from the depletion of NO and GSH. Salau
et al. documented the hepatoprotective effects of Lippia javanica

(Burm. F.) Herbal Tea in Chang liver cells by mitigating redox
imbalance and perturbed metabolic activities. This underscores its
potential as a therapeutic agent for oxidative stress-related
liver diseases.

Abo-Saif et al. reported the cardioprotective potential of
pomegranate peel extract in diabetic rats, attributing its efficacy
to unique antioxidant, anti-inflammatory, and antifibrotic
properties. The inhibition of the NLRP3/caspase-1/IL-1β
signalling pathway and downregulation of lncRNA-MALAT1
were identified as key mechanisms in this study. The study of
Mazhar et al. showed that Zhilong Huoxue Tongyu capsule could
attenuate intracerebral haemorrhage-induced redox imbalance by
modulating the Nrf2 signalling pathway.

The therapeutic potential of natural products on
dyslipidaemia was also documented. Abduh et al. established
that Averrhoa carambola leaves effectively prevent dyslipidaemia
and oxidative stress in a rat model of acute hyperlipidaemia-
induced by poloxamer-407. This protective effect was attributed
to the modulation of factors related to lipoprotein lipase (LPL),
phospholipids (PL), HMG-CoA reductase, and cholesterol
synthesis. Xin et al. reported that Polygala tenuifolia Willd.
seed oil (PWSO) treatment inactivated SREBP1 and SREBP2,
inhibiting hepatic lipid accumulation and mitigating
inflammation via the NF-κB signalling pathway. This study
suggested the potential use of PWSO as a dietary supplement
to inhibit the occurrence and development of metabolism-
associated fatty liver disease (MAFLD).

Sayed et al.’s comprehensive review provided insights into the
mechanisms of action and therapeutic potential of natural products
as novel anti-obesity agents. In another review, Wang and Li
reported the therapeutic role of baicalin in various lung diseases,
including chronic obstructive pulmonary disease, asthma,
pulmonary fibrosis, pulmonary hypertension, pulmonary
infections, acute lung injury/acute respiratory distress syndrome,
and lung cancer, while elucidating the underlying mechanisms.

Overall, these insights encourage continued exploration of
natural products for their valuable contributions to preventive
and therapeutic strategies in human health, particularly for
oxidative and metabolic disorders.
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Averrhoa carambola leaves prevent
dyslipidemia and oxidative stress in
a rat model of
poloxamer-407-induced acute
hyperlipidemia

Maisa Siddiq Abduh1,2*, Sultan A. M. Saghir3,4*, Amir M. Al Hroob3,
Albandari Bin-Ammar5, Ayat H. Al-Tarawni6,
Vikneswaran Murugaiyah4 and Ayman M. Mahmoud7,8*
1Immune Responses in Different Diseases Research Group, Department of Medical Laboratory Sciences,
Faculty of Applied Medical Sciences, King Abdulaziz University, Jeddah, Saudi Arabia, 2Center of Excellence in
Genomic Medicine Research, King Abdulaziz University, Jeddah, Saudi Arabia, 3Department of Medical
Analysis, Princess Aisha Bint Al-Hussein College of Nursing and Medical Sciences, Al-Hussein Bin Talal
University, Ma’an, Jordan, 4Department of Pharmacology, School of Pharmaceutical Sciences, Universiti
Sains Malaysia, Penang, Malaysia, 5Department of Clinical Nutrition, College of Applied Medical Sciences,
University of Hail, Hail, Saudi Arabia, 6Department of Biological Sciences, Mutah University, Al-Karak, Jordan,
7Department of Life Sciences, Faculty of Science and Engineering, Manchester Metropolitan University,
Manchester, United Kingdom, 8Physiology Division, Department of Zoology, Faculty of Science, Beni-Suef
University, Beni-Suef, Egypt

Background: The star fruit [Averrhoa carambola L (Oxalidaceae)] is traditionally used
in the treatment of many ailments in many countries. It possesses several
pharmacological activities, including antioxidant and anti-inflammatory effects.
However, it contains the neurotoxic caramboxin and its high content of oxalic
acid limits its consumption by individuals with compromised kidney function. This
study assessed the anti-hyperlipidemic and antioxidant activities of different fractions
of the methanolic extract of A. carambola leaves (MEACL).

Methods: The antioxidant activity was investigated using FRAP, and ABTS and DPPH
radical-scavenging assays and the inhibitory activity toward pancreatic lipase (PL) and
HMG-CoA reductase was assayed in vitro. Acute hyperlipidemia was induced by
poloxamer-407 (P-407) in rats and different fractions of MEACL (n-hexane,
chloroform, n-butanol, ethyl acetate (EA), water, and chloroform) were orally
administered. Cholesterol and triglycerides were determined at 0, 12, 24, and
48 h and LDL-C, vLDL-C, HDL-C, lipid peroxidation (LPO) and antioxidants were
assayed after 48 h. The expression of ABCA1, ABCG5, ABCG8, LDL-R, SREBP-1, and
SREBP-2 and the activity of HMG-CoA reductase were assayed in the liver of P-407-
administered rats treated with the EA fraction.

Results: The in vitro data revealed potent radical-scavenging activities of MEACL
fractions with the most potent effect showed by the EA fraction that also suppressed
the activities of HMG-CoA reductase and PL. In P-407-induced hyperlipidemic rats,
all fractions prevented dyslipidemia as shown by the decrease in total cholesterol,
triglycerides, LDL-C, vLDL-C and atherogenic index. MEACL and its fractions
prevented LPO and boosted GSH, superoxide dismutase, glutathione peroxidase,
and catalase in P-407-administered rats. The EA fraction showed more effective
anti-hyperlipidemic and antioxidant effects than other fractions and downregulated
SREBP-2 while upregulated ABCA1 and LDL-R and ameliorated LPL and HMG-CoA
reductase in hyperlipidemic rats.

OPEN ACCESS

EDITED BY

Aliyu Muhammad,
Ahmadu Bello University, Nigeria

REVIEWED BY

Aminu Mohammed,
Ahmadu Bello University, Nigeria
Dharmani Devi Murugan,
University of Malaya, Malaysia

*CORRESPONDENCE

Maisa Siddiq Abduh,
mabdoh@kau.edu.sa

Sultan A. M. Saghir,
sultan_a1976@yahoo.com

Ayman M. Mahmoud,
a.mahmoud@mmu.ac.uk

SPECIALTY SECTION

This article was submitted to
Ethnopharmacology,
a section of the journal
Frontiers in Pharmacology

RECEIVED 30 December 2022
ACCEPTED 23 January 2023
PUBLISHED 06 February 2023

CITATION

Abduh MS, Saghir SAM, Al Hroob AM,
Bin-Ammar A, Al-Tarawni AH,
Murugaiyah V and Mahmoud AM (2023),
Averrhoa carambola leaves prevent
dyslipidemia and oxidative stress in a rat
model of poloxamer-407-induced
acute hyperlipidemia.
Front. Pharmacol. 14:1134812.
doi: 10.3389/fphar.2023.1134812

COPYRIGHT

© 2023 Abduh, Saghir, Al Hroob, Bin-
Ammar, Al-Tarawni, Murugaiyah and
Mahmoud. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 06 February 2023
DOI 10.3389/fphar.2023.1134812

7

https://www.frontiersin.org/articles/10.3389/fphar.2023.1134812/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1134812/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1134812/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1134812/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1134812/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1134812&domain=pdf&date_stamp=2023-02-06
mailto:mabdoh@kau.edu.sa
mailto:mabdoh@kau.edu.sa
mailto:sultan_a1976@yahoo.com
mailto:sultan_a1976@yahoo.com
mailto:a.mahmoud@mmu.ac.uk
mailto:a.mahmoud@mmu.ac.uk
https://doi.org/10.3389/fphar.2023.1134812
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1134812


Conclusion:MEACL showed in vitro and in vivo antioxidant activity and the EA fraction
significantly ameliorated dyslipidemia in a rat model of P-407-induced acute
hyperlipidemia by modulating LPL, PL, HMG-CoA reductase, and
cholesterolgenesis-related factors. Therefore, the leaves of A. carambola represent
a safe alternative for the star fruit particularly in kidney disease patients, and the EA is the
most effective anti-hyperlipidemic and antioxidant fraction.

KEYWORDS

star fruit, dyslipidemia, oxidative stress, cholesterol, triglycerides

1 Introduction

Dyslipidemias are characterized by abnormal circulating levels of
cholesterol (CHOL) and/or triglycerides (TG) and their related
lipoprotein species (Berberich and Hegele, 2022). Dyslipidemia can
increase the risk for cardiovascular disease (CVD) and increased
atherosclerotic CVD risk is the common clinical consequence. High
plasma CHOL is a characteristic feature of atherosclerosis which may
lead to many serious diseases, including ischemic heart disease, stroke,
and myocardial infarction (Berberich and Hegele, 2022). Hepatic
synthesis and diet are the main sources of plasma CHOL and TG,
and 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase is the
rate limiting enzyme for hepatic cholesterol synthesis (Sato and
Takano, 1995). Etiologically, many factors such as suboptimal diet,
obesity, sedentary life style, genetic deviations, metabolism
abnormalities, insulin resistance, defects in intestinal absorption of
CHOL and lipids and mutations in cell surface receptors and enzymes
could contribute to the development of the dyslipidemias (Su et al.,
2022). The rising frequency of non-communicable diseases and its link
to hyperlipidemias has reached epidemic statistical proportions,
necessitating a greater focus on their influence on premature death,
particularly among young adults. The number of years lost to
cardiovascular illnesses with a metabolic base, such as coronary
ischemia disease and ischemic stroke, climbed from fourth to first
place between 1990 and 2017 (Afshin et al., 2019). Hyperlipidemia is
associated with redox imbalance and oxidative stress (Yang et al., 2008;
Singh et al., 2017). The accumulation of lipids within the cells increases
reactive oxygen species (ROS) release, leading to oxidative stress which
can negatively impact many organs (Furukawa et al., 2004). The
oxidative modification of glucose, LDL-C, and proteins, along with
activated NADPH oxidase and altered mitochondrial membrane
properties leading to the leakage of ROS are the common
contributors to hyperlipidemia-associated oxidative stress (Yang
et al., 2008; Singh et al., 2017).

Lipid metabolism in mammals is tightly regulated through the
controlling effect of the transcription factors sterol regulatory-
element binding proteins (SREBPs) on the expression of genes
involved in cholesterolgenesis, and synthesis of fatty acids and TG
(Horton et al., 2002). SREBP-1 controls genes of many factors
involved in TG biosynthesis and SREBP-2 controls important
genes in the synthesis and uptake of CHOL such as HMG-CoA
reductase and LDL receptor (LDL-R) (Horton et al., 2002). The
CHOL efflux pathways are essential in inhibiting excessive CHOL
accumulation within the cells and mediated via the ATP binding
cassette (ABC) subfamily A member 1 (ABCA1), ABCG5 and
ABCG8. ABCA1 is involved in maintaining CHOL homeostasis
through the reverse CHOL transport pathway by facilitating CHOL
transport to outside the cell where it being received by

apolipoprotein-A1 (Yang et al., 2016). ABCG5 and ABCG8 play
a key role in the direct excretion of CHOL via the bile (Yu et al.,
2002). Statins, bile acid sequestrants, fibrates, and lomitapide are
among the lipid-lowering agents used for the management of
dyslipidemias (Berberich and Hegele, 2022). Despite their
beneficial lipid-lowering activities, the use of statins and other
agents could be associated with adverse effects such as the
development of muscle disorders and diabetes (He et al., 2018;
Newman et al., 2019). Therefore, the search for new anti-
hyperlipidemic agents with minimal or no side effects and high
therapeutic efficacy would be valuable for the management of
dyslipidemias.

Several plant species and their derived active constituents have
shown beneficial lipid-lowering activities in preclinical models
(Mahmoud, 2012; Mahmoud et al., 2012; Hozayen et al., 2016;
Mahmoud et al., 2017; Aladaileh et al., 2019; Germoush et al., 2019;
Elsayed et al., 2020). Averrhoa carambola L (Oxalidaceae) is widely
consumed in South American and Asian countries due to its rich
content of vitamins and minerals. It is commonly known as star
fruit and is traditionally used in the treatment of several ailments.
The star fruit showed interesting pharmacological effects in
different in vitro and in vivo studies (Luan et al., 2021). It
ameliorated steatosis partly by suppressing lipogenesis in db/db
mice (Pang et al., 2017), and attenuated adipocyte differentiation
in vitro (Mohamed Rashid et al., 2016). The use of star fruit was
associated with toxic effects, particularly seizures, confusion and
even coma (Chang et al., 2000; Neto et al., 2003; Tsai et al., 2005).
Neurological adverse effects mimicking a stroke have been recently
reported to accompany acute intoxication with star fruit (Stumpf,
2020). The neurotoxicity of star fruit could be directly connected to
the presence of the neurotoxin caramboxin (Yasawardene et al.,
2020). The presence of large oxalate content renders the star fruit
nephrotoxic (Chen et al., 2001). Therefore, the leaves of A.
carambola could be a safe alternative to the use of the star fruit.
The leaves of this plant species showed a topical anti-inflammatory
effect in a murine model of ear edema by inhibiting
myeloperoxidase activity (Cabrini et al., 2011). The hydro-
ethanolic extract of the leaves protected rats against acidified
ethanol-induced gastric ulcer (Goncalves, 2006) and showed
potent hypoglycemic effect (Ferreira et al., 2008). Recently, we
demonstrated that the methanolic extract of A. carambola leaves
(MEACL) has no acute or chronic toxic effects in male and female
rats using doses up to 5,000 mg/kg (Saghir et al., 2022). In addition,
we have reported the lipid-lowering efficacy of MEACL in rats fed a
high fat diet for 5 weeks (Aladaileh et al., 2019). The current study
aimed to investigate the antioxidant and anti-dyslipidemia effects
of different fractions of MEACL using in vitro assays and in vivo
poloxamer-407 (P-407)-induced acute hyperlipidemic rat model.
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2 Materials and methods

2.1 Chemicals and reagents

Ferrous sulfate heptahydrate, aluminum chloride (AlCl3) and
chloroform were purchased from R&M Chemicals (Malaysia).
Ascorbic acid, 2,2’-diphenyl-1-picrylhydrazyl (DPPH), gallic
acid, potassium acetate, Folin-Ciocalteu reagent, sodium
carbonate, thiobarbituric acid (TBA), sodium nitrate, sodium
hydroxide, carboxymethyl cellulose (CMC), 2,2-azinobis (3-
ethylbenzothiazoline-6- sulfonic acid) (ABTS), P-407,
diammonium salt, ferric chloride (FeCl3), 2,4,6-tri (2- pyridyl)-
s-triazine (TPTZ), potassium chloride (KCl), hydrochloric acid
(HCl) and potassium persulfate were purchased from Sigma-
Aldrich (Germany). Total CHOL and TG assay kits were
obtained from ThermoFisher Scientific (United States), and
atorvastatin was purchased from Ranbaxy (Malaysia).

2.2 Collection and extraction of plant leaves,
and fractionation of the methanolic extract

A. carambola leaves were collected from University Sains Malaysia
(USM) main campus and authenticated under a voucher specimen
No.11238. The leaves were cleaned, dried and ground in a mixer
grinder. The powdered material was macerated in methanol at room
temperature (RT) for 9 days at a ratio of 1:6 (w/v). The extract was
decanted every 72 h and a new solvent was added. The extracts were
pooled, filtered using cotton plug and Whatman No. 1 filter paper,
concentrated with a rotary evaporator, and freeze-dried. The
fractionation of MEACL was carried out using the liquid–liquid
partition method, which involved utilizing several solvents in order of
increasing polarity, from less polar to high polar (Ferreira et al., 2014). The
used solvents were n-hexane, chloroform, ethyl acetate (EA) and
n-butanol at a proportion of 1:1, repeated for 3 times each. Briefly,
70 g of MEACL was dissolved in 700 mL of methanol and fractionated

FIGURE 1
A flow chart showing the fractionation of MEACL.
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firstly with n-hexane to yield the n-hexane and methanol fractions. The
later was evaporated using rotary evaporator at 40°C and resolubilized in
water, which was further fractionated with chloroform and EA to yield
chloroform and EA fractions, respectively. Subsequently, fractionation
was carried out with water saturated n-butanol to yield butanol and water
fractions, respectively (Figure 1). All fractions were concentrated using
rotary evaporator at 40°C except the water fraction which was
concentrated using freeze drying. The yield was calculated based on
the weight of crude methanol extract initially used for the partitioning.

2.3 Determination of total phenolic (TP) and
flavonoid content

The TP of different fractions of MEACL was determined using
Folin-Ciocalteu reagent and gallic acid (GA) as a standard (Singleton

and Rossi, 1965). The test samples (20 µL of extracts or GA) were
mixed with distilled water (1.8 mL), 2 N Folin-Ciocalteu reagent
(100 µL) and 20% sodium carbonate (300 µL). After incubation for
2 h at RT, the absorbance was measured at 765 nm. The flavonoid
content was measured using AlCl3 method with quercetin (QE) as a
reference (Chang et al., 2002). Briefly, the sample (500 µL), 10% (w/v)
AlCl3 (100 µL), 1 M potassium acetate (100 µL), methanol (1,500 µL)
and distilled water (2,800 µL) were mixed and incubated at RT for
30 min. The absorbance was measured at 415 nm and the flavonoid
content was expressed as mg of quercetin equivalent/g extract.

2.4 Evaluation of in vitro antioxidant activity

Ferric Reducing Antioxidant Power (FRAP), DPPH radical
scavenging and ABTS radical scavenging assays were employed to

TABLE 1 Primers used for qRT-PCR.

Gene Genbank accession number Sequence (5′-3′) Amplicon size (bp)

Abca1 NM_178095.3 F: GCAGCGACCATGAAAGTGAC 185

R: GAGGCGGTCATCAATCTCGT

Abcg5 NM_053754.2 F: GGGAAGTGTTTGTGAACGGC 121

R: GTGTATCTCAGCGTCTCCCG

Abcg8 NM_130414.2 F: TTCTGATGACGTCTGGCACC 97

R: TTGCTGTAGCGAGACAAGG

Srebp1 NM_001276708.1 F: CGGAGCCATGGATTGCACATT 104

R: CTGTCTCACCCCCAGCATAG

Srebp2 NM_001033694.2 F: TCAAACATGGCGGCGGTTG 159

R: AGCTCGCTGTTCTCATCCAT

Ldlr NM_175762.3 F: CATTTTCAGTGCCAACCGCC 127

R: TGCCTCACACCAGTTTACCC

Actb NM_031144.3 F: AGGAGTACGATGAGTCCGGC 71

R: CGCAGCTCAGTAACAGTCCG

Abca1, ATP, binding cassette subfamily A member 1; Abcg5, ATP, binding cassette subfamily G member 5; Abcg8, ATP, binding cassette subfamily G member 8; Srebp1, sterol regulatory element

binding protein 1; Ldlr, low density lipoprotein receptor; Actb, beta actin.

FIGURE 2
Total phenolic (A) and flavonoid (B) content of different fractions of MEACL. Data are Mean ± SEM (n = 3).
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determine the antioxidant activity of MEACL fractions as described by
Shahaboddin et al. (2011); Brand-Williams et al. (1995); Re et al.
(1999), respectively. The FRAP reagent [10 mmol TPTZ in 40 mmol/L
HCl, 20 mmol/L FeCl3·6H2O and 0.3 mmol/L acetate buffer (pH 3.6)]

was mixed with the samples and incubated for 4 min at 37°C. The
absorbance was read at 593 nm against the blank (methanol)
(Shahaboddin et al., 2011). In a 96-well plate, 100 μL DPPH and
100 μL sample were mixed and incubated for 30 min at RT in the dark.
The absorbance of the mixture was measured at 517 nm (Brand-
Williams et al., 1995). The ABTS radical cation (ABTS+) was prepared
by mixing equal volumes of ABTS stock solution and 2.45 mM
potassium persulfate. The mixture was left at RT for 12 h in dark
prior to use. The concentrated ABTS+ solution was diluted to a final
concentration that showed absorbance of 0.70 ± 0.02 at 734 nm. Each
sample (50 µL) was mixed with ABTS solution (150 µL), vortexed for
15 s and the absorbance was recorded at 734 nm after 6 min.

2.5 Determination of HMG-CoA reductase
and pancreatic lipase (PL) activities in vitro

The effect of the EA fraction on the activities of HMG-CoA
reductase and PL was tested in vitro. The assay of the activity of
HMG-CoA reductase is based on NADPH oxidation by the catalytic
subunit of HMG reductase in the presence of HMG-CoA (Rao and
Ramakrishnan, 1975) using pravastatin as a standard inhibitor. PL

FIGURE 3
FRAP of the fractions of MEACL. Data are Mean ± SEM (n = 3).

FIGURE 4
DPPH radical scavenging activity of the fractions of MEACL. Data are Mean ± SEM (n = 3).
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activity was measured using 4-methyl umbelliferone oleate (4 MUO)
as a substrate. Using microplate reader at an excitation wavelength of
320 nm and an emission wavelength of 450 nm, the amount of 4-
MUO liberated by lipase was measured.

2.6 In vivo anti-hyperlipidemic effect of
MEACL fractions

2.6.1 Animals and treatments
Male Sprague Dawley (SD) rats (180–220 g) were obtained from the

Animal Research and Service Centre (ARASC),University SainsMalaysia
(USM). The rats were kept at standard temperature (23°C ± 1°C) and
humidity on a 12 h light/dark cycle with free access to food and tap water.
The animals were maintained for 7 days to acclimate before the onset of
experiment. The approval was obtained from Animal Ethics Committee,
University Sains Malaysia, Penang, Malaysia [Approval number: USM/
Animal Ethics Approval/2012/(77) (387)].

P-407-induced acute hyperlipidemia was developed to assess the
antihyperlipidemic efficacy of MEACL fractions. P-407 was dissolved
in physiological saline and refrigerated overnight to allow for cold

dissolution. Hyperlipidemia was produced by injecting a single dose
(500 mg/kg) of P-407 intraperitoneally (i.p.) (Zanwar et al., 2014). A
total of 48 SD rats were divided into eight groups (n = 6). Group I is
control and groups II-VIII are hyperlipidemic rats as follows:

Group I: Given i. p. injection of normal saline and 1% CMC.
Group II: Received 1% CMC.
Group III: Received 1,000 mg/kg n-hexane fraction dissolved in
1% CMC.
Group IV: Received 1,000 mg/kg chloroform fraction dissolved in
1% CMC.
Group V: Received 1,000 mg/kg EA fraction dissolved in 1% CMC.
Group VI: Received 1,000 mg/kg n-butanol fraction dissolved in
1% CMC.
Group VII: Received 1,000 mg/kg water fraction dissolved in
1% CMC.
Group VIII: Received 60 mg/kg atorvastatin dissolved in 1%CMC.

CMC, atorvastatin, and the fractions were administered orally for
2 days (3 doses at 0, 24, and 48 h). To assay total CHOL (TC) and TG,
about 150 µL of blood was taken from the tail vein at time 0 (pre), and

FIGURE 5
ABTS radical scavenging activity of the fractions of MEACL. Data are Mean ± SEM (n = 3).
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12 h and 24 h following the injection of P-407. Then, the terminal blood
samples were obtained after 48 h via cardiac puncture under ketamine
anesthesia to determine TC, TG, LDL-C, HDL-C, malondialdehyde
(MDA), reduced glutathione (GSH), glutathione peroxidase (GPx),
superoxide dismutase (SOD), and catalase (CAT). Blood samples were
centrifuged for 10 min at 5,000 rpm to obtain serum, which was stored
at −80°C prior to analysis. The rats were dissected and samples from the
liver were collected on RNAlater for RNA isolation.

2.6.2 Biochemical assays
The levels of TC and TG were assayed using commercial kits

according to the manufacturer’s instructions. HDL-C and LDL-C were
measured in serum using ARCHITECT C4000 Biochemistry Analyzer.
Plasma Lipoprotein lipase (LPL) was measured as previously described
(Hamilton et al., 1998; Mondragon et al., 2014). In this assay, the rats
received 300 U/kg heparin intravenously and blood was collected after
15 min for the separation of plasma. LPL activity was calculated as total
lipaseminus the remaining activity after inhibitionwith 1MNaCl.HMG-
CoA reductase activity was determined in the liver as previously described
(Rao and Ramakrishnan, 1975). The atherogenic index (AI) was
calculated using the following equation (Wu et al., 2014).

AI � TC −HDL.C
HDL.C

MDA was assayed in serum samples according to Okhawa et al.
(1979). This method uses the reaction of MDA with TBA and an
MDA standard curve. GSH content was determined as previously
reported (Ellman, 1959). SOD activity was determined depending

on its ability to inhibit superoxide radical formation in a reaction
mixture containing xanthine and xanthine oxidase (XO). The
activity of XO produces superoxide that reacts with
hydroxylamine to form nitrite that could be detected by Griess
reagent (Ōyanagui, 1984). CAT activity was measured based on the
enzyme-catalyzed decomposition of hydrogen peroxide (H2O2),
whereby the residual H2O2 was determined (Işlekel et al., 1999).
The assay of GPx activity was based on the decomposition of H2O2

to water and oxygen and the oxidation of GSH. The oxidized
glutathione is reduced by glutathione reductase and the decrease
in NADPH is monitored (Flohé and Günzler, 1984).

2.6.3 qRT-PCR
To assess the effect of the EA fraction on the expression of ABCA1,

ABCG5, ABCG8, LDL-R, SREBP-1, and SREBP-2, RNA was isolated
using Trizol reagent, treated with RNase-free DNase (Qiagen,
Germany), quantified using a nanodrop, and sampled with A260/
A280 ≥ 1.8 were used for cDNA synthesis using Thermofisher
(United States) kit. cDNA was amplified using SYBR Green master
mix and the primers in Table 1 and B-actin as a control. The 2−ΔΔCT

method (Livak and Schmittgen, 2001) was employed to analyze the data.

2.7 Statistical analysis

All results were expressed as mean ± SEM. The statistical
significance was determined by one-way ANOVA test followed by
Tukey’s post hoc test using GraphPad Prism 8. A p < 0.05 was
considered significantly different.

FIGURE 6
Effect of different fractions of MEACL on TC levels at 0, 12, 24, and 48 h (A, B). Changes in TC levels in control, hyperlipidemic and hyperlipidemic rats
treated with ethyl acetate fraction or atorvastatin (C). Values are represented as mean ± SEM (n = 6). ***p < 0.001 versus Control, and #p < 0.05, ##p < 0.01,
and ###p < 0.001 versus P-407.
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3 Results

3.1 Total phenolics (TP) and flavonoids

The TP content of the fractions of MEACL ranged from 42.75 to
205.65 mg GA equivalent (GAE)/g of dry extract (Figure 2A). The EA
fraction exhibited the highest phenolic content (205.65 mg GAE/g)
and the n-hexane fraction exhibited the lowest phenolic content
(42.75 mg GAE/g). The flavonoid content ranged between
16.88 and 139.92 mg QE/g, with the highest content was recorded
in the EA fraction followed by chloroform fraction (119.92 and
64.12 mg QE/g, respectively) as depicted in Figure 2B.

3.2 In vitro antioxidant activity

The antioxidant activity of the fractions of MEACL was assessed
using FRAP (Figure 3), and DPPH (Figure 4) and ABTS (Figure 5)
radical-scavenging assays. As shown in Figure 3, the highest activity
was observed with the EA fraction (35.70 μmol FeSO4/mg) followed by
water and n-hexane fractions (33.13 and 32.93 μmol FeSO4/mg,
respectively), while the chloroform and n-butanol fractions showed
the lowest FRAP (16.68 and 14.35 μmol FeSO4/mg, respectively). All
fractions showed concentration-dependent scavenging activity toward
DPPH and ABTS as shown in Figure 4 and Figure 5, respectively. The

EA fraction showed the lowest IC50 values in both DPPH and ABTS
radical-scavenging assays.

3.3 Anti-hyperlipidemic activity of different
fractions of MEACL in P-407-administered
rats

The data represented in Figures 6A–C and Figures 7A–C show the
effect of various fractions of MEACL on TC and TG levels,
respectively, in P-407-administered rats. Both TC and TG showed
significant elevation after 12, 24, and 48 h in P-47-administered rats
when compared with the control rats (p < 0.001). All fractions of
MEACL as well as atorvastatin decreased blood TC and TG in P-407-
administered rats at different time points. The effect of n-hexane,
chloroform, and n-butanol fractions on TC levels at the 12 h time
point was non-significant (p > 0.05), and n-hexane and water fractions
decreased TG at 12 h and 24 h, but their effect after 48 h was non-
significant. Among the MEACL fractions, the EA showed the most
potent effect on blood TC and TG in P-407-administered rats at all
time points. This anti-hyperlipidemic effect was further supported by
the data represented in Figure 8. P-407 increased LDL-C (Figure 8A),
vLDL (Figure 8B) and AI (Figure 8D) and decreased HDL-C
(Figure 8C) significantly as compared to the control. The EA was
the only effective fraction in decreasing serum LDL-C and increasing

FIGURE 7
Effect of different fractions of MEACL on TG levels at 0, 12, 24, and 48 h (A, B). Changes in TG levels in control, hyperlipidemic and hyperlipidemic rats
treated with ethyl acetate fraction or atorvastatin (C). Values are represented as mean ± SEM (n = 6). ***p < 0.001 versus Control, and #p < 0.05, ##p < 0.01,
and ###p < 0.001 versus P-407.
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HDL-C in P-407-administered rats. The chloroform and n-butanol
fractions decreased serum vLDL significantly and all fractions except
the water fraction were effective in ameliorating the AI.

3.4 Different fractions of MEACL prevented
oxidative stress in P-407-administered rats

MDA was significantly elevated in the blood of P-407-treated rats
(p < 0.001) as represented in Figure 9A. The antioxidants GSH
(Figure 9B), SOD (Figure 9C), CAT (Figure 9D), and GPx
(Figure 9E) were decreased significantly in hyperlipidemic rats. All
fractions of MEACL were effective in ameliorating MDA and
enhancing GSH and antioxidant enzymes in hyperlipidemic rats.
Of note, the EA fraction was more effective in decreasing MDA,
and increasing GSH, CAT, and GPx.

3.5 Effect of the EA fraction on ABCA1,
ABCG5, ABCG8, LDL-R, SREBP-1, and SREBP-
2 in P-407-administered rats

Given that the EA fraction showed the most potent radical
scavenging and anti-hyperlipidemic effects, we investigated its
effect on the expression of ABCA1 (Figure 10A), ABCG5
(Figure 10B), ABCG8 (Figure 10C), LDL-R (Figure 10D), SREBP-1
(Figure 10E), and SREBP-2 (Figure 10F) in the liver of P-407-
administered rats. The results showed decreased ABCA1 and LDL-
R, and increased SREBP-2 in P-407-administered rats while ABCG5,
ABCG8, and SREBP-1 were not changed. The EA fraction upregulated

ABCA1 and LDL-R, and downregulated SREBP-2 in
hyperlipidemic rats.

3.6 Effect of the EA fraction on HMG-CoA
reductase, PL, and LPL

The administration of P-407 decreased plasma LPL (Figure 11A)
and increased liver HMG-CoA reductase (Figure 11B) significantly in
rats (p < 0.001). Treatment with the EA fraction increased LPL and
decreased HMG-CoA reductase in P-407-administered rats. The EA
fraction showed a concentration-dependent effect on the activity of
HMG-CoA reductase in vitro when compared to the control as
represented in Figure 11C. Similarly, the EA fraction exerted
concentration-dependent inhibitory activity on PL (Figure 11D) in
vitro.

4 Discussion

The star fruit (A. carambola) is traditionally used in many
countries for the treatment of several ailments. Despite its
beneficial effects, the use of the fruit could be associated with
adverse effects such as neurotoxicity (Yasawardene et al., 2020).
The leaves of A. carambola can represent a safe alternative and its
methanolic extract (MEACL) has shown no acute or chronic
toxicity up to 5,000 mg/kg (Saghir et al., 2022) and exhibited
lipid-lowering efficacy in HFD-fed rats (Aladaileh et al., 2019).
This study investigated the anti-hyperlipidemic and antioxidant
efficacies of different fractions of MEACL in a rat model of acute

FIGURE 8
Effect of different fractions of MEACL on (A) LDL-C, (B) vLDL-C (C)HDL-C, and (D) atherogenic index after 48 h. Values are represented as mean ± SEM
(n = 6). ***p < 0.001 versus Control, and #p < 0.05, ##p < 0.01, and ###p < 0.001 versus P-407.
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dyslipidemia, pointing to the changes in different factors related to
lipid metabolism.

The phytochemical analysis of the fractions revealed that the TP
and flavonoid content was the highest in the EA fraction followed by
the chloroform fraction. In a prior investigation, MEACL
demonstrated the highest levels of TP and flavonoid content
among various extracts of A. carambola along with potent
antioxidant activity (Saghir et al., 2016). The radical-scavenging
and antioxidant power of polyphenolics, including flavonoids,
through different mechanisms such as the hydrogen atom transfer
and sequential proton loss electron transfer have been reported
(Kamel et al., 2016; Elsayed et al., 2020). In accordance, the
radical-scavenging activity (RSA) of different MEACL fractions
have been demonstrated in this study. All fractions showed FRAP
and scavenging properties against DPPH and ABST radicals, with the
EA fraction was the most effective. This could be explained in terms of
the higher content of TP and flavonoids. In accordance with our
findings, Moresco et al. (2012) demonstrated that the EA fraction of
the hydroalcoholic extract of A. carambola leaves had the highest TP

and flavonoids content and showed the highest DPPH RSA and FRAP
when compared with other fractions. In our study, the superior RSA of
the EA fraction was further supported by the ABTS assay that has been
reported to be more reliable and accurate than DPPH in detecting the
antioxidant capacity of natural products (Floegel et al., 2011).

The anti-hyperlipidemic effect of different MEACL fractions was
studied in a rat model of hyperlipidemia induced by P-407. The
administration of P-407 resulted in hypercholesterolemia and
hypertriglyceridemia as previously reported in many studies
(Johnston and Palmer, 1993; Leon et al., 2006; Chaudhary and
Brocks, 2013; Park et al., 2016; Yeom et al., 2018). P-407 is a non-
ionic copolymer surfactant that lacks toxicity and increases blood TC
and TG significantly in different rodents mainly by suppressing LPL
and TG hydrolysis, and inducing cholesterolgenesis (Johnston and
Palmer, 1993; Leon et al., 2006; Chaudhary and Brocks, 2013).
Treatment with different fractions of MEACL ameliorated serum
TC and TG at 12, 24, and 48 h after the administration of P-407.
Interestingly, the EA fraction showed the most potent ameliorative
effect on serum TG and TC in P-407-treated rats, an effect that

FIGURE 9
Effect of different fractions of MEACL (A)MDA, (B)GSH (C) SOD, (D)CAT, and (E)GPx in P-407-induced acute hyperlipidemic rats. Values are represented
as mean ± SEM (n = 6). ***p < 0.001 versus Control, and #p < 0.05, ##p < 0.01, and ###p < 0.001 versus P-407.
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coincided with the results of TP and flavonoid content and the in vitro
RSA. In support of these findings, the EA was the only fraction that
decreased serum LDL-C and increased HDL-C in P-407-administered
rats. HDL-C is the good circulating CHOL that plays a role in
decreasing blood CHOL levels and preventing the formation of
atherosclerosis plaque (Stein and Stein, 1999). Thus, the increase in
HDL-C following treatment with EA fraction pinpointed its protective
effect against atherosclerosis and cardiovascular risk. Regarding the
AI, all fractions except the water fraction were effective in decreasing
its value.

Given that the EA fraction was the most effective in
ameliorating hyperlipidemia in P-407-treated rats, we explored
its effect on the expression of some genes involved in lipid
metabolism in the liver. We assumed that the regulation of
SREBPs and its regulated genes might be involved in the anti-
hyperlipidemic effect of the EA fraction. In this study, P-407
injection did not alter SREBP-1 while increased hepatic SREBP-
2 mRNA significantly, an effect that added support to previous
studies showing similar findings (Leon et al., 2006; Park et al., 2016;
Yeom et al., 2018). In conjunction with the upregulated SREBP-2,
LDL-R mRNA was downregulated in P-407-treated rats. LDL-R is a

key receptor for the uptake and trafficking of CHOL and hence
plays a role in its cellular and circulating homoeostasis. As a target
of SREBP-2, its transcription is regulated by intracellular sterol
levels and is posttranscriptionaly regulated by PCSK9 (Lambert
et al., 2009). In the presence of high CHOL and its derivatives
within the cells, SREBP-2 is complexed with SCAP and Insig in the
endoplasmic reticulum and the transcription of LDL-R and genes
necessary to lipogenesis are suppressed. When the cell sterols
decrease, SREBP-2/SCAP dissociate from Insig and moves to
Golgi apparatus where SREBP-2 is activated and subsequently
promote the transcription of its target genes in the nucleus
(Brown and Goldstein, 1999). In addition to SREBP-2 and LDL-
R changes in P-407-treated rats, HMG-CoA reductase activity was
upregulated in the liver of rats. HMG-CoA reductase is the rate-
limiting enzyme in cholesterolgenesis and its transcription is
regulated by SREBP-2. Inhibition of HMG-CoA reductase
represents a main step in the treatment of hyperlipidemia
through decreasing endogenous cholesterolgenesis. The EA
fraction downregulated SREBP-2 and HMG-CoA reductase and
upregulated LDL-R and hence increased cellular CHOL uptake and
inhibited endogenous CHOL synthesis. The inhibitory effect of the

FIGURE 10
Effect of the ethyl acetate fraction on (A) ABCA1, (B) ABCG5 (C) ABCG8, (D) LDL-R (E) SREBP-1, and (F) SREBP-2 in P-407-administered rats. Values are
represented as mean ± SEM (n = 6). **p < 0.01 and ***p < 0.001 versus Control. ##p < 0.01, and ###p < 0.001 versus P-407.
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EA fraction on hepatic HMG-CoA reductase in P-407-treated rats
was supported by the in vitro assay that showed the concentration-
dependent inhibitory activity of this fraction.

Besides studying the effect of the EA fraction on cholesterolgenesis-
related factors, we evaluated its effect on the mRNA abundance of the
genes involved inCHOL efflux, namelyABCA1,ABCG5 andABCG8. The
results showed that ABCA1 was downregulated whereas ABCG5 and
ABCG8mRNA levels were not affected in the liver of P-407-treated rats. In
accordance with our findings, the expression of ABCG8 in the liver of P-
407-administered mice was not changed as compared to the control mice
as reported by Leon et al. (2006). The same study reported a trend decrease
in the expression of hepatic ABCA1 in P-407-administered mice (Leon
et al., 2006). The EA fraction ameliorated ABCA1 while had no effect on
the expression of ABCG5 and ABCG8. These findings pinpointed that the
anti-hypercholesterolemia effect of the EA is mediated via suppressing
cholesterolgenesis and increasing CHOL and phospholipid efflux for the
biosynthesis of HDL-C, but without affecting the biliary excretion of
CHOL. Interestingly, these findings coincided with the decreased HDL-C
levels in P-407-administered rats and its increase upon treatment with the
EA fraction.

Hypertriglyceridemia caused by P-407 has mainly been attributed
to the inhibition of LPL activity in rats andmice as previously reported
(Johnston and Palmer, 1993). The findings of Johnston and Palmer
study revealed that circulating TG increased following P-407
administration because of the reduced rate of TG hydrolysis
(Johnston and Palmer, 1993). In addition to LPL, inhibition of
hepatic lipase (HL) by P-407 in mice has been suggested to
contribute to hypertriglyceridemia (Wasan et al., 2003). The
current study showed a decrease in circulating LPL in P-407-

treated rats and its reversal in rats treated with the EA fraction.
Furthermore, the EA fraction showed a concentration-dependent
inhibition of PL in vitro. PL is a key enzyme responsible for TG
hydrolysis and absorption in the small intestine and its inhibition can
hence play a role in decreasing TG absorption and the increase in
circulating TG level (Liu et al., 2013).

Given that the association between hyperlipidemia and redox
imbalance was highlighted in different investigations (Yang et al.,
2008; Singh et al., 2017) and the potent RSA of MEACL fractions, we
evaluated changes in MDA and antioxidants in P-407-treated rats. The
hyperlipidemic rats exhibited marked elevation in circulating MDA, and
decreased GSH and antioxidant enzymes, demonstrating the
development of oxidative stress. In accordance with the in vitro data,
all fractions ameliorated MDA and enhanced antioxidant defenses. This
could be directly attributed to the RSA of the fractions and to their anti-
hyperlipidemic effect. MEACL has protected against oxidative stress in
HFD-fed rats as we previously reported (Aladaileh et al., 2019).

The anti-hyperlipidemic and antioxidant effects of MEACL
fractions are attributed to the contained phytochemicals, in
particular phenolic compounds and flavonoids. Apigenin, GA,
epicatechin, proanthocyanidines, carambolaflavone, and other
active phytochemicals have been reported in A. carambola and
shown to be responsible for its antioxidant activity (Aladaileh
et al., 2019; Luan et al., 2021). We have previously reported that
apigenin is the main constituent in MEACL (Aladaileh et al., 2019)
and the study of Yunarto and Sulistyaningrum (2017) revealed that the
EA fraction has the highest content of apigenin. The antioxidant
activity and other beneficial effects of apigenin have been reported in
several studies (reviewed in (Salehi et al., 2019)).

FIGURE 11
Effect of the EA fraction on plasma LPL (A) and hepatic HMG-CoA reductase (B) in P-407-administered rats. Values are represented as mean ± SEM, (n =
6). ***p < 0.001 versus Control and ###p < 0.001 versus P-407. (C–D) Inhibitory activity of EA fraction on HMG-CoA reductase (C) and pancreatic lipase (D)
in vitro. Data are Mean ± SEM (n = 3).
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5 Conclusion

The current study revealed for the first time the antioxidant and
anti-hyperlipidemic efficacy of MEACL fractions and the superior
activity of the EA fraction in P-407-administered rats. All fractions
showed in vitro RSA and in vivo antioxidant activity in P-407-treated
rats. The anti-hyperlipidemic effects of the EA fraction included the
modulation of LPL, PL, HMG-CoA reductase, and some
cholesterolgenesis-related factors.

6 Limitations of the study

The lack of data showing the phytochemical constituents of
MEACL fractions, and the protein expression levels of
cholesterolgenesis-related factors are the main limitations of this
study. However, this does not affect the quality of the study and
further research and studies toward understanding the anti-
hyperlipidemic activity of the leaves of A. carambola will be
considered.
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Protective role of resveratrol
against VCM-induced
hepatotoxicity in male wistar rats

Fahad S. Alshehri* and Nasser M. Alorfi

Department of Pharmacology and Toxicology, College of Pharmacy, UmmAl-Qura University, Makkah, Saudi
Arabia

Background: Vancomycin is a glycopeptide antibiotic with a high risk of acute liver
injury. Resveratrol is believed to protect the liver against toxicity.

Aim: To investigate the ability of resveratrol to attenuate vancomycin-induced liver
toxicity in rats injected with vancomycin.

Method: Twenty-four adult male Wistar rats were distributed into three groups. The
control group received only a vehicle, while the treated group received either
vancomycin 200 (mg/kg, i. p.) only or vancomycin (200mg/kg, i. p.) with
resveratrol (20 mg/kg, oral gavage). All groups received their dose once daily for
7 days. Hepatic damage was assessed by measuring biochemical parameter levels in
serum, aspartate transaminase (AST), alanine transaminase (ALT), alkaline
phosphatase (ALP), and lactate dehydrogenase (LDH). Also, antioxidants and
inflammation biomarkers such as Interleukin-6 (IL-6), malondialdehyde (MDA),
nitric oxide (NO), and glutathione (GSH) were measured. Furthermore, the
vancomycin-induced pathological changes in the liver were evaluated by
histopathological studies.

Results: In the vancomycin-treated group, hepatic serum biomarkers such as AST,
ALT, ALP, IL-6, and MDA were elevated, while NO and GSH were depleted. However,
resveratrol co-treatment with vancomycin prevented the elevation of AST, ALT, ALP,
IL-6, and MDA and it protected the liver from NO and GSH depletion. Also, regarding
vancomycin-induced degeneration of hepatocytes, resveratrol co-treatment with
vancomycin prevented such degeneration and improved mononuclear cells in the
liver.

Conclusion: The results showed that oral administration of resveratrol has a
significant hepatoprotective effect against vancomycin-induced hepatotoxicity.

KEYWORDS

vancomycin, resveratrol, hepatotoxicity, hepatoprotection, glycopeptide

Introduction

Many drugs are known to produce liver injury, and these adverse hepatic events usually
result in severe liver injury if not treated properly (Bissell et al., 2001). It has been estimated that
drug-induced liver failure represents half of the cases of all forms of acute and chronic liver
disease (Kaplowitz, 2001). Approximately 10% of chronic hepatitis cases occur due to drug use,
and 5% from hospital admissions, while 50% of acute liver failure cases occur due to drug use
(Pandit et al., 2012). Hepatotoxicity associated with antibiotics is asymptomatic and usually
presents mild hepatic injury (Thiim and Friedman, 2003). Vancomycin is a glycopeptide
antibiotic with known bactericidal activity, and it is considered the drug of choice for treating
methicillin-resistant Staphylococcus aureus infections (David and Daum, 2010; Steinmetz et al.,
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2015). However, several side effects have been reported with
vancomycin, such as hypotension, phlebitis, nephrotoxicity, and
hepatotoxicity (Badran et al., 2011; Bamgbola, 2016).

Moreover, a few reports have shown that chronic use of
glycopeptide antibiotics has the potential to elevate liver
enzymes and induce hepatotoxicity (Cadle et al., 2006; Chen
et al., 2011; Brunetti et al., 2020). However, data to support the
influence of vancomycin on liver dysfunction are limited, and the
mechanism of vancomycin-induced hepatotoxicity has not been
studied effectively. Many risk factors contribute to vancomycin-
induced hepatotoxicities, such as long-term treatments, high doses,
obesity, patient age, and overall health (Larrey, 2002; Breedt et al.,
2005; Kohno et al., 2007; Florescu et al., 2008). Moreover, the
hepatic injury associated with vancomycin could also be due to
sepsis, bacterial endotoxins, fever, or hemolysis (Sibai, 2004; Shah
et al., 2010; Kouijzer et al., 2021). While different strategies have
been suggested to reduce any potential risk of hepatotoxicity
associated with vancomycin treatment (Aldaz et al., 2000;
Hwang et al., 2015; Regal et al., 2019; Tsutsuura et al., 2021),
the exact mechanism for this injury is not fully understood. Several
studies have suggested that vancomycin-induced toxicity could be
due to several factors, including the generation of free radicals,
oxidative stress, and inflammation, which cause liver injury in
animal studies (Sahin et al., 2006; El Bohi et al., 2021). In addition,
reactive oxygen species (ROS) are usually generated within cells,
leading to the initiation of oxidative stress-related intermediates,
which contribute to chronic inflammation and liver fibrogenesis
(Bataller and Brenner, 2005; Friedman, 2008; Novo and Parola,
2008). Therefore, herbal compounds with antioxidant and anti-
inflammatory properties have been considered.

Indeed, cumulative reports have suggested that herbal
compounds have a great potential to attenuate drug-induced
liver toxicity due to their antioxidant and anti-inflammatory
properties (Abou Seif, 2016; Parthasarathy and Evan Prince,
2021). Hence, many herbal compounds have been used as
traditional medicines for liver disorders (Ali et al., 2008; Zhang
et al., 2018; Philips et al., 2020; Das et al., 2022). In addition, these
are potential sources of new therapeutic agents that could be used
to prevent hepatic injuries. For example, resveratrol has long been
known to have antioxidant and anti-inflammatory effects.
Moreover, researchers have recently become more interested in
resveratrol, from its ability to extend human lifespans to its effect
on chemoprevention, cardiovascular diseases, and
neurodegenerative disorders, as reported in several studies
(Gescher and Steward, 2003; Srivastava et al., 2013; Pourhanifeh
et al., 2019; Banez et al., 2020; Labban et al., 2021a; Labban et al.,
2021b). The antioxidant properties of resveratrol have been
demonstrated in several in vitro studies. The antioxidant
property of resveratrol has been demonstrated by inhibiting
nicotinamide adenine dinucleotide phosphate oxidases, which
inhibit the production of reactive oxygen species (ROS)
(Halliwell, 2007; Yousefian et al., 2019). As well as protecting
cells from oxidative stress, resveratrol also promotes the
expression of antioxidative enzymes and their substrates (Miguel
et al., 2021; Santos et al., 2021). Recently, it has been suggested that
resveratrol has hepatoprotection properties through its anti-
inflammatory and antioxidant effects (Chupradit et al., 2022; Ma
et al., 2022; Tong et al., 2022). It has also been reported that
resveratrol attenuates acetaminophen toxic metabolite N-acetyl-p-

benzoquinone-imine and facilitates liver regeneration by
modulating the silent mating type information regulation two
homolog (SIRT1), tumor protein P53, and Tumor Necrosis
Factor-alpha (TNF-α) (Sener et al., 2006; Wang et al., 2015).
Moreover, resveratrol has been shown to improve glutathione
(GSH) levels and antioxidant enzyme activities, and to decrease
ROS production in liver tissues (Bujanda et al., 2008; Rivera et al.,
2008; Rubiolo and Vega, 2008; Sebai et al., 2010). Also, one study
reported that the thioacetamide-induced hepatotoxic effect
associated with TNF-α and iNOS elevation was inhibited by
resveratrol (Ebrahim et al., 2022).

This study investigates the effect of high doses of vancomycin
administered to induce liver toxicity. A few studies have investigated
similar regimens and found that high doses of vancomycin were
associated with elevated levels of liver enzymes, the tissue activities
of catalase, superoxide dismutase activities, lipid peroxidation, and
malondialdehyde (MDA) (Ahmida, 2012; Çağlayan et al., 2019; El
Bohi et al., 2021). Moreover, this research investigates the ability of
resveratrol to attenuate vancomycin-induced liver toxicity through
several biomarkers, such as liver tissues, inflammatory mediators, liver
enzymes, and antioxidant property markers.

Materials and methods

Drugs

Resveratrol (ProHealth, United States) and vancomycin
(Medis, Tunisia) were used in the study. All other chemicals
and reagents used were of analytical grade. Resveratrol and
vancomycin were dissolved in a saline solution (0.9% NaCl) as a
vehicle for both drugs.

Dose selection
The vancomycin dose was based on several recent studies using

200 mg/kg, i. p. to induce hepatotoxicity (Kucukler et al., 2020) and
nephrotoxicity (Ahmida, 2012) once daily for seven consecutive days.
The resveratrol dose was based on several studies using the same dose
against several compounds, such as dimethylnitrosamine (Lee et al.,
2010) and concanavalin (Zhou et al., 2015).

Animals
Twenty-four male adult Wistar rats (weighing 170–207 g) were

used. The animals were housed in plastic cages (4 rats per cage)
under a 12 h light/12 h dark schedule in a humidity-controlled
room and were fed a normal diet. They had access to food and water
ad libitum and were monitored daily to ensure proper animal
welfare. The rats were acclimatized for 1 week before starting the
experiment. Then, the rats were distributed into three groups (n =
8 in each group). The rats received only a vehicle in the first group
(control). In the second group, vancomycin, the rats received
vancomycin (200 mg/kg, i. p.) once daily for seven consecutive
days. In the last group, vancomycin + resveratrol, the rats received
vancomycin (200 mg/kg, i. p.) and resveratrol (20 mg/kg, oral
gavage) once daily for seven consecutive days. All the
treatments were carried out within 7 days, and the animals were
euthanized using CO2 and sacrificed on the eighth day. The tissue
and serum samples were collected, homogenized, centrifuged, for
analysis.
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Measurement of biochemical parameters

The serum samples were used for the measurement of all
biochemical parameters. The usage of serum samples was based on
several reportes that have useed similar methods to assess hepatic
function. Aspartate transaminase (AST), Alanine transferase (ALT) as
reported in (Yin et al., 2019), Alkaline phosphatase (ALP) (Ibrahim
et al., 2020), Interleukin-6 (IL-6) (Xia et al., 2019), nitric oxide (NO)
(Fathy et al., 2019), GSH (Ibrahim et al., 2020) and MDA (Omara
et al., 2021).

Markers of liver tissue damage
The serum samples were analyzed using assay kits and ELISA for

liver functions. Aspartate transaminase (AST), Alanine transferase
(ALT) and Alkaline phosphatase (ALP) were assessed using ELISA
kits (MyBioSource kits catalog: MBS269614, MBS264975,
MBS011598, MBS726781; MyBioSource, Inc.) A centrifuge was
then performed at approximately 1000× g for 15 min. Serum was
collected, and the assay was immediately performed according to the
manufacturer’s recommendations (MyBioSource, Inc.). A standard
curve was established using a series diluent. A Microplate reader
(450 nm detection wavelength filter, 570 nm or 630 nm correction
wavelength filters) was used to perform all the tests.

Markers of inflammation
Interleukin-6 (IL-6) and nitric oxide (NO) levels in the serum were

measured with the fully automatic ELISA DSX best 2000® microtiter
plate and the ELISA kits. A centrifuge was then performed at
approximately 1000× g for 15 min. Serum was collected, and the
assay was immediately performed according to the manufacturer’s
recommendations (MyBioSource, Inc.).

Markers of antioxidant and prooxidant
GSH andMDA levels in the serum were measured using an ELISA

DSX best 2000® microtiter plate and the ELISA kits. In a serum
separator tube, the serum was clotted for 2 hours at room temperature
and overnight at 2°C–8°C. A centrifuge was then performed at
approximately 1000× g for 15 min. Serum was collected, and the
assay was immediately performed according to the manufacturer’s
recommendations (MyBioSource, Inc.). A Microplate reader (450 nm
detection wavelength filter) was used to perform all the tests.

Histopathology
The liver tissues were used for the histopathological assessment

and prepared in 10% formalin solution for 2 days. In addition, the
tissue was embedded in paraffin blocks following routine tissue
tracking procedures. Finally, Hematoxylin and eosin stains were
used to stain the slides. Masson’s Trichrome method was
employed, which involves deparaffinizing and rehydrating the liver
in descending series of alcohols before staining them with Biebrich
scarlet-acid fuchsin solution. A solution of phosphomolybdic-
phosphotungstic acid was then used to differentiate the sections.

Statistical analysis

Statistical analyses were performed using GraphPad Prism™
(v9.3.1). Data were expressed as mean ± standard error of the
mean. A one-way ANOVA, followed by Tukey’s post hoc test, was

used for comparisons. A p-value of <0.05 was considered statistically
significant.

Results

Measured levels of AST, ALT, ALP, and LDH

The effect of vancomycin on AST, ALT, ALP and LDH was
observed in the rats’ serum. The one-way ANOVA test revealed a
significant main effect on the AST serum levels [F (2, 21) = 216.0, p <
0.0001, Figure 1A]. Further analysis using Tukey’s multiple
comparisons test revealed that rats injected with only vancomycin
had significantly increased levels of AST compared to the control
group (p < 0.0001). Interestingly, the rats injected with resveratrol and
vancomycin were protected against vancomycin-induced toxicity. In
addition, the vancomycin + resveratrol group of rats showed a
significant increase in AST levels, p = 0.0083, compared to the
control group.

Moreover, vancomycin had a significant main effect on the ALT
serum levels in the groups [F (2, 21) = 124.0, p < 0.0001, Figure 1B].
Further analysis using Tukey’s multiple comparisons test revealed that
the control group rats displayed no change in ALT, p = 0.1949.
However, the rats injected with only vancomycin displayed a
significant increase in ALT compared to the control group (p <
0.0001). Interestingly, the rats injected with resveratrol and
vancomycin were protected against vancomycin-induced toxicity.

Another significant main effect on ALP serum levels in the groups
[F (2, 21) = 209.3, p < 0.0001, Figure 1C]. Further analysis using
Tukey’s multiple comparisons test revealed that the control rats
displayed no change in ALP, p = 0.5888. The rats injected with
vancomycin showed a significant increase in ALP compared to the
control group (p < 0.0001), and the rats injected with resveratrol and
vancomycin were protected against vancomycin-induced toxicity.

Moreover, significant main effect on LDH serum levels in the
groups [F (2, 21) = 130.9, p < 0.0001, Figure 1D]. Additional analysis
using Tukey’s multiple comparisons tests indicated that the control
group rats had no change in LDH, p = 0.8200. However, the rats
injected with only vancomycin displayed a significant increase in LDH
compared to the control group (p < 0.0001). Remarkably, resveratrol
demonstrated a protective role against vancomycin-induced toxicity.

Measured levels of IL-6 and NO

The effect of vancomycin on IL-6 and NO levels was observed
in the rats’ serum. The one-way ANOVA test revealed that
vancomycin had a significant main effect on the IL-6 serum
levels in the groups F (2, 21) = 141.8, p < 0.0001, Figure 2A.
Further analysis using Tukey’s multiple comparisons test revealed
that the control rats displayed no change in IL-6, p = 0.9185.
However, the rats injected with only vancomycin had a significant
increase in IL-6 compared to the control group (p < 0.0001).
Interestingly, the rats injected with resveratrol and vancomycin
were protected against vancomycin-induced toxicity.

The significant main effect on NO serum levels in the groups [F (2,
21) = 118.3, p < 0.0001, Figure 2B]. Tukey’s multiple comparisons test
revealed that the control group rats displayed no change in NO serum
levels, p = 0.6613. However, the rats injected with only vancomycin
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FIGURE 1
(A) Aspartate transaminase (AST) levels in u/l, (B) Alanine aminotransferase (ALT) in u/l, (C) Alkaline phosphatase (ALP) in unit/liter (u/l), and (D) lactate
dehydrogenase (LDH) (IU/L), were measured in the control rats, rats injected with vancomycin only, and rats injected with vancomycin and resveratrol.
Significant difference: ns = non-significant, **p < 0.001 ****p < 0.0001.

FIGURE 2
Interleukin-6 (IL-6) levels in ng/ml and (B) nitric oxide (NO) levels in parts per million (ppb) were measured in the control rats, rats injected with
vancomycin only, and rats injected with vancomycin and resveratrol. Significant difference: ****p < 0.0001.

FIGURE 3
(A) Malondialdehyde (MDA) (nmol/ml) and (B) Glutathione (GSH) levels in ng/ml were measured in the control rats, rats injected with vancomycin only,
and rats injected with vancomycin and resveratrol. Significant difference: **p < 0.001; ****p < 0.0001.
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showed a significant NO increase compared to the control group (p <
0.0001). Remarkably, the rats injected with resveratrol and
vancomycin were protected against vancomycin-induced toxicity.

Measured levels of MDA and GSH

The effect of vancomycin onMDAwas observed in the rats’ serum. A
further one-way ANOVA test showed that vancomycin had a significant
main effect on theMDA serum levels in the groups [F (2, 21) = 190.2, p <
0.0001, Figure 3A]. Also, Tukey’s multiple comparisons test revealed that
the control group rats displayed a significant change in MDA serum
levels, p < 0.0057. Again, the rats injected with only vancomycin displayed
a significant increase in LDH compared to the control group (p < 0.0001),
while the rats injected with resveratrol and vancomycin were protected
against vancomycin-induced toxicity.

The effect of vancomycin on GSH levels was observed in rats’
serum. The test revealed a significant main effect on GSH serum levels
in the groups [F (2, 21) = 167.3 < 0.0001, Figure 3B]. Further analysis
using Tukey’s multiple comparisons test revealed that the control
group rats displayed no change in GSH, p = 0.5894. However, rats
injected with only vancomycin displayed a significant decrease in GSH
compared to the control group (p < 0.0001). Interestingly, the rats
injected with resveratrol and vancomycin were protected against
vancomycin-induced toxicity.

Histopathological results
For the control group, a microscopic examination of the liver

revealed a normal appearance, as shown in Figure 4A. For the control
+ vancomycin group, liver-intralobular mononuclear inflammatory
infiltrations and Mallory bodies were evident due to the degeneration
of hepatocytes, as shown in Figure 4B. For the vancomycin +
resveratrol group, the liver showed a marked improvement in the
mononuclear cells, as shown in Figure 4C.

Discussion

Biological systems depend on the liver to detoxify xenobiotics
(Apte and Krishnamurthy, 2011). Several studies have shown that

hepatic damage disrupts the body’s regular metabolism (Fabbrini
and Magkos, 2015; Kurland et al., 2015). There are several causes of
acute liver failure, including viral hepatitis, toxic liver damage
caused by poisons and drugs, and ischemia (Jalan et al., 2012;
Bernal and Wendon, 2013). The liver metabolises xenobiotics as
the body’s first line of defense against ingested toxins and drugs,
which often cause necrosis and apoptosis (Tsochatzis et al., 2014).
A growing body of research focuses on the potential toxicity of
antibiotics in the liver (Acevedo, 2015; Fernández et al., 2016;
Zoratti et al., 2022). Vancomycin tends to cause adverse events
after prolonged use, and large doses may be toxic to the liver
(Kucukler et al., 2020). This study aimed to determine whether
resveratrol plays a beneficial protective role against vancomycin-
induced toxicity in the livers of male Wistar rats.

This study’s findings align with several other research studies that
present vancomycin’s potential toxicity (Kucukler et al., 2020).
However, to our knowledge, no previous study has investigated the
protective role of resveratrol. This study revealed an elevation in serum
biomarkers such as AST, ALT, and ALP levels in the groups given only
vancomycin or vancomycin with resveratrol, compared to the control
group. The serum level of ALT is the most widely used clinical
biomarker of hepatic function (Senior, 2012). Furthermore, GSH,
an antioxidant, was restored to the normal level in the rats injected
with vancomycin and resveratrol, indicating the antioxidant activity of
the latter.

Moreover, the rats injected with vancomycin only had
significantly reduced GSH levels, confirming the previous
findings. Several parameters were affected by the administration
of vancomycin. The levels of IL-6, LDH, MDA, and NO were highly
increased in the rats injected with vancomycin. Vancomycin
administration caused hepatocyte damage, leading to liver
enzyme elevation. Hepatotoxic studies commonly measure liver
enzyme levels such as ALT, AST, and ALP as serum hepatic
biomarkers for determining liver lesions (Deshpande et al.,
1998; Sadeghi et al., 2008; Mehrzadi et al., 2018). In this study,
vancomycin caused a significant elevation in the serum hepatic
biomarkers ALT, AST, and ALP. The concentration of ALT and
AST enzymes in serum reflects the severity of liver damage as these
enzymes are present in high concentrations in the liver (Adeyemi
and Akanji, 2011; Adeyemi and Adewumi, 2014; Yilmaz et al.,

FIGURE 4
Histopathological liver evaluation in (A) control rats, (B) rats injected with vancomycin only, liver-Intralobular mononuclear inflammatory infiltrations
(white arrow), and Mallory bodies (black arrow) due to degeneration of hepatocytes and increased vacuolation in the cytoplasm of hepatocytes appeared as
indistinct clear vacuoles (black arrow) indicate glycogen infiltration and (C) rats injectedwith vancomycin and resveratrol, liver-showedmarked improved on a
mononuclear cell, and decrease number of mononuclear inflammatory infiltrates (white arrow) and decrease of Mallory bodies (black arrow).
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2017). In addition, many tissues in the body contain ALP;
therefore, it can be considered a non-specific enzyme (López-
Posadas et al., 2011). Furthermore, hepatobiliary duct dysfunction
or the destruction of hepatic cell membranes can cause a rise in
serum ALP, which could indicate a problem with the excretory
function (Lowe et al., 2017; Kashima et al., 2018). On the other
hand, co-treatment of vancomycin with resveratrol protected
against vancomycin-induced hepatic damage, evidenced by the
significantly decreased levels of the hepatic serums AST, ALT,
and ALP.

It is well known that vancomycin is almost completely
eliminated from the body by the kidneys; however, the
mechanism by which nephrotoxicity occurs is still unclear. It
has been demonstrated in experimental animals that the drug
may cause tubular ischemia and acute tubulointerstitial injury by
inducing oxidative stress in the proximal renal tubule cells (King
and Smith, 2004; Gupta et al., 2011a). Here, vancomycin increased
the serum levels of IL-6 (a pro-inflammatory cytokine). The cell
surface receptors of the IL-6 family of cytokines regulate cell
function (Taga and Kishimoto, 1997). IL-6 consists of two
structural subunits: a ligand-binding subunit called the IL-6
receptor and a signal-transducing glycoprotein called Gp130
(Yamauchi-Takihara and Kishimoto, 2000). The liver
synthesizes several acute phase proteins in response to IL-6 as
it is involved in the pathogenesis of many fibrogenic diseases (Choi
et al., 1994). In recent studies, IL-6 has been linked to acute and
chronic liver damage (Cao et al., 1998; Gewiese-Rabsch et al., 2010;
Bergmann et al., 2017; Shao et al., 2020). In addition, many
xenobiotics drugs can injure the liver and trigger the release of
pro-inflammatory cytokines like TNF-α and IL6 into the
bloodstream (Takai et al., 2016; Olaniyan et al., 2018; Wu
et al., 2018). By demonstrating the changes in cytokines that
occur in hepatic cells, rodent models can illustrate the
molecular changes associated with human hepatic cell death. In
this study, we also tested the serum level of MDA, an oxidative
stress biomarker that serves as an index of oxidative damage in the
liver (Bakan et al., 2002). MDA has been reported to induce
collagen production by hepatic stellate cells, resulting in fibrosis
(Hadizadeh et al., 2017). Also, it has been reported that
vancomycin could initiate an intracellular production of
peroxides that triggers the production of MDA (Oktem et al.,
2005). Thus, in this study, the vancomycin-induced high serum
levels of MDA could be due to vancomycin’s free radical trapping
activity and oxidative stress.

GSH has several functions, including serving as an
antioxidant, and playing a role in redox and cell signaling
(Franco and Cidlowski, 2009; Mari et al., 2009). It acts by
reducing hydrogen peroxide, scavenging ROS, and reactive
nitrogen species (RNS); therefore, it protects cells against
oxidative damage (Day and Suzuki, 2005; Winter et al., 2017).
The build-up of an oxidized form of GSH, glutathione disulfide
(GSSG), and the depletion of GSH are closely related to ROS and
RNS effects on the liver and cells (Yuan and Kaplowitz, 2009;
Eskandari et al., 2012). Hepatic NO and its derivatives are
essential in liver physiology and pathophysiology (Laskin
et al., 2001; Chen et al., 2003; Diesen and Kuo, 2010). It is
also a second messenger that acts in several pathways and
plays a crucial role in regulating blood pressure by relaxing
the endothelium, attacking tumor cells, and stimulating the

brain (Gupta et al., 2011b; Korde Choudhari et al., 2013;
Picon-Pages et al., 2019). Although NO has multiple and
complex roles, it has been suggested that it affects the
pathogenesis and progression of liver diseases (Iwakiri and
Kim, 2015; Ekhlasi et al., 2017; Wang et al., 2018). On the
other hand, LDH (a non-specific tissue damage biomarker) was
elevated in vancomycin-treated animals. Numerous tissues and
organs in the body produce LDH, including the muscles, liver,
heart, pancreas, kidneys, brain, and blood. Body tissue damage
can be detected by using the LDH test, determining its location
and severity (Farhana and Lappin, 2022). In this study,
vancomycin administration causes liver damage, contributing
to LDH elevation in the serum. This elevation could arise from
vancomycin, causing damage to the kidneys. It has been reported
that vancomycin can cause kidney damage (Naghibi et al., 2007),
making this test a non-specific marker for liver damage.

Resveratrol is a natural compound extensively studied in
preclinical studies as a nutraceutical and therapeutic agent. In
addition, the antioxidant properties of resveratrol have been
demonstrated in a wide range of hepatic disorders (Pan et al.,
2017; Bircan et al., 2018). The antioxidant effect functions
mainly by reducing ROS and eliminating direct free radicals,
while improving the activity of endogenous antioxidant enzymes
superoxide dismutase, catalase, and GSH (Carrizzo et al., 2013;
de Oliveira et al., 2018). Furthermore, it has been reported that
resveratrol is involved in several vital pathways regulating de
novo fibrogenesis deposition in the liver (Hessin et al., 2017). For
example, resveratrol (10 and 20 mg/kg/day) was administered to
cirrhotic rats, where it reduced portal pressure, improved
vasodilatory acetylcholine responsiveness, and reduced the
production of thromboxane A2, resulting in liver tissue
regeneration (Di Pascoli et al., 2013; Zhang et al., 2016).

Globally, liver illnesses continue to be a severe health burden.
For the treatment of this category of disorders, new and secure
therapeutic options are required. This study shows that resveratrol
is a good alternative in this area. This approach could significantly
improve potential resveratrol therapeutic applications.
Understanding how resveratrol improves many liver disease
conditions may lead to novel treatment possibilities. For
example, resveratrol produces beneficial effects and reduces
possible toxic effects when combined with other medications
and substances. As a result, there is still future work to be done
because there are still significant gaps in our knowledge about this
chemical.
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Pomegranate peel extract
protects against the development
of diabetic cardiomyopathy in rats
by inhibiting pyroptosis and
downregulating LncRNA-MALAT1

Mariam Ali Abo-Saif1†, Amany E. Ragab2*†, Amera O. Ibrahim1,
Othman F. Abdelzaher3, Ahmed B. M. Mehanyd3,
Maha Saber-Ayad4,5* and Ola A. El-Feky1

1Department of Biochemistry, Faculty of Pharmacy, Tanta University, Tanta, Egypt, 2Department of
Pharmacognosy, Faculty of Pharmacy, Tanta University, Tanta, Egypt, 3Zoology Department, Faculty of
Science, Al-Azhar University, Cairo, Egypt, 4Department of Clinical Sciences, College of Medicine and
Research Institute for Medical and Health Sciences, University of Sharjah, Sharjah, United Arab Emirates,
5Department of Pharmacology, College of Medicine, Cairo University, Giza, Egypt

Background: Pyroptosis is an inflammatory programmed cell death accompanied
by activation of inflammasomes and maturation of pro-inflammatory cytokines
interleukin-1β (IL-1β) and IL-18. Pyroptosis is closely linked to the development of
diabetic cardiomyopathy (DC). Pomegranate peel extract (PPE) exhibits a
cardioprotective effect due to its antioxidant and anti-inflammatory properties.
This study aimed to investigate the underlyingmechanisms of the protective effect
of PPE on the myocardium in a rat model of DC and determine the underlying
molecular mechanism.

Methods: Type 1 diabetes (T1DM) was induced in rats by intraperitoneal injection
of streptozotocin. The rats in the treated groups received (150 mg/kg) PPE orally
and daily for 8 weeks. The effects on the survival rate, lipid profile, serum cardiac
troponin-1, lipid peroxidation, and tissue fibrosis were assessed. Additionally, the
expression of pyroptosis-related genes (NLRP3 and caspase-1) and lncRNA-
MALAT1 in the heart tissue was determined. The PPE was analyzed using
UPLC-MS/MS and NMR for characterizing the phytochemical content.

Results: Prophylactic treatment with PPE significantly ameliorated cardiac
hypertrophy in the diabetic rats and increased the survival rate. Moreover,
prophylactic treatment with PPE in the diabetic rats significantly improved the
lipid profile, decreased serum cardiac troponin-1, and decreased lipid
peroxidation in the myocardial tissue. Histopathological examination of the
cardiac tissues showed a marked reduction in fibrosis (decrease in collagen
volume and number of TGF-β-positive cells) and preservation of normal
myocardial structures in the diabetic rats treated with PPE. There was a
significant decrease in the expression of pyroptosis-related genes (NLRP3 and
caspase-1) and lncRNA-MALAT1 in the heart tissue of the diabetic rats treated with
PPE. In addition, the concentration of IL-1β and caspase-1 significantly decreased
in the heart tissue of the same group. The protective effect of PPE on diabetic
cardiomyopathy could be due to the inhibition of pyroptosis and downregulation
of lncRNA-MALAT1. The phytochemical analysis of the PPE indicated that the
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major compounds were hexahydroxydiphenic acid glucoside, caffeoylquinic acid,
gluconic acid, citric acid, gallic acid, and punicalagin.

Conclusion: PPE exhibited a cardioprotective potential in diabetic rats due to its
unique antioxidant, anti-inflammatory, and antifibrotic properties and its ability to
improve the lipid profile. The protective effect of PPE on DC could be due to the
inhibition of the NLRP3/caspase-1/IL-1β signaling pathway and downregulation of
lncRNA-MALAT1. PPE could be a promising therapy to protect against the
development of DC, but further clinical studies are recommended.

KEYWORDS

long non-coding RNA-metastasis-associated lung adenocarcinoma transcript-1, NLRP3,
caspase-1, IL1β, TGF-β, pomegranate peel extract

1 Introduction

Diabetic patients with poor glycemic control have a high
probability of developing diabetic cardiomyopathy (DC) and
heart failure. The pathophysiology of DC is linked to impaired
glucose metabolism in diabetic myocardium caused by reduced
insulin signaling and the heart’s dependence on fatty acid
oxidation for energy (Yan et al., 2020). Altered glucose and lipid
metabolism in diabetic cardiomyocytes increases mitochondrial
production of nitric oxide radicals and stimulates multiple
inflammatory pathways. Prominent oxidative stress, chronic
inflammation, and increased production of advanced glycation
end-products (AGEs) lead to myocardial tissue damage with
pathological remodeling of the cardiac tissue and fibrosis (Prandi
et al., 2022).

Pyroptosis is an inflammatory programmed cell death activated
in response to microbial infection, cellular damage, or metabolic
imbalances (Xue et al., 2019). Pyroptosis is characterized by the
formation of the nucleotide-binding domain (NOD)-like receptor
protein 3 (NLRP3) inflammasome complex that is composed of
NLRP3, apoptosis-associated speck-like protein (ASC), and pro-
caspase-1. Oligomerization of NLRP3 inflammasome mediates the
activation of caspase-1 and the release of pro-inflammatory
cytokines IL-1β and IL-18 (Zheng and Li, 2020).

Previous studies have shown that pyroptosis activation is
associated with the development of DC. Reactive oxygen species
(ROS) and hyperglycemia activate NLRP3 oligomerization and the
associated inflammatory programmed cell death, which can
progress to DC (Lu et al., 2022). Moreover, Meng et al. (2022)
reported that the downregulation of NLRP3 inflammasome restores
myocardial function in DC models.

Long non-coding RNAs (lncRNAs) are a group of RNA
transcripts that comprise more than 200 nucleotides, but they do
not have the ability to encode protein. LncRNAs are involved in
different pathological mechanisms in various diseases (Khorkova
et al., 2015). Metastasis-associated lung adenocarcinoma transcript-
1 (MALAT1) is an lncRNA which is essential in the regulation of
different biological pathways and has been reported to be involved in
the pathogenesis of DC (Zhang et al., 2016; Abdulle et al., 2019).
Recently, Shi et al. (2021) reported that lncRNA-MALAT1 is
upregulated in DC and that knockdown of MALAT1 protects
against the development of DC by affecting the NLRP3 formation.

So far, there has been no specific treatment addressing the
pathogenesis of DC. The cardioprotective strategies for DC

prevention include the use of antioxidants, antifibrotic agents,
and anti-inflammatory agents (Lorenzo-Almorós et al., 2022).
Botanicals from plants are an invaluable source of biological
effects. They include many classes of compounds, of which
polyphenolic compounds, triterpenes, saponins, alkaloids, and
glycosides are common. Polyphenolic compounds are strong
antioxidants common in fruits and vegetables. Pomegranate fruit
(Punica granatum L., family Lythraceae) is rich in polyphenolic
compounds with strong antioxidative and anti-inflammatory
properties (Ismail et al., 2012). Moreover, punicalagin (an active
constituent extracted from pomegranate peel) can induce pyroptosis
in a collagen-induced arthritis model (El-Mansi and Al-Kahtani,
2019; Ge et al., 2022).

Regeneration of pancreatic ß cells may be enhanced by the
pomegranate peel aqueous extract (Punasiya et al., 2010). Previous
studies showed that pomegranate peel extract (PPE) has antidiabetic
and cardiovascular protection properties in vitro (Arun et al., 2017),
and it also has a cardioprotective effect in a diabetic rat model
(Albarakti, 2016). In addition, the study by El-Mansi and Al-Kahtani
(2019) demonstrated that PPE showed a cardioprotective effect on
diabetic mother rats and their neonates, and the study
recommended the use of PPE as a promising treatment, which
protects against the secondary myocardial complications of diabetes.
Moreover, a recent study by Dab et al. (2022) reported that PPE
improves the cardiac extracellular matrix remodeling and decreases
fibrosis in diabetic rats. Interestingly, PPE may exhibit a liver
protective effect and reduce histological and functional changes
in a rat model of diabetes (Faddladdeen and Ojaimi, 2019).

This study aimed to investigate the underlying mechanisms of
the potential protective effect of PPE against DC. Intriguingly, we
demonstrated, for the first time that PPE interferes with pyroptosis
by inhibiting the NLRP3/caspase-1/IL1β signaling pathway through
downregulating lncRNA-MALAT1.

2 Materials and methods

2.1 Plant material

Pomegranate (Punica granatum L. var. Edkawy) fruits were
obtained from a private farm in Edku city, Al-Beheira Governorate,
and verified by the Agricultural Research Center in Cairo. The peel
of the fruits was washed with water and air dried. A voucher sample
(PD-201-AR) was kept at the Department of Pharmacognosy,
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Faculty of Pharmacy, Tanta University. After complete drying, the
peel was kept in an oven at 40°C for 10 h to ensure the removal of all
water content, and then it was ground into fine powder. The
powdered material (800 g) was extracted by 70% methanol
(25 mL solvent per 1 g powder) using a magnetic stirrer
overnight. The extract was filtered, and the process was repeated
for 3 days to ensure exhaustion. The combined solvent filtrates were
evaporated under vacuum to leave a reddish-brown residue (yield,
15% w/w).

2.2 Phytochemical characterization of the
extract

The PPE was analyzed using UPLC-PDA-MS/MS following a
previously reported methodology (Ragab et al., 2022; Assar et al.,
2021a; Assar et al., 2021b). A Nexera-i LC-2040 (Shimadzu, Kyoto,
Japan) system connected to a UPLC C18 column (Shim-pack Velox,
2.1 × 50 mm; 2.7 μm particle) was used. The mobile-phase gradient
and the preparation of the sample were as reported (Assar et al.,
2021a; Assar et al., 2021b; Ragab et al., 2022). The mobile phase
gradient (solvent A: water containing 0.1% formic acid; solvent B:
acetonitrile) at a flow rate of 0.2 mL/min: 0–2 min: 10% B; 2–5:
linear gradient to 30% B; 5–15 min: linear gradient to 70% B;
15–22 min: linear gradient to 90% B; 22–25 min: linear gradient
to 95% B; 25–26 min: linear gradient to 100% B; 26–29 min: isocratic
100% B; 29–30 min: linear gradient to 10% B was used. A PDA
detector (LC-2030/2040) and a triple quadrupole mass spectrometer
(LC-MS 8045) equipped with an electrospray ionization (ESI) source
in a negative mode (Shimadzu, Kyoto, Japan) were used for
detecting the compounds using the reported settings (Assar et al.,
2021a; Assar et al., 2021b; Ragab et al., 2022).

A Bruker Avance 400 spectrophotometer at 400 MHz was used
for the 1HNMR analysis of the PPE. DMSO-d6was used as a solvent.
The method development parameters were the same as those
published in our recent work on pomegranate extract from the
Manfaloty variety (Ragab et al., 2022).

2.3 Biological evaluation

2.3.1 Animal model and experimental design
This study was carried out based on the Guidelines for the Care

and Use of Laboratory Animals and approved by the Research
Ethical Committee, Faculty of Pharmacy, Tanta University, Egypt
(ethical approval code: TP/RE/06/22P-0016). Forty-eight male
Wistar rats, aged 6 weeks, and weighing about 120–150 g, were
purchased from the National Research Center (Cairo, Egypt). The
rats were fed pellet chow (El-Nasr Chemical®, Egypt) and allowed
free access to diet and water. The animals were housed under
identical environmental conditions and maintained for 2 weeks
for acclimatization (Torika et al., 2018).

After the acclimatization, the animals were randomly divided
into four groups (n = 15): negative control group (normal rat),
positive control group (diabetic rats), diabetic treated group
(diabetes rats treated with PPE), and normal treated group
(normal rats treated with PPE). Type 1 diabetes mellitus (T1DM)
was induced by a single ip dose of 60 mg/kg streptozotocin (Sigma

Aldrich, St. Louis, United States) dissolved in 0.1 M sodium citrate
buffer. Type 1 diabetes developed 72 h after streptozotocin injection.
Rats in the negative control group received a single ip dose of the
vehicle (0.1 M sodium citrate buffer 0.25 mL/kg).

Only those rats with blood glucose concentrations greater than
16.7 mmol/L (300 mg/dL) were considered diabetic and were chosen
to complete the study. Blood glucose was determined using a blood
glucose meter Accu-Chek Performa (Roche Diagnostics,
Indianapolis, United States) by tail vein puncture (Babu and
Srinivasan, 1997; Riazi et al., 2006).

Rats in the diabetic treated group and non-diabetic treated
group were given 1 mL of the PPE at a dose of 150 mg/kg orally
and daily for eight consecutive weeks, while rats in the negative and
positive control groups were given 1 mL of the vehicle orally and
daily for eight consecutive weeks model (El-Mansi and Al-Kahtani,
2019; Mayyas et al., 2021).

At the end of our experiment, the total body weight of the rats
was measured, and random blood glucose levels were determined
using a blood glucose meter. The rats were fasted for 16 h and
sacrificed. Blood was collected by cardiac puncture, and the serum
was separated for determination of lipid profile and serum cardiac
troponin I (cTn1). The heart was removed and washed with cold
saline (pH = 7.4), and the weight of the heart was determined. The
heart was cut into two portions; one portion was fixed in 10%
formaldehyde for histopathological evaluation and
immunohistochemical staining of transforming growth factor
beta (TGF-β), while the other portion was kept at −80°C for
biochemical estimations of malondialdehyde (MDA), enzyme-
linked immunosorbent assay (ELISA) of interleukin 1 beta (IL-
1β) and caspase-1, and quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR) for gene expression of
pyroptosis markers (NLRP3 and caspase-1) and lncRNA-MALAT1.

2.3.2 Determination of fasting serum lipid profile
A cholesterol assay kit—HDL and LDL/VLDL (Abcam,

Cambridge, United Kingdom)—was used to determine total
cholesterol (T-Chol), high-density lipoprotein cholesterol
(HDLc), and low-density lipoprotein cholesterol/very-low-density
lipoprotein cholesterol (LDLc/VLDLc) in the serum of the studied
rat groups according to the manufacturer’s instructions. The kit
quantifies T-Chol by an enzymatic colorimetric method and
includes a simple technique to separate HDLc and LDLc/VLDLc
for their determination. The color intensity of the reaction product is
measured at 570 nm, and it is directly proportional to cholesterol
levels.

A low-density lipoprotein cholesterol colorimetric assay kit
(Elabscience, Wuhan, China) was used to determine LDLc in the
serum of the rat groups according to the manufacturer’s
instructions. The kit quantifies LDLc using an enzymatic
colorimetric method, and the color intensity of the reaction
product is measured at 546 nm using a microplate reader
(Thermo Fisher Scientific, Waltham, MA, United States). The
determined value of LDLc was used to obtain the VLDLc level by
subtracting the LDLc value from the non-HDLc (LDLc/VLDLc)
value.

A triglyceride (TG) colorimetric assay kit (Elabscience, Wuhan,
China) was used to determine TG in the serum of the rat groups
according to the manufacturer’s instructions. The color intensity of
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the generated quinones is directly proportional to the TG content.
The absorbance was measured at 240 nm using a spectrophotometer
(Analytik Jena, Jena, Germany) (Konda et al., 2017).

2.3.3 ELISA for the determination of cardiac
troponin I, IL1-β, and caspase-1

A rat cardiac troponin I ELISA kit (Abcam, Cambridge,
United Kingdom) was used for the determination of cardiac
troponin I (a marker of myocardial injury) in the serum of the
rat groups according to the manufacturer’s protocol (Jin et al., 2021).
In addition, a rat IL1-β ELISA kit (Abcam, Cambridge,
United Kingdom) and a rat caspase-1 ELISA kit (MyBioSource,
California, United States) were used for the determination of IL1-β
(pro-inflammatory cytokine released as a result of
NLRP3 activation) and caspase-1 (IL-1 converting enzyme),
respectively, in the heart tissues, according to the manufacturer’s
protocol. The colored intensity of the final product was measured at
450 nm using a microplate reader (Thermo Fisher Scientific,
Waltham, MA, United States).

2.3.4 Determination of oxidative stress in
myocardial tissue

The degree of myocardial lipid peroxidation was determined by
measuring the level of MDA using anMDA assay kit (Biodiagnostic,
Cairo, Egypt). According to the manufacturer’s protocol, a pink
color is produced by the reaction of thiobarbituric acid with MDA.
The absorbance was measured at 534 nm using a spectrophotometer
(Analytik Jena®, Jena, Germany) (Ohkawa et al., 1979).

2.3.5 RNA extraction and qRT-PCR for lncRNA-
MALAT1, NLRP3, and caspase-1

Total RNA from the cardiac tissue was extracted using an
miRNeasy® Mini Kit (Qiagen Co., Hilden, Germany) and reverse-
transcribed to the cDNA with the two-step RT-PCR kit (Qiagen Co.,
Hilden, Germany). The PCR was performed with QuantiTect SYBR
Green I PCR (Qiagen Co., Hilden, Germany) by denaturing at 95°C
for 10 s, annealing at 60°C for 15 s and extending at 72°C for 25 s.
The primers were obtained from Willowfort Co. (Birmingham,
England), and the primer sequences were as follows: MALAT1
(NR_144568.1) forward (5′-AAAGCAAGGTCTCCCCACAAG-
3′) and reverse: (5′-GGTCTGTGCTAGATCAAAAGGCA-3′)
(Wu et al., 2020), NLRP3 (NM_001191642.1) forward (5′-AGC
CTCAGGGCACCAAA-3′) and reverse (5′-GGTATGGCGTGG
CAAGAGTC-3′), caspase-1 (NM_012762.3) forward (5′-ATG
GATTGCTGGATGAAC T-3′) and reverse (5′-GATAACCTT
GGGCTTGTCTT- 3′), and GAPDH (NM_017008.4) forward (5′-
TCCATGACAACTTTGGCATC-3′) and reverse (5′-CATGTC
AGATCCACCACGGA-3′) (Du et al., 2018). The gene expression
was calculated using the 2−ΔΔCT method (Heid et al., 1996).

2.3.6 Histopathological examination
At the end of our experiment, the heart sections of four rats were

selected randomly from each group. The heart tissues were fixed in
10% neutral formalin for 12 h. Each sample was then soaked in
paraffin, and sections (5-μm thick) were cut and stained with
hematoxylin-eosin (H&E). The sections were evaluated using an
optical microscope (CX43; Olympus, Tokyo, Japan) for the
detection of histopathological abnormality (Saber et al., 2020).

2.3.7 Immunohistochemical staining of TGF-β as a
marker for fibrosis

Immunohistochemical demonstration of TGF-β in paraffin-
embedded heart sections was performed using the TGF-β kit
(Sigma Aldrich, St. Louis, United States). Cardiac tissues were
fixed with 10% neutral formaldehyde. Tissue sections were cut
(5-μm thick) and deparaffinized. The endogenous peroxidase was
quenched with two drops of 3% H2O2 for 5 min. Then, the sections
were treated with a blocking reagent for 10 min. The primary
antibody (rabbit anti-cyclooxygenase-2 in buffered saline) or the
negative control was added and incubated for 1 hour. Then, the
secondary biotinylated antibody (goat anti-rabbit IgG in buffered
saline) was added and incubated for 20 min. Peroxidase was applied
and incubated for another 20 min. A substrate reagent and
aminoethylcarbazole in N, N-dimethylformamide chromogen
were applied and incubated for 10 min. Mayer’s hematoxylin was
used for immunohistochemistry (IHC) counterstain. Six typical
fields were selected randomly from each slice for observation
under an optical microscope (CX43; Olympus, Tokyo, Japan).
The cytoplasm of the positive cells was red-rose to brownish-red
(Kuo et al., 2005).

2.3.8Masson’s trichrome stain for determination of
collagen in the rat myocardium

For determining the collagen content of the rat myocardium,
Masson’s trichrome staining kit (Beijing Solarbio Science &
Technology, Beijing, China) was used to stain the rat
myocardium. The method of staining was modified from the
method used by Ukong et al. (2008). The slides stained with
Masson’s trichrome stain were examined using a polarized light
microscope (Leica, Wetzlar, Germany), and the intensity of the blue
color was determined (representing the collagen density) using a
software image analyzer.

2.4 Statistical analysis

The data are expressed as the mean ± SD, and SPSS version
22 software was used for the statistical analysis. The statistical
comparison between groups was analyzed by one-way analysis of
variance (ANOVA), followed by post-hoc Fisher’s least
significant difference (LSD). p < 0.05 was considered
statistically significant.

3 Results

3.1 Phytochemical analysis of the PPE

In a negative ion mode, the UPLC-PDA-MS/MS analysis of
the PPE detected 28 peaks (Figure 1). The compounds were
identified (Table 1) by comparing the retention times, mass,
and MS/MS data to the published literature for pomegranate
(Abid et al., 2017; Yisimayili et al., 2019; García et al., 2021; Ragab
et al., 2022). According to the area under the peaks, the major
compounds identified are gluconic acid (18.39%), caffeoylquinic
acid (14.0%), citric acid (19.53%), punicalagin (7.84%),
delphinidin-3-O-glucoside (1.80%), ellagic acid-O-pentoside
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(0.68%), ellagic acid (18.26%), and hexahydroxydiphenoyl
glucoside (HHDPG, 21.54%). The latter compound is the
prevalent phenolic compound in the extract (21.54%) based
on the area under the peak.

The 1H NMR analysis of the PPE (Figure 2) indicated that the
characteristic signals for HHDPG, ellagic acid, gluconic acid, and
citric acid were predominant compared to the published
literature (Guy, 1998; Bajko et al., 2016; Wan et al., 2017;
Ahmed et al., 2019; Gabr et al., 2019; Tian et al., 2019;
Hammoud Mahdi et al., 2020; Hasanpour et al., 2020). The
signals at δH 6.51 and 6.52 were assigned to H-6′ and H-6″ in
HHDP moiety (Gabr et al., 2019), respectively, while the signals
at at δH 7.42 and 7.46 were assigned to H-5 and H-5′ in ellagic
acid derivatives (Ahmed et al., 2019), respectively. The signals at
δH 2.64 and 2.73 were ascribed to the symmetrical methylene
diastereotopic protons of citric acid (Guy, 1998). The signals at
δH 3.40–3.75 were ascribed to the protons of gluconic acid
(Hammoud Mahdi et al., 2020). The signals at δH 6.30, 6.77,
6.92, 7.04, 7.53, 9.43, and 9.53 are characteristic of caffeoylquinic
acids (Bajko et al., 2016; Wan et al., 2017). Signals for cyanidin-3-
O-glucoside appeared at δH 6.44, 6.93, 8.21, 8.26, and 9.25, which
are consistent with the literature (Tian et al., 2019). Signals at δH
6.72, 6.88, 6.90, 6.97, 7, 05, 7.12, 7.21, and 7.26 were attributed to
the aromatic protons of α and β punicalagin as compared to the
literature (Hasanpour et al., 2020). Signals at δH 6.30, 6.31, 6.50,
6.54, 6.59, 6.60, 6.63, and 6.64 were consistent with pedunculagin
(Khanbabaee and Großer, 2003). Other compounds detected by

UPLC-PDA-MS were below the detection limit by NMR under
the used concentration and conditions.

3.2 Biological evaluation

3.2.1 Effect on cardiac hypertrophy in the diabetic
rats and the survival rate

The overall survival rate of rats was 76.66% (46/60). In the
negative control group, positive control group, diabetic treated
group, and only treated group, the numbers of survival were 14,
8, 11, and 13, respectively, and the survival rates of the rats were
93.33%, 53.33%, 73.33%, and 86.67%, respectively.

At the end of our experiment, the total body weight of the rats
was determined. The weight of the heart was determined after
animal sacrifice, and the relative heart weight was calculated. The
present study showed that the relative heart weight of the diabetic
rats in the positive control group (0.488 ± 0.030 g) was significantly
higher than the relative heart weight of the normal rats in the
negative control group (0.2851 ± 0.033 g) (p < 0.001). Prophylactic
treatment with the PPE in the diabetic rats significantly decreased
the relative heart weight (0.391 ± 0.043 g) compared to the untreated
diabetic rats in the positive control group (p < 0.001). In addition,
the relative heart weight of the non-diabetic normal rats treated with
the PPE showed no significant difference from the relative heart
weight of the untreated normal rats in the negative control group
(Figures 3A–C).

FIGURE 1
Total ion chromatogram of the UPLC-PDA-MS/MS analysis of the pomegranate peel extract PPE (top), and the mass spectra of the major
constituents (bottom).
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3.2.2 Effect on fasting serum lipid profile and
random blood glucose concentration

Fasting serum profile and random blood glucose of the studied rat
groups were determined at the end of our experiment (Figure 3D).
Prophylactic treatment with the PPE significantly decreased (p < 0.001)
total cholesterol (188.50 ± 13.16 mg/dL), low-density lipoprotein
cholesterol (122.75 ± 11.79 mg/dL), very-low-density lipoprotein
cholesterol (23.88 ± 2.03 mg/dL), non-high-density lipoprotein
cholesterol (146.75 ± 11.61 mg/dL), triglycerides (186.43 ± 20.55 mg/
dL), and the total cholesterol/HDLc risk ratio (4.38 ± 0.56) levels in the
serum of the diabetic rats compared to their levels in the serum of the
untreated diabetic rats in the positive control group 248.50 ± 28.69 mg/
dL, 175.88 ± 7.93 mg/dL, 39.63 ± 3.07 mg/dL, 215.50 ± 7.65 mg/dL,
265.00 ± 28.02 mg/dL, and 7.64 ± 0.56, respectively. Moreover, the
HDLc levels increased significantly in the serum of the diabetic rats
treated with the PPE (43.75 ± 4.77 mg/dL) compared to the untreated
diabetic rats in the positive control group (32.00 ± 3.07 mg/dL) (p <
0.001). The random blood glucose concentrations were significantly

higher in the diabetic rats in the positive control group (472.38 ±
72.18 mg/dL) than in the normal rats in the negative control group
(123.43 ± 15.98 mg/dL) (p < 0.001), but the blood glucose
concentrations of the diabetic rats treated with the PPE showed no
significant difference from blood glucose concentrations of the
untreated diabetic rats in the positive control group.

3.2.3 Effect on serum cardiac troponin 1
Cardiac troponin I concentration in the serum of the studied rat

groups was determined as a marker of myocardial injury. The
concentration of serum cTn1 was significantly higher in the diabetic
rats of the positive control group (294.13 ± 16.09 pg/mL) than in the non-
diabetic rats in the negative control group (85.00 ± 14.64 pg/mL) (p <
0.001). Moreover, the prophylactic treatment of the diabetic rats with the
PPE significantly decreased serum cTn1 levels (203.63 ± 20.98 pg/mL)
compared to the cTn1 concentration in the serum of the untreated
diabetic rats in the positive control group (p < 0.001). The concentration
of cTn1 in the serum of the normal rats treated with the PPE (88.43 ±

TABLE 1 UPLC-PDA-MS/MS analysis results of pomegranate peel extract (PPE).

No. Rt min [M-H]- (m/z) MS2 ions (m/z) Identification

1 1.50 195 177, 159, 129, 99, and 75 Gluconic acid

2 1.89 353 261, 219, 191, 173, 149, and 113 Caffeoylquinic acid

3 2.34 191 173 and 111 Citric acid

4 2.80 205 205 Unknown

5 3.02 205 205 Unknown

6 4.23 783 481, 301, and 275 Pedunculagin I

7 5.72 541* 541 and 302 Punicalagin

7.71 1083 1083, 781, 603, 601, 575, 541, and 302

8 6.73 783 765, 481, 301, and 275 Pedunculagin II

9 7.84 801 649, 348, 347, and 301 Punigluconin

10 8.13 463 302 Delphinidin-3-O-glucoside

11 8.42 469 425, 301, 169, and 125 Valoneic acid dilactone

12 8.86 447 345, 259, 219, 160, and 113 Cyanidin-3-O-glucoside

14 9.28 301 301, 229, and 185 Ellagic acid

15 12.50–13.50 481 301 HHDPG

16 15.21 213 ND Unknown

17 15.64 499 455 and 437 Carboxy ursolic acid

18 15.75 485 455, 422, and 365 Methoxy ursolic acid

19 16.56 487 455, 469, 467, 421, 392, and 375 Dihydroxy ursolic acid

21 17.76 485 455, 422, and 365 Methoxy ursolic acid isomer

22 18.02 487 455, 469, 467, 421, 392, and 375 Dihydroxy ursolic acid isomer

24 21.41 471 423, 407, 405, and 393 Maslinic acid

27 27.71 339 339 Behenic acid

28 31.38 487 487 Asiatic acid

ND, not detected; *, [M-2H]; Rt, retention time.
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18.42 pg/mL) showed no significant difference from the concentration of
cTn1 in the serum of rats in the negative control group (Figure 3E).

3.2.4 Effect on oxidative stress marker in the
myocardial tissue

Malondialdehyde (MDA) concentration was determined in the
cardiac tissue as a marker of myocardial lipid peroxidation. The
concentration of MDA was significantly higher in the cardiac tissue
of the diabetic rats in the positive control group (470.05 ±
32.21 nmol/g tissue) than in non-diabetic rats in the negative
control group (253.13 ± 34.92 nmol/g tissue) (p < 0.001). More
interestingly, prophylactic treatment of the diabetic rats with the
PPE significantly decreased MDA levels in the myocardium tissue
(322.11 ± 24.31 nmol/g tissue) compared to the untreated diabetic
rats in the positive control group (p < 0.001). MDA concentration in
the heart of the normal rats treated with the PPE (244.27 ±
27.83 nmol/g tissue) showed no significant difference from MDA
concentration in the heart of the rats in the negative control group
(Figure 4A).

3.2.5 Effect on the level of IL-1β and caspase-1 in
the myocardial tissue

The concentrations of the pro-inflammatory cytokine (IL-1β),
which was released as a result of the NLRP3 activation, and caspase-

1 (IL-1-converting enzyme) were determined in the cardiac tissues
of the studied rat groups as a marker of pyroptosis. The
concentrations of IL-1β and caspase-1 were significantly higher
in the cardiac tissue of the diabetic rats in the positive control
group (13.11 ± 0. 88 pg/mg and 43.49 ± 2.12 pg/mg, respectively)
than in the non-diabetic rats in the negative control group (7.67 ± 0.
46 pg/mg and 25.28 ± 2.23, respectively) (p < 0.001). Prophylactic
treatment of the diabetic rats with the PPE significantly decreased
IL-1β and caspase-1 concentrations in the myocardium tissue
(10.44 ± 0.76 pg/mg and 33.55 ± 2.52 pg/mg, respectively)
compared to the untreated diabetic rats in the positive control
group (p < 0.001). Moreover, the concentrations of IL-1β and
caspase-1 in the heart of the normal rats treated with the PPE
(6.96 ± 0.75 pg/mg and 24.44 ± 1.923, respectively) showed no
significant difference from their concentrations in the heart of the
normal rats in the negative control group (Figures 4B, C).

3.2.6 Effect on lncRNA-MALAT1 and pyroptosis in
the cardiac tissue

Our RT-PCR data showed that the gene expressions of lncRNA-
MALAT1 and the pyroptosis markers (NLRP3 and caspase-1) in the
cardiac tissue of the diabetic rats in the positive control group
(5.374 ± 0.715, 6.079 ± 0.742, and 5.248 ± 0.584 folds, respectively)
were significantly higher than their gene expressions in the cardiac

FIGURE 2
1H NMR fingerprint of the pomegranate peel extract PPE (Top) and expanded aromatic protons region (6.30–9.50 ppm) (bottom). The structures of the
detected compounds are shown. Red: HHDPG, dark red: caffeoyl quinic acid, dark blue: punicalagin, orange: pedunculagin, black: cyanidin-3-O-
glucoside, light blue: ellagic acid derivatives.
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FIGURE 4
Effect of the pomegranate peel extract treatment on heart tissue of the studied rat groups. (A): MDA level as marker of lipid peroxidation, (B): IL-1β
content detected by ELISA. (C–E): gene expression analysis of lncRNA-MALAT1, NLRP3, and caspase-1 respectively. The gene expression was measured

(Continued )

FIGURE 3
Effect of thepomegranate peel extract treatment on the studied rat groups (A)heartweight, (B) total bodyweight, (C) relative heartweight, (D) randomblood
glucose and fasting serum lipids, and (E) serumcardiac troponin-I concentration.Data are presentedasmean±SD;n=7. cTn1: cardiac troponin I, Normal: normal
rats (negative control group), Diabetic: non-treated diabetic rats (positive control group), N+PPE: normal rats treatedwith the pomegranate peel extract, Dia+PPE:
diabetic rats treatedwith the pomegranate peel extract. HDLc: high density lipoprotein cholesterol, LDLc: low density lipoprotein cholesterol, NonHDL: non
high density lipoprotein, TC: total cholesterol, TG: triglyceride, VLDLc: very low density lipoprotein cholesterol.
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tissue of the non-diabetic rats in the negative control group (1-fold,
p < 0.001). Meanwhile, prophylactic administration of the PPE
induced significant a decrease in the gene expressions of lncRNA-
MALAT1 and pyroptosis markers (NLRP3 and caspase-1) in the
cardiac tissue of the diabetic rats (3.252 ± 0.643, 4.162 ± 0.668, and
3.534 ± 0.745 fold, respectively, p < 0.05). Our results showed that
the gene expressions of lncRNA-MALAT1 and the pyroptosis
markers (NLRP3 and caspase-1) in the cardiac tissue of the non-
diabetic rats treated with the PPE (0.913 ± 0.742, 0.974 ± 0.632, and
0.941 ± 0.553 fold, respectively) showed no significant difference

from their gene expressions in the cardiac tissue of the non-diabetic
rats in the negative control group (1-fold) (Figures 4D–F).

3.2.7 Histopathological examinations
Histopathological examination revealed that the cardiac wall of

the non-diabetic rats in the negative control group showed normal
viable cardiac muscle fibers with distinct cell borders, preserved
cross striations, and central oval\elongated nuclei (Figure 5A). The
cardiac wall of the non-diabetic rats treated with the PPE showed an
appearance similar to that of the normal control group as the cardiac
muscle fibers showed centrally located nuclei and preserved cross
striations (Figure 5B). Meanwhile, the cardiac wall from the diabetic
rats in the positive control group showed scattered cardiac muscle
fibers with small pyknotic nuclei, partial loss of cross striations,
mildly congested intervening blood capillaries, and scattered
cytoplasmic vacuoles (Figure 5C). More interestingly, the cardiac
wall of the diabetic rats treated with the PPE showedmildly scattered
cardiac muscle fibers with small pyknotic nuclei, few scattered
cytoplasmic vacuoles, and partial loss of cross striations (Table 2;
Figure 5D).

3.2.8 Effect on TGF-β as a marker for fibrosis
To confirm fibrosis in the cardiac tissue, immunostaining of

TGF-β was performed. Immunostained cardiac myofibrils against
TGF-β showed a cardiac wall with negative cell membrane reactivity
in the non-diabetic rats in the negative control group and the non-
diabetic rats treated with the PPE (Figures 6A, B). Meanwhile,
cardiac myofibrils from the diabetic rats in the positive control
group showed marked cell membrane reactivity in the cardiac wall
(Figure 6C). More interestingly, the cardiac myofibrils from diabetic
rats treated with the PPE showed a cardiac wall with weak cell
membrane reactivity (Figure 6D). Figure 6E illustrates that the
number of reactive cells against TGF-β in cardiac myofibrils
from diabetic rats treated with PPE was significantly lower than
their number in diabetic untreated rats (p < 0.001).

3.2.9 Determination of the amount of collagen in
the cardiac tissue of diabetic rats

For collagen amount determination in the rat myocardium,
Masson staining was used. Microscopic pictures of Masson’s
trichome staining of the cardiac tissues of the non-diabetic rats
in the negative control group and non-diabetic rats treated with the
PPE showed normal delicate fibrous strands (Figures 7A, B).
Meanwhile, the cardiac tissues of the diabetic rats in the positive
control group showed thick fibrous bands (Figure 7C). In addition,
the cardiac tissues of the diabetic rats treated with the PPE illustrated
a mild amount of collagen fibers (Figure 7D).

Figure 7E illustrates the quantitative measurements of the
optical density of collagen fibers in the heart of the studied rat

FIGURE 5
Microscopic pictures of the cardiac tissue of the studied rat
groups stained with H&E. (A) Cardiac wall of the non-diabetic rats in
the negative control group showing viable cardiac muscle fibers with
distinct cell borders (black arrow), preserved cross striations (blue
arrow), and central oval\elongated nuclei (red arrow). (B) Cardiac wall
of the non-diabetic rats treated with the pomegranate peel extract
showing cardiac muscle fibers with centrally located nuclei (black
arrow) and preserved cross striations (red arrow). (C) Cardiac wall of
the diabetic rats in the positive control group showing scattered
cardiac muscle fibers with small pyknotic nuclei (black arrow), partial
loss of cross striations (red arrow), mildly congested intervening blood
capillaries (blue arrow), and scattered cytoplasmic vacuoles (yellow
arrow). (D) Cardiac wall of the diabetic rats treated with the
pomegranate peel extract showing mildly scattered cardiac muscle
fibers with small pyknotic nuclei (black arrow), few scattered
cytoplasmic vacuoles (blue arrow), and partial loss of cross striations
(red arrow).

FIGURE 4 (Continued)
using quantitative RT-PCR. Data are expressed as the mean ± SD. n = 7 for MDA and IL-1β concentrationwhile for gene expression analysis n = 3. IL-1β:
interleukin 1 beta; MALAT1: Metastasis associated lung adenocarcinoma transcript 1; MDA: malondialdehyde; NLRP3: nucleotide-binding domain (NOD)-like
receptor protein 3, Normal: normal rats (negative control group), Diabetic: non-treated diabetic rats (positive control group), N+PPE: normal rats treated with the
pomegranate peel extract, Dia+PPE: diabetic rats treated with the pomegranate peel extract.
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groups using the Masson trichrome technique. The amount of
collagen fiber per unit area in cardiac myofibrils from diabetic
rats was significantly higher than its amount in the non-diabetic
rats in negative control group (p < 0.001). Moreover, prophylactic
treatment of the diabetic rats with PPE significantly decreased the
amount of collagen fiber in cardiac myofibrils per unit area (p <
0.001).

4 Discussion

Diabetic cardiomyopathy is a recognized complication of
diabetes mellitus, with a prevalence of 1.1% (Dandamudi et al.,
2014). Oxidative stress and lipid peroxidation are core factors in the
pathophysiology of diabetes-induced cardiac injury (El-Missiry

et al., 2015). These factors are a consequence of higher reactive
oxygen species generation produced by metabolic disturbances. The
disease is characterized by myocardial hypertrophy, myocardial
fibrosis, and an elevated level of cTn-1. Currently, there is no
specific treatment for DC, and the cardioprotective strategies for
DC prevention include the use of antioxidants, antifibrotic agents,
and anti-inflammatory agents (Lorenzo-Almorós et al., 2022). Our
findings showed, for the first time, that PPE ameliorates the impact
of diabetes on the myocardium and revealed the likely mechanisms
of its favorable effects, which are downregulation of lncRNA-
MALAT1, with subsequent downregulation of the pyroptosis-
related genes (NLRP3 and caspase-1), and reduction of IL-1β.
This study revealed that PPE treatment increased the survival
rate and protected against the development of cardiac
hypertrophy in diabetic rats. Our results showed that the survival

TABLE 2 Effect of pomegranate peel extract (PPE) on histopathological scoring of alterations caused by diabetes in rats’ cardiac tissues of the studied groups.

Group Normal Diabetic N + PPE Dia + PPE

Scattered cardiac muscle fibers − ++ − +

Pyknotic nuclei − + − +

Edema − ++ − −

Cytoplasmic vacuoles − ++ − +

Congestive blood vessel − + − −

Normal: normal rats (negative control group); diabetic: non-treated diabetic rats (positive control group); N + PPE: normal rats treated with the PPE; Dia + PPE: diabetic rats treated with

the PPE.

FIGURE 6
Immunostained cardiac myofibrils against TGF-β. (A) Non-diabetic rats in the negative control group cardiac wall showing negative cell membrane
reactivity in cardiac myofibrils. (B)Cardiac wall of non-diabetic rats treated with the pomegranate peel extract showing negative cell membrane reactivity
in cardiac myofibrils. (C) Cardiac wall of the diabetic rats in the positive control group showing marked cell membrane reactivity in cardiac myofibrils. (D)
Cardiac wall of the diabetic rats treated with the pomegranate peel extract showing weak cell membrane reactivity in cardiac myofibrils. (E)
Illustrative figure demonstrating the average number of reactive cells in cardiac myofibrils against TGF-β of the studied rat groups. Data are presented as
mean ± SD; n = 6. Normal: normal rats (negative control group). Diabetic: non-treated diabetic rats (positive control group). N + PPE: normal rats treated
with the PPE. Dia + PPE: diabetic rats treated with the PPE. a: significant versus negative control group; b: significant versus positive control group, c:
significant versus treated normal group; p < 0.05.
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rate of the rats in the positive control group was 53.33%, while the
survival rate of the rats in the diabetic treated group was 73.33%.
Moreover, prophylactic treatment of the diabetic rats with PPE
significantly decreased the relative heart weight compared to the
untreated diabetic rats in the positive control group (p < 0.001).

Diabetes mellitus notoriously leads to a myriad of complications,
such as DC that may be eventually complicated by the occurrence of
heart failure and arrhythmia. Metabolic derangement,
mitochondrial dysfunction, autophagy, and inflammatory cell
death are all implicated in initial myocardial hypertrophy and,
eventually, fibrosis (Yan et al., 2020; Prandi et al., 2022).

The animal model used in this study is of type 1 diabetes
mellitus. In patients with T1DM, the disease is characterized by
hyperglycemia and dyslipidemia as frequently occurring
metabolic abnormalities. Both are associated with an increased
cardiovascular risk (Zabeen et al., 2018; Jebraeili et al., 2021). Our
results showed that prophylactic treatment of the diabetic rats
with PPE significantly improved the serum lipid profile (p <
0.05), with no significant effect on the blood glucose
concentration.

Our results were in agreement with those of Hou et al. (2019),
who reported that pomegranate extract regulates lipid metabolism
and improves lipid profile in metabolic-disorder-associated diseases
such as non-alcoholic fatty liver disease and type 2 diabetes. On the
other hand, our findings showed that PPE could improve the
pathological effect of diabetes on the lipid profile of rats, but it
did not significantly affect the normal lipid profile in the non-
diabetic rats.

Serum cTn1 is a common marker of myocardial injury (El-
Mansi and Al-Kahtani, 2019; Jin et al., 2021). This study showed that

prophylactic treatment of the diabetic rats with PPE significantly
decreased the serum cTn1 concentration compared to the untreated
diabetic rats in the positive control group (p < 0.001). Our results
were in line with those of Jin et al. (2021), who found that increased
serum cTn1 in diabetic mother rats was decreased by prophylactic
treatment with PPE.

In diabetes, superoxide anion radicals are overproduced in
the mitochondria, subsequently inducing an increased polyol
pathway flux and activation of the receptor for AGE and protein
kinase C isoforms. It is of note that such pathways not only
directly cause diabetic cardiomyopathy but are also leading
sources of ROS (Prandi et al., 2022). The ROS and oxidative
stress lead to cellular malfunction injury through several
mechanisms, including protein oxidation, lipid peroxidation,
DNA damage, and oxidative changes in microRNAs (Pizzino
et al., 2017).

In this study, we determined MDA in the cardiac tissue as a
marker of lipid peroxidation. MDA is an end product of the
oxidation of polyunsaturated fatty acids containing more than
two double bonds and its increased level reflects high levels of
ROS and oxidative stress. Our data showed that the prophylactic
treatment of the diabetic rats with PPE significantly decreased the
MDA levels in the myocardium tissue compared to the untreated
diabetic rats in the positive control group (p < 0.001). Our findings
agreed with those of Jin et al. (2021), who found that the increased
MDA in the myocardium of diabetic mother rats was decreased by
prophylactic treatment with allisartan isoproxil. In the current
study, the PPE could decrease the elevated pathological level of
MDA due to hyperglycemia in diabetic rats, but it did not
significantly affect the normal MDA level in non-diabetic rats.

FIGURE 7
Masson’s trichome staining of the cardiac tissues of the studied rat groups. (A)Cardiac tissue from the non-diabetic rats in the negative control group
showing normal delicate fibrous strand. (B) Cardiac tissue from the non-diabetic rats treated with the pomegranate peel extract showing an appearance
similar to that of interstitial collagen as the negative control group. (C) Cardiac tissue from the diabetic rats in the positive control group showing thick
fibrous bands. (D) Cardiac tissue from the diabetic rats treated with pomegranate peel extract group illustrating a mild amount of collagen fibers. (E)
Illustrative figure demonstrating the quantitativemeasurement of the optical density of collagen fiber per unit area stained byMasson’s trichome. Data are
presented asmean± SD; n= 6. Normal: normal rats (negative control group). Diabetic: non-treated diabetic rats (positive control group). N + PPE: normal
rats treated with the PPE. Dia + PPE: diabetic rats treated with the PPE. a: significant versus negative control group; b: significant versus positive control
group, c: significant versus treated normal group; p < 0.05.
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This effect could be attributed to the antioxidant and ameliorative
action of pomegranate polyphenolic constituents, which scavenge
the free radicals through the AMPK-Nrf2 signaling pathway and
thus decrease lipid peroxidation (Aboonabi et al., 2014; Sun et al.,
2016; Akuru et al., 2022).

Pyroptosis is an inflammatory programmed cell death which is
strongly associated with the development of DC. ROS and
hyperglycemia associated with diabetes activate
NLRP3 oligomerization which triggers the activation of caspase-1.
Active caspase-1 converts the inactive pro-inflammatory cytokine IL-
1β into its active form and facilitates the release of active IL-1β out of the
cell (Xue et al., 2019; Zheng and Li, 2020). Our real-time PCR data
showed that the prophylactic treatment with PPE significantly
decreased the gene expression of pyroptosis markers (NLRP3 and
caspase-1) in the cardiac tissue of the diabetic rats compared to
those of rats in the positive control group (p < 0.05). This effect
could be explained by the antioxidant effect of PPE, thus deactivating
NLRP3 and its related processes.

In the present study, the ELISA technique was performed for
further confirmation of our real-time PCR findings. The
concentrations of caspase-1 and IL-1β in the cardiac tissues of
the studied rat groups were determined by ELISA. The
prophylactic treatment of the diabetic rats with PPE significantly
decreased the concentration of caspase-1 and IL-1β in the
myocardium tissue compared to the untreated diabetic rats in the
positive control group (p < 0.001). In the present study, the PPE
could inhibit the diabetes-activated pyroptosis pathway in diabetic
rats, but it did not significantly affect the pyroptosis in non-diabetic
rats as it is un-activated and has normal glucose level and no or low
level of ROS.

The lncRNA-MALAT1 is involved in several pathophysiological
mechanisms in multiple diseases, including DC (Zhang et al., 2016;
Abdulle et al., 2019). LncRNA-MALAT1 is upregulated in DC, and
the knockdown of MALAT1 protects against the development of
DC. Intriguingly, MALAT1 could be a novel therapeutic target for
DC (Shi et al., 2021). Gene expression analysis in this study showed
that prophylactic treatment with PPE significantly decreased the
gene expression of lncRNA-MALAT1 in the cardiac tissue of the
diabetic rats compared to those of rats in the positive control group
(p < 0.05). On the other hand, PPE had no significant effect on the
normal level of lncRNA-MALAT1 in non-diabetic rats.

Our findings revealed, for the first time, that the protective effect
of PPE on DC could be due to the inhibition of pyroptosis,
specifically by downregulating lncRNA-MALAT1. Our findings
were supported by Wu et al. (2021), who found that lncRNA-
MALAT1 promotes pyroptosis induced by high glucose
concentration in the H9C2 cardiomyocyte via downregulating
miR-141-3p.

Transforming growth factor-β is the master cytokine that
mediates fibrosis in various tissues as a consequence of tissue
injury and inflammation (Khalil et al., 2017). In the current
study, immunostaining of TGF-β was performed to confirm
fibrosis in the cardiac tissue. Moreover, Masson staining was
used for the determination of the collagen amount. The
microscopic examination of the cardiac tissues of the studied rat
groups revealed that prophylactic treatment with PPE significantly
decreased the number of TGF-β-positive cells and the amount of
collagen in the cardiac tissue of the diabetic rats. The current data

were in line with the findings of Dab et al. (2022), who reported that
PPE modulates the cardiac extracellular matrix and decreases the
content of hydroxyproline and total collagen in a rat diabetic model.

Metabolic derangement, mitochondrial dysfunction, and
inflammatory cell death are all implicated in myocardial
hypertrophy and, eventually, fibrosis (Yan et al., 2020; Prandi
et al., 2022). Fibrosis is a key feature of DC, leading to increased
stiffness and loss of contractile function in diastolic and systolic DC
types, respectively. Such pathological processes lead to
complications, including heart failure and arrhythmias (Russo
and Frangogiannis, 2016; Youssef et al., 2022).

Our histopathologic and immunohistochemistry findings were
in agreement with our biochemical data. The histopathologic and
immunohistochemistry staining showed that prophylactic treatment
with PPE prevented deleterious histopathological alterations in the
cardiac myocytes and ameliorated the tissue damage caused by
diabetes. The favorable changes were indicated by the attenuated
collagen accumulation and the decreased number of TGF-β-positive
cells.

Our current findings have impactful translational meaning in
clinical practice. Applied to all types of diabetes mellitus, DCmay be
diagnosed in patients with diabetes as any cardiac systolic, or at least,
moderate diastolic dysfunction, with no history of other cardiac
diseases including hypertension, coronary, and significant valvular
or congenital heart disease (Dandamudi et al., 2014). A prevalence
study by Dandamudi et al., 2014 revealed that DC occurs in 1.1% of
the general population. About 17% of diabetic patients included in
their study had DC (54.4% with diastolic dysfunction). Out of the
studied diabetic patients, 22% developed heart failure within the 9-
year follow-up period (Dandamudi et al., 2014).

The prevalence of diabetes mellitus type 2 is more than 20-fold
higher than that of type 1; therefore, diabetic cardiomyopathy is
mainly observed in type 2 diabetic patients. However, our model
represents the two main pathological derangements linking DM, in
all its types, to DC, which are hyperglycemia and dyslipidemia.

The PPE is rich in ellagitannins and anthocyanins, which are strong
antioxidant agents. In our study, punicalagin, pedunculagin, valoneic
acid dilactone, HHDPG, and ellagic acid are the ellagitannins detected,
whereas cyanidin-3-O-glucoside and delphinidin-3-O-glucoside were
the major anthocyanins. Ellagitannins are metabolized to ellagic acid
and then to urolithin compounds, which are considered responsible for
the biological activities of ellagitannins (Villalba et al., 2019).
Punicalagin demonstrated a cardioprotective effect in diabetic
conditions where it significantly decreased elevated cTn-1 to normal
levels, attenuated IL-1b, IL-6, and TNF-α, and ameliorated the lipid
profile in a streptozotocin-induced diabetic model (El-Missiry et al.,
2015). Urolithin compounds A and B prevent the development of
diabetic cardiomyopathy (Savi et al., 2017; Chen et al., 2022; Selma et al.,
2021) by increasing the expression of sarco(endo)plasmic reticulum
calciumATPase 2 (SERCA2) and the activation of SIRT1; consequently,
glycolysis is increased via a positive modulation of pyruvate
dehydrogenase activity and ameliorated cardiac function. The anti-
inflammatory effect of urolithin B was evidenced by a decrease in some
inflammatory cytokines, including interleukin-6 (IL-6), interferon-γ
(IFN-γ), tumor necrosis factor-α (TNF-α), interleukin-4 (IL-4), and IL-
1β through the inhibition of nuclear factor-κ-gene binding (NF-κB)
activation and mitogen-activated protein kinase (MAPK). In addition,
urolithin B exhibits antioxidant activity mediated by decreasing the
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production of ROS and the expression of NADPH oxidase subunit in
addition to upregulating heme oxygenase-1 expression via the Nrf2/
ARE signaling pathway (Lee et al., 2019).

It was reported that ellagic acid stimulates cardiac silent
information regulator 1 signaling, thus protecting against DC in
rats (Altamimi et al., 2020). Ellagic acid lowers triglyceride
content, malondialdehyde level, (IL)-beta, IL-6, and TNF-alpha
in the cardiac tissues (Chao et al., 2009). Additionally, ellagic
acid upregulates cardiac mRNA expression of glutathione
peroxidase, superoxide dismutase, and catalase, which
accounts for its antioxidant effect (Chao et al., 2009).

Anthocyanins were reported to have a cardioprotective effect
against streptozotocin-associated DC (Chen et al., 2016).
Anthocyanins upregulate Nrf2, thus inducing the production of
endogenous antioxidants (Sapian et al., 2022). Moreover,
anthocyanins are evidently effective against increased cytokine
production, lipid peroxidation, and inflammation. Cyanidin-3-
O-glucoside and delphinidin-3-O-glucoside, detected in our study,
are among the anthocyanins that have positive effects on diabetes-
associated complications (Chen et al., 2016). Cyanidin-3-O-glucoside
and delphinidin-3-O-glucoside showed cardioprotective action in DC
due to their antioxidant properties (Liobikas et al., 2016; Li et al., 2018).

Nutritional intervention has become an essential component of
the management plans for chronic diseases. Thus, initiatives and
campaigns planned to increase vegetable and fruit intake are
required and justified. The promotion of vegetable and fruit
consumption by health policies can be a promising strategy to
help prevent and improve the outcome of diabetes mellitus,
among other chronic illnesses (Boeing et al., 2012). Guidance
may include specific research-based advice, e.g., promoting PPE
intake in diabetic patients to hopefully prevent and improve the
outcome of DC.

5 Conclusion

The current study demonstrated that pomegranate peel
extract showed a cardioprotective effect in diabetic rats, most
likely due to its unique antioxidant, anti-inflammatory, and
antifibrotic properties and its ability to improve the lipid
profile. The protective effect of PPE could be due to the
inhibition of the NLRP3/caspase-1/IL1β signaling pathway
and downregulation of lncRNA-MALAT1. Thus, PPE could
be a promising protective remedy against the development of
DC. Clinical studies are recommended to evaluate the effect of
PPE as a cardioprotective supplement in DC.
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Ginsenoside Rg1 can reverse
fatigue behavior in CFS rats by
regulating EGFR and affecting
Taurine and Mannose
6-phosphate metabolism

Chaofang Lei1, Jiaxu Chen1,2†, Zhen Huang1, Yinian Men1,
Yue Qian1, Mingzhi Yu1, Xinyi Xu1, Lin Li3, Xin Zhao1,
Youming Jiang3 and Yueyun Liu1*
1School of Traditional Chinese Medicine, Beijing University of Chinese Medicine, Beijing, China,
2Guangzhou Key Laboratory of Formula-Pattern of Traditional Chinese Medicine, School of Traditional
Chinese Medicine, Jinan University, Guangzhou, China, 3School of Life Sciences, Beijing University of
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Background: Chronic fatigue syndrome (CFS) is characterized by significant and
persistent fatigue. Ginseng is a traditional anti-fatigue Chinese medicine with a
long history in Asia, as demonstrated by clinical and experimental studies.
Ginsenoside Rg1 is mainly derived from ginseng, and its anti-fatigue metabolic
mechanism has not been thoroughly explored.

Methods: We performed non-targeted metabolomics of rat serum using LC-MS
and multivariate data analysis to identify potential biomarkers and metabolic
pathways. In addition, we implemented network pharmacological analysis to
reveal the potential target of ginsenoside Rg1 in CFS rats. The expression levels
of target proteins were measured by PCR and Western blotting.

Results: Metabolomics analysis confirmed metabolic disorders in the serum of
CFS rats. Ginsenoside Rg1 can regulate metabolic pathways to reverse metabolic
biases in CFS rats. We found a total of 34 biomarkers, including key markers
Taurine and Mannose 6-phosphate. AKT1, VEGFA and EGFR were identified as
anti-fatigue targets of ginsenoside Rg1 using network pharmacological analysis.
Finally, biological analysis showed that ginsenoside Rg1 was able to down-
regulate the expression of EGFR.

Conclusion: Our results suggest ginsenoside Rg1 has an anti-fatigue effect,
impacting the metabolism of Taurine and Mannose 6-phosphate through EGFR
regulation. This demonstrates ginsenoside Rg1 is a promising alternative treatment
for patients presenting with chronic fatigue syndrome.

KEYWORDS

ginsenoside Rg1, metabolomics, network pharmacology, EGFR, AKT1, VEGFA, taurine,
Mannose 6-phosphate
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1 Introduction

Chronic fatigue syndrome (CFS) is a common (0.006%–3%),
severely disabling disorder characterized by long-term extreme
fatigue that persists even after resting (Nguyen et al., 2019; Moore
et al., 2021). CFS is accompanied by depression, concentration difficulty
and memory loss (Cvejic et al., 2016; Chaves-Filho et al., 2019). An
estimated 1–5 million people present with CFS in Europe every year,
with an estimated annual cost of approximately €40 billion in health
expenses (Nacul et al., 2021); while in the United States CFS affects
1–2.5 million people yearly and costs between $1.7~$24 billion (Bested
and Marshall, 2015), compared to 44.71 ± 6.10 cases/100,000 people in
South Korea (Lim et al., 2021). In China, a previous cross-sectional
study found CFS is prevalent among adolescents (Shi et al., 2018).

At present, CFS’s etiology remains unknown, and there are no
effective treatments available (Sandler and Lloyd, 2020), with
deficient and unspecific diagnostic criteria further preventing
appropriate approaches. This makes it imperative to increase the
efforts for discovering biomarkers to aid diagnosis and include
Chinese medicine has as a potential area for therapy.

Spleen deficiency represents the core pathogenesis of CFS (Geng
and Wang, 2012) and can be treated with ginseng, a classic herbal
prescription (Ma et al., 2021) that contains ginsenosides as main active
components, of which Rg1, a triterpenoid saponin, is the most
abundant (Mohanan et al., 2018; Yousuf et al., 2022). In addition,
Rg1 presents anti-fatigue effects, as demonstrated by an increase in
swimming, fight, and rest times in CFSmodel rats, which are associated
with an increase in serum IgA, IgG, IgM, IFN-β, IFN-γ, T-AOC and
Ache (He et al., 2020). Li et al. (2022) found that Panax notoginseng
saponin R1 can be efficiently transformed into ginsenoside Rg1 to
enhance anti-fatigue effects. CFS is also associated with several
metabolic disorders, including energy, amino acids, nucleotides,
nitrogen, hormones, lipids and neurotransmitter-related pathways
(Armstrong et al., 2014; Nagy-Szakal et al., 2018). However, it
remains unclear whether ginsenoside Rg1 can regulate these
metabolic disorders in CFS rats.

Traditional Chinese medicine has played an important role in
health protection and disease treatment for thousands of years, and
is becoming gradually recognized by the international community,
as shown by the development of metabolomics, an emerging systems
biology technology whose core idea is similar to the holistic
approach of traditional Chinese medicine (Wang et al., 2015).
Moreover, network analysis explores the associations between
drugs, targets, and diseases through network information,
whereby combining it with metabolomics can provide insights
into the complex interrelationships between biomarkers and disease.

2 Materials and methods

2.1 Animals, drug administration and sample
collection

We purchased 32 male Sprague-Dawley rats from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. [animal license No.
SCXK (Beijing) 2016–0006]. The rats were kept under controlled
environmental conditions (room temperature 22°C ± 2°C, 12-h
light/dark cycle) with free access to standard food and water. All

experiments were performed according to the EU (Directive 2010/
63/EU) ethical guidelines and were approved by the Animal Care and
Therapy Ethics Committee of the Beijing University of Chinese
Medicine (BUCM-4-2019030402–1036).

After 1 week of adaptive feeding, all rats were randomly divided
into four groups (n = 8 per group), including the normal Control group
(Control), the model group (CFS), the model + positive control group
(CFS+ Oryzanol&VB1), and the model + ginsenoside Rg1 group (CFS
+ Rg1). Starting from week 3, all groups were given intragastric
administration 30 min before modeling every day.

The rats in each group were given continuous gavage for
2 weeks, once a day, and received the following treatments: 1)
Control: intragastric administration of double distilled water
(10 ml/kg body weight); 2) CFS: intragastric administration of
double distilled water (10 ml/kg body weight); 3) CFS+
Oryzanol&VB1 group: gavage glutamine and vitamin B1,
(3.15 mg/kg/d, 10 ml/kg body weight) (Xu et al., 2019); 4) CFS +
Rg1 group: intragastric administration of ginsenoside Rg1
(50 mg/kg/d, 10 ml/kg body weight) (Feng et al., 2010; Heinrich
et al., 2020).

After performing behavioral tests, we anesthetized the animals
using isoflurane. The hippocampus and prefrontal cortex were
stripped and quickly preserved in liquid nitrogen. Blood was
collected through the abdominal aorta and serum was separated
by centrifugation (3500 rpm, 10 min, 4°C). Serum and brain tissue
were stored at -80°C until analyzed.

2.2 Chemicals and reagents

Ginsenoside Rg1 was purchased from Chengdu DeSiTe Bio-
Technology Co., Ltd. with the following specifications: 5 g/bottle
(HPLC ≥ 98%, CAS No.22427-39-0). Guweisu tablets were
purchased from Beijing Zhongxin Pharmaceutical Co., Ltd.
with the following specifications: 10mg/tablet (No.H13020683).
Vitamin B1 tablets were purchased from Tianjin Feiying Yuchuan
Pharmaceutical Co., Ltd. with the following specifications: 10 mg/
tablet (No.12020592). D-xylose was purchased from BioRuler.

UPLC Methanol, Acetonitrile, and ultra-pure water were
purchased from Fisher Chemical (Fair Lawn, United States).
Uplc-grade FormicAcid was purchased from CNW (Shanghai,
China). UPLC Grade 2-Propanol was purchased from Merck
(Darmstadt, Germany). 2-Chloro-L-Phenylalanine (≥98%) was
obtained from Adamas-beta (Shanghai, China).

Bicinchoninic acid (BCA) protein quantitative detection Kit,
SDS-PAGE Gel Preparation Kit, Radio-Immunoprecipitation Assay
(RIPA) Lysate, and enhanced chemiluminescence (ECL) were
purchased from Servicebio (Wuhan, China). GAPDH (GB15002)
was purchased from Servicebio (Wuhan, China). AKT1 (ab81283),
VEGFA (ab214424), and EGFR (ab52894) were purchased from
Abcam (Shanghai, China).

2.3 Chronic fatigue syndrome model
establishment

A multi-factor modeling method was used to simulate CFS
pathogenesis (Shao et al., 2017): 1) Load-weighted forced swimming:
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Rats in the modeling group swam in a transparent toughened plastic
bucket (diameter 20 × height 50 cm) for 10 min every day for
28 days. The water temperature of the swimming pool was
controlled at 23°C ± 2°C. A small artery clip was attached to the
lead wire about 5% of the body weight of the rat, and then the weight
was placed on the back hair of each rat. 2) Restriction: The rats in the
model group were bound to the wooden restriction frame (22 × 10 ×
2 cm in length and 10 × 2 cm in thickness) for 3 h every day,
respectively, and subjected to chronic restriction stress for 4 weeks.
The Control group did not participate in the above two modeling
methods and was fed normally. The experimental procedure is
shown in Figure 1A.

2.4 Evaluation of the CFS model

Body weight, 24-h food intake, urine D-xylose and behavioral
tests (including the open field and rotarod tests) were performed
2 and 4 weeks after modeling for evaluation. In the open field test,
the EthoVision 3.0 behavioral device of the Noldus Company
(Netherlands) was used to analyze videos and calculate the 5-min
total distance of spontaneous movement of each rat group. A rat
rotating rod fatigue instrument (Anhui Zhenghua Biological
Instrument Equipment Co., Ltd. ZH-300B) was used to measure
the time during which rats were able to sustain a constant 30rpm
speed. The upper limit of the recording time was set to 5 min.

FIGURE 1
(A) Experimental procedure implemented for a CFS rat model. (B) Body weight changes in the four rat groups. (C) 24-h food intake of the four rat
groups. (D) 24-h urinary D-xylose excretion rate in the four rat groups. (E) Total travel distance of the four rat groups in theOpen Field Test. (F) Time spent
on the rod in the four rat groups (Rotarod Test). Data are shown as the mean ± standard deviation, n = 8. *p < 0.05, **p < 0.01 versus control group; #p <
0.05, ##p < 0.01 versus CFS group.
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2.5 LC-MS-based serum metabolomics

2.5.1 Sample preparation
100 μL of serum samples were collected in a 2 ml centrifuge tube.

The metabolites were extracted from 400 μL of extract solution
(methanol: water = 4:1 (v:v)) containing 0.02 mg/ml internal
standard (L-2-chlorophenyl alanine). The sample preparation
process is described in a previous study (Lei et al., 2022). Equal
amounts of the mixture were extracted from all samples and used as
QC samples for LC-MS.

2.5.2 Untargeted LC-MS analysis
We used Thermo’s ultra-high-performance liquid

chromatography-tandem time-of-flight mass spectrometry
UHPLC-Q Exactive HF-X system as the instrument platform. A
total of 2 μL samples were separated using an HSS
T3 chromatographic column (100 mm × 2.1 mm i. d. 1.8 µm)
and then detected by mass spectrometry. The mobile phase A
consisted of 95% water and 5% acetonitrile (containing 0.1%
formic acid). The mobile phase B consisted of 47.5% acetonitrile,
47.5% isopropyl alcohol, and 5% water (containing 0.1% formic
acid). The column temperature was set to 40 °C. The positive and
negative ion scanning modes were used for mass spectrum signal
acquisition.

2.5.3 Data processing
LC-MS raw data was imported into Progenesis QI (Waters

Corporation, Milford, United States) for baseline filtering, peak
identification, integration, retention time correction, and peak
alignment. This allowed us to obtain a data matrix of the
retention time, mass/charge ratio, and peak intensity. We
normalized the data matrix for subsequent analysis. The
metabolite information was obtained by matching MS and MS/
MS mass spectrometry information with the metabolic public
databases HMDB (https://hmdb.ca/) and Metlin (https://metlin.
scripps.edu/).

2.5.4 Metabolomic data analysis
The pre-processed data was uploaded to the Majorbio Cloud

Platform (http://www.majorbio.com/) for data analysis. The R
software package ropls (Version 1.6.2) was used for performing
principal component analysis (PCA) and orthogonal least partial
square discriminant analysis (OPLS-DA). The stability of the
model was evaluated using seven cyclic interaction validations.
We also performed a Student’s t-test analysis. The selection of
differential metabolites was determined based on the variable
weight value (VIP) obtained by the OPLS-DA model and the
p-value of the student’s t-test. Metabolites with VIP > 1.0 and p <
0.05 were selected as metabolic markers. We use the KEGG
database (https://www.kegg.jp/kegg/pathway.html) for
uncovering metabolic pathways and identify differences in
associated metabolites, with p < 0.05 used as the standard.
The Python software package scipy. stats was used for
pathway enrichment analysis, and the most relevant biological
pathways were extracted using Fisher’s exact test.

2.6 Network analysis

2.6.1 Target prediction
The BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm/)

and SwissTargetPrediction (http://www.swisstargetprediction.ch/)
databases were used to obtain information on the targets of
ginsenoside Rg1.

We identified potential targets by searching CFS keywords on
public databases, including Genecards (http://www.genecards.org/),
OMIM (https://www.omim.org/), and DRUGBANK (https://go.
drugbank.com/).

Differential metabolites were entered into the MetScape
database to identify target proteins interacting with these
metabolites.

The targets associated with CFS were standardized through the
UniProt knowledge Base (http://www.uniprot.org/), converting all
retrieved targets into official genetic symbols to facilitate
downstream data analysis.

A Venn diagram was drawn using DeepVenn (http://www.
deepvenn.com/) to show the common targets of ginsenoside Rg1,
the differential metabolites, and CFS-related targets. These genes
were considered as potential targets of ginsenoside Rg1 for the
treatment of CFS.

2.6.2 Network construction and enrichment
analysis

A large number of studies showed proteins exert biological activity
through protein-protein interactions. We submitted potential target
genes to the Interaction Gene Retrieval Tool (http://string-db.org/) and
performed Protein-Protein Interaction Network (PPI) analysis. PPI
networks were used to analyze core targets of ginsenoside Rg1 in the
CFS-treatment using Cytoscape 3.7.1.

We used OmicShare Tools (https://www.omicshare.com/tools/)
for GO and KEGG enrichment analyses to obtain the biological
functions and related pathways of ginsenoside Rg1 as potential
targets for CFS treatment. The correlation pathways with p < 0.
05 were considered as statistically significant.

2.7 Experimental validation

2.7.1 Quantitative real-time PCR
Total RNA in the hippocampus (Hip) and prefrontal cortex

(PFC) was extracted with an RNA extraction solution (Servicebio,
China). Reverse transcription was performed with a first-strand
cDNA synthesis kit (Servicebio, China) following manufacturer’s
guidelines. The expression levels were determined using real-time
PCR with SYBR Green Mix (Servicebio, China). Relative mRNA
expression was calculated using the 2−ΔΔCT method. GAPDH was
used as a normalization control for mRNA levels. The primer
sequences are shown in Table 1.

2.7.2 Western blot
RIPA lysate was added to the tissues, crushed by ultrasound, and

centrifuged at room temperature for 10 min (12,000 rpm, 4°C). After
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this, we collected the supernatant, which was considered as the total
protein solution. The BCA kit was used to measure the
concentration of the protein solution. We added 5× protein
loading buffer and denatured the protein in a boiling water bath
for 5 min. The same amount of protein solution was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), after which the gel was transferred to the polyvinylidene
fluoride (PVDF) membrane. A 5% skim milk solution containing
TBS + Tween (TBST) was kept at room temperature for 30 min and
added to the primary antibody at 4°C for overnight incubation in a
shak (GAPDH (1:2000), AKT1 (1:1000), VEGFA (1:1000), EGFR (1:
1000)). After rinsing with phosphate buffered solution tween (PBST)
for 3 × 5 min, the membrane was placed in an horseradish
peroxidase (HRP) labeled secondary antibody (1:5000) and
incubated at room temperature for 1 h. After rinsing with PBST
for 3 × 5 min, the gel imaging system was used for image acquisition.
The Alpha Innotech software was used to calculate and analyze the
gray scale of protein bands.

2.8 Statistical analysis

Statistical analysis was performed using SPSS (version 20.0) and
GraphPad Prism (version 9.0). All data are expressed as the mean ±
standard deviation (�x± SD). Based on data normality and
homogeneity of variance, a one-way ANOVA or a non-
parametric test were used for comparison. p < 0.05 was
considered as statistically significant and p < 0.01 was considered
highly significant.

3 Results

3.1 Effects of CFS modeling on body weight,
food intake, and urinary D-xylose excretion
rate in rats

3.1.1 Weight
The body weight of rats in each group is shown in Figure 1B.

After 2 weeks of modeling, the rats in the CFS group had lower
weight compared to the Control group (p = 0.0443). There were no
significant differences among model groups. After 4 weeks of
modeling, the body weight of the three modeling groups
decreased significantly compared with the Control group (p <
0.0001). Finally, rat weight in both Oryzanol&VB1 and
Rg1 groups recovered significantly compared to the CFS group
(p = 0.0005, p < 0.0001).

3.1.2 Food intake
The 24-h food intake of each group is shown in Figure 1C. After

2 weeks, the food intake of rats in the CFS group was lower than in
the Control group (p = 0.0237). We found no significant differences
among themodel groups. After 4 weeks, food intake decreased in the
Oryzanol&VB1 group compared to Control (p = 0.0240). No
significant differences were found between the CFS, the
Oryzanol&VB-1 and the Rg1 groups.

3.1.3 Urinary D-xylose excretion rate
The 24-h urinary D-xylose excretion rate of rats in each group is

shown in Figure 1D. We found no differences between groups after
2 weeks. However, after 4 weeks of modelling, the urinary D-xylose-
excretion rate in the CFS and Oryzanol&VB-1 groups was
significantly decreased compared to the Control group (p =
0.0011, p = 0.0228), and a significant recovery occurred in the
Oryzanol&VB1 and Rg1 groups compared to CFS (p = 0.0230, p =
0.0054).

These results show that CFS modeling produces significant effects
on body weight and the urinary D-xylose excretion rate of rats, but no
significant differences in food intake.We also note that bodyweight and
urinaryD-xylose excretion rate were further decreased in the CFS group
over the course of the last 2 weeks of treatment. Crucially, ginsenoside
Rg1 intervention could significantly reverse this course, suggesting it is
able to improve gastrointestinal absorption.

3.2 CFS modeling, spontaneous activity and
rotarod test

3.2.1 Open field test
The 5-min total movement distance of each group is shown in

Figure 1E. Rats in the Rg1 group moved less than those in the
Control group after 2 weeks (p = 0.0187), but there were no
significant differences among model groups. After 4 weeks, the
total movement distance of rats in the CFS group was
significantly decreased compared to the Control group (p =
0.0007), with a recovery observed in the Oryzanol&VB1 and
Rg1 groups (p = 0.0296, p = 0.0229).

3.2.2 Rotarod test
The time spent on the rod is shown in Figure 1F. Duration

decreased in all model groups after 2 weeks (p = 0.0105, p = 0.0306,
p = 0.0323), with no significant differences among them. These
differences to the Control group became significant after 4 weeks
(p = 0.0004, p = 0.0097, p = 0.0286), with both Oryzanol&VB1 and
Rg1 groups recovering (p = 0.0421, p = 0.0440).

TABLE 1 List of PCR primers.

Primers Forward Reverse Gene accession no.

AKT1 CGACGTAGCCATTGTGAAGGAG ATTGTGCCACTGAGAAGTTGTTG NM_033230.2

VEGFA GCAATGATGAAGCCCTGGAGT GGCTTTGTTCTATCTTTCTTTGGTC NM_031836.3

EGFR AGAACAACACCCTGGTCTGGAA CCACCACTACTATGAAGAGGAGGC NM_031507.1

GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT NM_017008.4
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These results show CFS modeling had a significant effect on rat
spontaneous activity and muscle fatigue. Over the course of the last
2 weeks ofmodeling, the groups treated with ginsenoside Rg1 recovered
significantly, showing its significant anti-fatigue effect.

3.3 Metabolomics analysis of serum samples

In order to study changes in endogenous serum metabolites in
CFS rats and reveal the mechanisms of ginsenoside Rg1-mediated
treatment, we comprehensively scanned serum metabolites of
Control, CFS and CFS + Rg1 groups using the UHPLC-

QExactiveHF-X system. Principal component analysis (PCA)
showed significant differences between these groups. QC analysis
showed obvious sample clustering, indicating the analytical method
is stable and repeatable. These results are illustrated in Figure 2.

OPLS-DA was further used to screen for potential biomarkers.
As shown in Figures 3A–D, samples from the Control and the CFS
groups were significantly different. The R2X, R2Y and Q2 values of
permutation tests applied in the positive ion mode were 0.259,
0.99 and 0.739, respectively; and 0.567, 0.998 and 0.709, respectively,
in the negative ion mode. The CFS and the CFS + Rg1 groups were
also clearly different. In these groups, the R2X, R2Y and Q2 of
permutation tests in the positive ion mode were 0.308, 0.993 and

FIGURE 2
PCA scores for Control (blue), CFS (green) and CFS + Rg1 (pink) groups in positive and negative ion modes (A, B), n = 8.

FIGURE 3
OPLS-DA and permutation tests in the positive (A, B) and negative (C, D) ion modes of Control and CFS groups, n = 8. OPLS-DA and permutation
tests in positive (E, F) and negative (G, H) ion modes in CFS and CFS + Rg1 groups, n = 8.
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TABLE 2 Differential metabolites associated with ginsenoside Rg1 in serum.

NO. Metabolite M/Z Formula Trend
CFS/Control

Trend CFS +
Rg1/CFS

1 PC(18:0/0:0) 524.3705732 C26H54NO7P ↓** ↓##

2 3-Pyridinebutanoic acid 331.1647303 C9H11NO2 ↓** ↓#

3 PC(17:0/0:0) 510.3549983 C25H52NO7P ↓** ↓##

4 N6-Methyl-2′-deoxyadenosine 266.1231266 C11H15N5O3 ↓** ↓#

5 Blepharin 310.0951397 C14H17NO8 ↓* ↓#

6 N-Succinyl-2-amino-6-ketopimelate 353.0929004 C11H15NO8 ↓** ↓#

7 5-Methoxytryptophan 217.0970874 C12H14N2O3 ↑* ↑##

8 Polyoxyethylene 40 monostearate 346.3312399 C20H40O3 ↓* ↑#

9 Azaspiracid 443.7371548 C47H71NO12 ↑** ↑##

10 Palmitoyl-L-carnitine 400.3418928 C23H45NO4 ↓* ↓##

11 S-(PGJ2)-glutathione 624.2952782 C30H47N3O10S ↑** ↑#

12 PC(20:4/0:0) 566.3210231 C28H50NO7P ↓* ↓##

13 Methyl cellulose 487.2790688 C20H38O11 ↓** ↓##

14 Octadecenoylcarnitine 426.3574449 C25H47NO4 ↓** ↓##

15 Tanacetol B 314.2321816 C17H28O4 ↓** ↓#

16 Tyrosyl-Serine 233.0919633 C12H16N2O5 ↑* ↑##

17 Arginyl-Proline 316.1363843 C11H21N5O3 ↓* ↓#

18 Mannose 6-phosphate 261.0393069 C6H13O9P ↓* ↑#

19 Maysin 3′-methyl ether 307.082906 C28H30O14 ↓* ↓##

20 3,4-Dehydrothiomorpholine-3-carboxylate 146.0269537 C5H7NO2S ↑* ↓##

21 Taurine 126.0220252 C2H7NO3S ↓** ↑##

22 Norophthalmic acid 274.1044428 C10H17N3O6 ↑* ↓#

23 L-Aspartic Acid 132.0293516 C4H7NO4 ↓** ↓#

24 3-Hydroxy-L-proline 307.1145828 C5H9NO3 ↓** ↓#

25 Acetyl-DL-Leucine 172.0972364 C8H15NO3 ↓** ↓##

26 P-Tolyl Sulfate 187.0064671 C7H8O4S ↑** ↓##

27 Alpha-CEHC 313.1194597 C16H22O4 ↑* ↓#

28 MEDICA 16 341.2695802 C20H38O4 ↑* ↓##

29 5,6,7-trihydroxy-2-[7-hydroxy-2-methyl-2-(4-methylpent-3-en-1-yl)-2H-chromen-
6-yl]-3,4-dihydro-2H-1-benzopyran-4-one

419.1530259 C25H26O7 ↓** ↑#

30 Petasitenine 402.1502652 C19H27NO7 ↓** ↑##

31 Furanogermenone 267.1137544 C15H20O2 ↑** ↑#

32 {4-[(1Z)-2-hydroxy-3-oxobut-1-en-1-yl]-2-methoxyphenyl}oxidanesulfonic acid 269.0126903 C11H12O7S ↑** ↓#

33 (S)-5′-Deoxy-5’-(methylsulfinyl)adenosine 294.0653396 C11H15N5O4S ↑** ↓##

34 LysoPC(18:0) 558.3330623 C26H54NO7P ↓** ↓##

↑ represents upregulation and ↓ represents downregulation.

**p < 0.01, *p < 0.05 as CFS group versus control group.
##p < 0.01, #p < 0.05 as CFS + Rg1 group versus CFS group.
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0.84, respectively; and 0.383, 0.999 and 0.766, respectively, in the
negative ion mode. These results are shown in Figures 3E–H and
indicate the model has good explanatory and predictive abilities,
with no overfitting present.

We found a total of 34 differential metabolites that are potential
biomarkers using the screening conditions VIP > 1.0 and p < 0.05
(Table 2). Of these, 12 and 22 metabolites were increased and
decreased, respectively, in the CFS group compared to Control.
Ginsenoside Rg1 treatment could restore Polyoxyethylene
40 monostearate, Mannose 6-phosphate, Taurine, Petasitenine
and 5,6,7-trihydroxy-2-[7-hydroxy-2-methyl-2-(4-methylpent-3-
en-1-yl)-2H-chromen-6-yl]-3,4-dihydro-2H-1-benzopyran-4-one
levels in CFS rats, while lowering 3,4-Dehydrothiomorpholine-3-
carboxylate, P-Tolyl Sulfate, MEDICA 16, {4-[(1Z)-2-hydroxy-3-
oxobut-1-en-1-yl]-2-methoxyphenyl}oxidanesulfonic acid, (S)-5′-
Deoxy-5’-(methylsulfinyl)adenosine, Norophthalmic acid, and
Alpha-CEHC. ROC curve analysis showed good diagnostic effect
for these metabolites (AUC > 0.7; Figure 4, Figure 5).

3.4 Potential biomarker identification and
metabolic pathway analysis

KEGG pathway enrichment analysis of differential metabolites
was performed using the Majorbio Cloud Platform. We identified
nine pathways using p < 0.05 (Figure 6A) associated with the
metabolites L-Aspartic Acid, Taurine, Mannose 6-phosphate,
LysoPC(18:0), PC(17:0/0:0), and PC(18:0/0:0). Five of these
pathways are particularly associated with ginsenoside
Rg1 treatment of CFS, including Taurine and hypotaurine
metabolism; Arginine biosynthesis; Ether lipid metabolism;
Alanine, aspartate and glutamate metabolism; and Pantothenate
and CoA biosynthesis. The Lipid metabolism category included the
highest number of differential metabolites (Figure 6B).

The differential metabolites were imported into the MetScape
database to construct a “Compound Gene” network (Figure 6C)
consisting of 64 target proteins. The related differential metabolites
included were L-Aspartic Acid, Taurine, Mannose 6-phosphate,

FIGURE 4
ROC curve analysis of differential metabolites (A–C) regulated by ginsenoside Rg1 (CFS vs. Control). The closer the AUC is to 1, the better the
diagnostic prediction. AUC has low accuracy between 0.5 and 0.7, and high accuracy above 0.7.
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LysoPC(18:0) (1-Organyl-2-lyso-sn-glycero-3-phosphocholine),
PC(17:0/0:0) (1-Acyl-sn-glycero-3-phosphocholine), and
Palmitoyl-L-carnitine. Our results demonstrate that Taurine and
Mannose 6-phosphate are key metabolic markers of ginsenoside
Rg1 treatment of CFS.

3.5 Network analysis

3.5.1 Ginsenoside Rg1 acts on potential CFS targets
A total of 107 ginsenoside Rg1 targets were obtained through the

BATMAN-TCM and SwissTargetPrediction databases. In addition, a
total of 3796 disease targets of CFS were obtained from the Genecards,
OMIM, and DRUGBANK databases. The differential metabolites were
imported into theMetScape database to construct a “Compound-Gene”
network, allowing us to identify a total of 64 target proteins (Figure 6C).

There were 72 identical targets of CFS and ginsenoside Rg1,
and 15 identical targets of CFS and differential metabolites,

totaling 87 potential ginsenoside Rg1 targets for CFS
treatment (Figure 7A).

3.5.2 Ginsenoside Rg1 pathways of action
Weused theOmicShare cloud platform to performGO enrichment

analysis and elucidate the biological associations of potential targets.We
identified a total of 48 GO terms for ginsenoside Rg1, 25 for biological
processes (BP), 14 for molecular functions (MF), and nine for cellular
components (CC) (Figure 7B). BP results predicted the involvement of a
high number of genes in cellular process, metabolic process, biological
regulation, response to stimulus, localization, multicellular organismal
process, positive developmental process, negative regulation of
biological process, immune system process, locomotion, multi-
organism proces, cell proliferation, and biological adhesion. In
addition, CC and MF results revealed that the anti-fatigue effects of
ginsenoside Rg1 were mainly associated with cell, organelle, membrane,
extracellular region, membrane-enclosed lumen, protein-containing
complex, cell junction, synapse, supramolecular complex, catalytic

FIGURE 5
ROC curve analysis of differential metabolites (A–C) regulated by ginsenoside Rg1 (CFS + Rg1 vs. CFS). The closer the AUC is to 1, the better the
diagnostic prediction. AUC has low accuracy between 0.5 and 0.7, and high accuracy above 0.7.
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activity, molecular transducer activity, molecular function regulator,
hijacked molecular function, transcription regulator activity.

We also performed KEGG analysis to evaluate the functional
pathways associated with ginsenoside Rg1 treatment of CFS.

Figure 7C shows the top 30 signaling pathways obtained from
the KEGG enrichment, while Figure 7D shows KEGG pathway
annotation. The main therapeutic pathways associated with
ginsenoside Rg1 treatment are EGFR tyrosine kinase inhibitor

FIGURE 6
Pathway and network analyses of differential metabolites. (A) KEGG enrichment analysis of differential metabolites. (B) KEGG classification analysis
of differential metabolites. (C) “Metabolite-gene” network for anti-fatigue effects of ginsenoside Rg1. Red, pink, and purple nodes represent differential
metabolites, interacting metabolites, and interacting proteins, respectively. The edges represent biochemical reactions.
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resistance, Relaxin signaling pathway, Endocrine resistance,
Rap1 signaling pathway, Ras signaling pathway, VEGF signaling
pathway, ErbB signaling pathway, PI3K-Akt signaling pathway,

Prolactin signaling pathway, HIF-1 signaling pathway. An
annotated statistical diagram of these pathways revealed
ginsenoside Rg1 anti-fatigue effect impacts the Immune system,

FIGURE 7
Network analysis of potential targets. (A) VENN diagram of potential targets. (B) GO analysis of potential targets. (C) KEGG pathway enrichment
analysis of potential targets. (D) KEGG pathway annotation of potential targets.
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Nervous system, Endocrine system, Lipid metabolism, Amino acid
metabolism, Metabolism of cofactors and vitamins.

3.5.3 PPI network analysis of ginsenoside Rg1’s
anti-fatigue effects

The protein-protein interaction relationship of potential targets
was obtained through the STRING database and consisted of a PPI
network containing 87 nodes and 587 edges. This information was
imported into CytoScape3.7.1 software to visualize network
relationships. The CytoHubba function was used to calculate the
Degree. The results show that the top three targets were AKT1,
VEGFA and EGFR, with degrees of 49, 44 and 43, respectively. These
targets were therefore considered as key anti-fatigue targets of
ginsenoside Rg1 (Figure 8).

3.6 Effects of ginsenoside Rg1 treatment on
mRNA expression of AKT1, VEGFA and EGFR

The mRNA expressions of AKT1, VEGFA and EGFR in the rat
hippocampus and prefrontal cortex are shown in Figures 9A,B. In
the hippocampus, VEGFA expression was increased in the CFS +
Rg1 group compared to the Control group (p = 0.043), while the CFS
+ Rg1 showed increased expressions of AKT1 and VEGFA
compared to CFS (p = 0.001, p = 0.015). The expression of
EGFR remained relatively constant. As for the prefrontal cortex,
VEGFA expression was significantly decreased in CFS +
Rg1 compared to Control (p = 0.005), and EGFR expression was
significantly increased in CFS (p = 0.002). In addition, VEGFA and
EGFR levels were significantly lower in the CFS+ Rg1 group

FIGURE 8
The gradual change of circle colors from red to yellow represents the change in Degree values, from large to small. The three targets in the center of
the figure have the highest Degree values.
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FIGURE 9
(A) Relative mRNA expression of AKT1, VEGFA and EGFR in the hippocampus (Hip) after 2 weeks of treatment. (B) Relative mRNA expression of AKT1,
VEGFA and EGFR in the prefrontal cortex (PFC) after 2 weeks of treatment. Data aremean ± standard deviation, n = 6. *p < 0.05, **p < 0.01 versus Control
group; #p < 0.05, ##p < 0.01 versus CFS group.

FIGURE 10
Relative protein expression of AKT1 (A), VEGFA (B), and EGFR (C) in the hippocampus. Relative protein abundance of AKT1 (D), VEGFA (E) and EGFR
(F) in the prefrontal cortex. C: Control group, M: CFS group, R: CFS + Rg1 group, and V: CFS+ Oryzanol&VB1 group. Data are mean ± standard deviation,
n = 6. *p < 0.05, **p < 0.01 versus Control group; #p < 0.05, ##p < 0.01 versus CFS group.
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compared with the CFS group (p = 0.006, p < 0.001) and EGFR levels
were lower in the CFS+ Oryzanol&VB1 group (p = 0.038). These
results show ginsenoside Rg1 regulates EGFR in the prefrontal
cortex of CFS rats.

3.7 Protein expression levels of AKT1, VEGFA
and EGFR

We performed western blot analysis to confirm the effect of
ginsenoside Rg1 on the protein levels of AKT1, VEGFA and EGFR
in the hippocampus and prefrontal cortex. As shown in Figure 10 (A,
B, C), ginsenoside Rg1 up-regulates AKT1, EGFR and down-
regulates VEGFA protein expression in the hippocampus, despite
no statistical significance (p > 0.05). In the prefrontal cortex,
ginsenoside Rg1 up-regulates VEGFA and down-regulates EGFR
protein expression, with no statistical significance (p > 0.05) (Figures
10 D, E, F). EGFR protein and mRNA levels were similar in the
prefrontal cortex. These results show ginsenoside Rg1 produces anti-
fatigue effects by down-regulating EGFR expression.

4 Discussion

Chronic fatigue syndrome, also known as myalgic
encephalomyelitis, is an underappreciated debilitating disease
with a significant impact on patient quality of life (Bornstein
et al., 2022). CFS is characterized by chronic, disabling and
multi-system disease with no effective treatment methods or
diagnostic markers available at present (König et al., 2021; Wirth
et al., 2021). CFS is associated with a variety of diseases, such as
brucellosis, coronavirus infection, depression, and cancer. Recent
studies found that patients recovering from COVID-19 may have
persistent debilitating symptoms, and CFS remains the most
dominant and common trait in these patients (Bansal et al.,
2022). Current treatment guidelines for CFS mainly include
cognitive behavioral therapy, graded exercise program and
symptomatic therapy (Sapra and Bhandari, 2022), with limited
clinical efficacy (Fang et al., 2022). In China, herbal medicine is
widely used to treat CFS (Joung et al., 2019; Shin et al., 2021), with a
previous meta-analysis showing TCM is safe and effective for CFS
treatment (Zhang et al., 2022), which has sparked interest in its
application (Wang et al., 2014; Dai et al., 2019; Zhang et al., 2020;
Yang et al., 2022).

In this study, we explored the metabolic fingerprints and
potential mechanisms of action of ginsenoside Rg1 in CFS
treatment. We used multi-factor modeling (load-weighted forced
swimming and restriction) to verify the anti-fatigue effects of
ginsenoside Rg1 in CFS rats. The forced swimming animal model
presents the core symptoms of CFS, such as fatigue and behavioral
and cognitive abnormalities, but also pathological changes that have
been found in CFS clinical studies (Sarma et al., 2015; Li and Han,
2022). Similarly, chronic restriction is simple to implement and can
significantly induce fatigue symptoms (Li and Han, 2022). The
rotarod test is widely used to assess athletic endurance with high
reproducibility. In fact, the improvement of exercise tolerance is the
strongest evidence for the existence of anti-fatigue effects (Kwon
et al., 2021). In this study, CFS rats showed a decline in exercise

tolerance that could be reversed by ginsenoside Rg1. The Open field
test is a classic experimental method that reflects the spontaneous
activity behavior of rats in an unfamiliar environment and is used to
evaluate the locomotor ability of rats (Ferreira et al., 2022). We
showed that the total movement distance in the CFS group was
significantly reduced, as illustrated by decreased exercise ability that
is also observed in clinical CFS patients (Aerenhouts et al., 2015).
D-xylose is a common symptom of spleen deficiency and often used
to evaluate intestinal absorption (Zeyue et al., 2022). We found that
the D-xylose-excretion rate of CFS rats was statistically different
from that of the Control group, indicating that a spleen deficiency
syndrome model was successfully established. Accordingly, under
similar feeding conditions, CFS mainly affects the gastrointestinal
absorption function of rats to induce weight loss. These results
demonstrated that the anti-fatigue effect of ginsenoside Rg1 was
related to exercise tolerance, spontaneous activity and intestinal
absorption function in CFS rats.

We identified 34 differential metabolites in the LC-MS analysis
of non-targeted serum metabolites. These metabolites are involved
in Taurine and hypotaurine metabolism, Arginine biosynthesis,
Ether lipid metabolism, Alanine, aspartate and glutamate
metabolism, and Pantothenate and CoA biosynthesis. In addition,
we have found that Taurine and Mannose 6-phosphate are key
metabolic markers of ginsenoside Rg1 in the treatment of CFS.
Previous results showed that the differential metabolites identified
here were also associated with CFS in different contexts and animal
models, which attests the validity of our work. Among these
metabolites, Taurine plays a specifically important role (Germain
et al., 2017; Glass et al., 2023). Germain et al. found that CFS patients
had low Taurine content, which was mainly affected by lipid
metabolism and amino acids (Germain et al., 2017). Taurine is
an internal metabolite that acts as an antioxidant and anti-fatigue
agent (Schaffer and Kim, 2018), and represents the second most
abundant amino acid in human muscle after glutamic acid (Ripps
and Shen, 2012). Corsetti et al. suggested that Taurine content is a
useful indicator of muscle injury and possible long-term fatigue
(Corsetti et al., 2016), as documented by other studies (Luckose et al.,
2015; Khalil et al., 2018; Thirupathi et al., 2018; Vidot et al., 2018).
Yatabe et al. found that the use of Taurine significantly increased the
duration of running time to exhaustion in rats (Yatabe et al., 2009).
Moreover, a systematic review showed low-dose Taurine (0.05 g)
can reduce muscle fatigue, which suggests it may be an effective
drug, especially in high-intensity activities (Chen et al., 2021).
Interestingly, Taurine used as a nutritional supplement promotes
recovery from muscle injury caused by vigorous exercise (Wei et al.,
2021). In addition, Liu et al. found that the therapeutic effect of
ginseng on spleen deficiency rats may be realized by regulating
Taurine and hypotaurine metabolism, and its metabolites can be
used as potential biomarkers for the diagnosis and monitoring of
spleen deficiency (Liu et al., 2022). Armstrong et al. analyzed the
metabolic profile of the blood and urine of CFS patients and found
that CFS patients had abnormal metabolism of alanine, aspartate,
glutamate and other energy (Armstrong et al., 2015). These findings
confirm the reliability of our results.

Network analysis showed that AKT1, VEGFA and EGFR were
the key targets of ginsenoside Rg1 for enabling anti-fatigue effects.
AKT1 encodes serine/threonine kinases that play an important role
in several normal and pathological cell processes (Millischer et al.,
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2020), and a deficiency in AKT1 increases energy consumption
(Wan et al., 2012). A randomized controlled trial found that
AKT1 is an important core target for the treatment of cancer-
induced fatigue (Cui et al., 2022). Furthermore, Liu et al. found
that ginsenosides could enhance mice body ability and play an
anti-fatigue role by upregulating the expression of AKT1 (Liu
et al., 2019). We present similar results here and showed
ginsenoside Rg1 up-regulates AKT1 protein expression despite
not significantly. VEGFA is a key regulator of vascular growth.
Angiogenesis in skeletal muscle can maintain oxygen and
nutrient supply and clear metabolic byproducts that may lead
to fatigue (Mohamad Shalan et al., 2016), which is associated with
decreased levels of VEGFA (Wågström et al., 2021). A study on
metabolic gene polymorphisms conducted progressive fatigue
tests on athletes and identified VEGFA rs2010963C as an
“endurance allele” of elite athletes (Ahmetov et al., 2009). We
showed that CFS rats have decreased VEGFA levels in the
prefrontal cortex, similar to patients with chronic fatigue
(Landi et al., 2016).

The pathogenesis of CFS is closely related to the central nervous
system (Mohamad Shalan et al., 2016; Sapra and Bhandari, 2022),
with this syndrome being included in the neurology category (8E49)
in ICD-11 (Gandasegui et al., 2021). In fatigue tests, reduced
hippocampus activation is associated with HPA axis dysfunction
and higher fatigue ratings (Klaassen et al., 2013). Saury JM et al.
believes that the hippocampus plays an important role in the
pathogenesis of CFS, and the trigger factors of CFS will also affect
the hippocampus, leading to neurocognitive defects and disorders in
the regulation of the pressure system and pain perception, which will
further affect the hippocampus and trigger a vicious cycle of increased
disability (Saury, 2016). There is a negative correlation between fatigue
and hippocampus volume in CFS patients (Thapaliya et al., 2022). In
addition, the prefrontal cortex has been identified as critical to fatigue
(Ifuku et al., 2014). Bilateral prefrontal cortex volume was reduced in
CFS patients, and the level of volume reduction in the right prefrontal
cortex was correlated with the severity of fatigue (Nakatomi et al.,
2014). An fMRI study found abnormal signals of functional activity in
the prefrontal cortex of CFS patients (Caseras et al., 2006). These
findings all support a strong link between the hippocampus, the
prefrontal cortex, and CFS. We further performed PCR and Western
Blot analyses on three key targets on the hippocampus and prefrontal
cortex of CFS rats. Our results suggest that ginsenoside Rg1 can down-
regulate the EGFR protein andmRNA expression. These observations
have far-reaching significance for exploring the anti-fatigue
mechanism of ginsenoside Rg1 at the molecular level. EGFR is an
epidermal growth factor receptor and membrane surface receptor
with tyrosine kinase activity (Cheng et al., 2022). Elevated levels of
circulating ligands of EGFR, such as epidermal growth factor (EGF)
and transforming growth factor α(TGF-α), can inhibit neural signals
that drive normal behavior (Rich et al., 2017). Moreover, EGFR
activation can stimulate the production of reactive oxygen species
(ROS) by stimulating the PI3K pathway (Mansour et al., 2021).
Previous studies showed ROS-induced mitochondrial function
decline is related to fatigue (Nicolson, 2007; Pieczenik and
Neustadt, 2007), and long-term oxidative stress can trigger CFS
(Morris et al., 2017). At the same time, the level of oxidative stress
in CFS patients is increased and correlated with clinical symptoms
(Kennedy et al., 2005). Excessive ROS triggers oxidative stress, which

is positively correlated with the severity of CFS symptoms (Gupta
et al., 2010). Recent studies showed serum samples from CFS patients
induce the production of ROS and nitric oxide in human
HMC3 microglia (Gottschalk et al., 2022). A randomized
controlled trial found that ginseng can reduce ROS levels in
chronic fatigue patients and play an anti-fatigue role (Kim et al.,
2013), which corroborates our observations.

5 Conclusion

This study explored for the first time the pharmacological
mechanisms of ginsenoside Rg1 in CFS treatment using a
comprehensive metabolomic model, network analysis and
biological methods. We systematically elucidated the multi-target
and multi-mechanisms behind ginsenoside Rg1 anti-fatigue effects.
Ginsenoside Rg1 can effectively treat CFS by regulating expression
levels of AKT1, VEGFA and EGFR, and interfering with the
metabolism of Taurine and Mannose 6-phosphate. We
experimentally confirmed that EGFR is the most critical target.
These findings provide a theoretical basis for the clinical application
of ginsenoside Rg1 for CFS treatment.
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Type 2 diabetes has become one of themajor health concerns of the 21st century,
marked by hyperglycemia or glycosuria, and is associatedwith the development of
several secondary health complications. Due to the fact that chemically
synthesized drugs lead to several inevitable side effects, new antidiabetic
medications from plants have gained substantial attention. Thus, the current
study aims to evaluate the antidiabetic capacity of the Ageratina adenophora
hydroalcoholic (AAHY) extract in streptozotocin–nicotinamide (STZ–NA)-
induced diabetic Wistar albino rats. The rats were segregated randomly into
five groups with six rats each. Group I was normal control, and the other four
groups were STZ–NA-induced. Group II was designated diabetic control, and
group III, IV, and V received metformin (150 mg/kg b.w.) and AAHY extract
(200 and 400mg/kg b.w.) for 28 days. Fasting blood glucose, serum
biochemicals, liver and kidney antioxidant parameters, and pancreatic
histopathology were observed after the experimental design. The study
concludes that the AAHY extract has a significant blood glucose lowering
capacity on normoglycemic (87.01 ± 0.54 to 57.21 ± 0.31), diabetic (324 ±
2.94 to 93 ± 2.04), and oral glucose-loaded (117.75 ± 3.35 to 92.75 ± 2.09)
Wistar albino rats. The in vitro studies show that the AAHY extract has α-
glucosidase and α-amylase inhibitory activities which can restore the altered
blood glucose level, glycated hemoglobin, body weight, and serum enzymes
such as serum glutamic pyruvic transaminase, serum glutamic oxaloacetic
transaminase, serum alkaline phosphatase, total protein, urea, and creatinine
levels close to the normal range in the treated STZ–NA-induced diabetic rats.
The evaluation of these serum biochemicals is crucial for monitoring the diabetic
condition. The AAHY extract has significantly enhanced tissue antioxidant
parameters, such as superoxide dismutase, glutathione, and lipid peroxidation,
close to normal levels. The presence of high-quantity chlorogenic (6.47% w/w)
and caffeic (3.28% w/w) acids as some of the major phytoconstituents may
contribute to the improvement of insulin resistance and oxidative stress. The
study provides scientific support for the utilization of A. adenophora to treat type
2 diabetes in the STZ–NA-induced diabetic rat model. Although the preventive
role of the AAHY extract in treatingWistar albino ratmodels against type 2 diabetes
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mellitus is undeniable, further elaborative research is required for efficacy and
safety assessment in human beings.

KEYWORDS

antidiabetic activity, Ageratina adenophora, streptozotocin–nicotinamide, type
2 diabetes, chlorogenic acid, caffeic acid

1 Introduction

A significant global health concern of the 21st century is the
incidence of type 2 diabetes mellitus (T2DM) or diabetes mellitus
(DM), which has reached an epidemic level (Chan et al., 2005).
Hyperglycemia, hyperlipidemia or dyslipidemia, and glycosuria are
the hallmarks of diabetes mellitus. It is a complex and multifactorial
metabolic condition typically brought on by faulty protein,
carbohydrate and fat metabolism, damaged pancreatic beta cells,
insulin resistance, or insulin insufficiency (Oguntibeju, 2019). This
metabolic condition led to increased blood glucose levels (BGLs) and
develops into chronic, life-threatening microvascular,
macrovascular, and neuropathic consequences over time.
Nephropathy, retinopathy, cataract, neuropathy, cardiovascular,
stroke, coronary artery diseases, and food-related diseases are
among the many consequences linked to DM (Khursheed et al.,
2019; Padhi et al., 2020). In 2017, it was projected that 415 million
people have diabetes globally. By 2025, there will be 300 million
adult cases, which are still expected to upsurge till 693 million by
2045. According to the predicted diabetic population, more than half
(49.7%) are undiagnosed (Liu et al., 2013; Cho et al., 2018). In surge
of the increasing incidence of DM, it becomes a necessity to curb this
metabolic disorder. Several marketed antidiabetic drugs are in use
with a goal to suppress the disease progression on a global scale.
However, due to affordability and safety concerns, many researchers
are inclined toward naturally occurring antidiabetic bioactive
compounds from plant sources.

Biological-derived or chemical drugs such as sulfonylureas,
thiazolidinediones, biguanides, meglitinides, α-glucosidase
inhibitors, dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-
like peptide-1 (GLP1) receptor agonists, and dopamine D2-
receptor agonists are currently the principal antidiabetic
medications for diabetes mellitus (Blonde, 2009; Tahrani et al.,
2011; He et al., 2019). Sulfonylureas thiazolidinediones,
biguanides, and meglitinides act by stimulating insulin
production; α-glucosidase inhibitors halt carbohydrate
breakdown, thereby enhancing glycemic index; DPP-4 inhibitors
and GLP1 receptor agonists enhance insulin production, while
inhibiting glucagon secretion from pancreatic islets of
Langerhans; and dopamine D2-receptor agonists enhance the
glycemic index via activation of hypothalamic dopamine D2-
receptors (Dahlén et al., 2022). The recovery of diabetic patients
is, however, significantly hampered by several unfavorable side
effects and poor efficacy of these hypoglycemic medications. For
instance, trodusquemine, which is a protein tyrosine phosphatase 1B
(PTP-1B) inhibitor drug, has been disapproved by the Food and
Drug Administration (FDA) for lower selectivity and adverse effects.
Sodium-glucose co-transporter 2 (SGLT2) inhibitor drugs such as
dapagliflozin, canagliflozin, and empagliflozin possess several side
effects such as dehydration, diabetic ketoacidosis, vaginal yeast

infections, urinary tract infections, joint ache, Fournier’s
gangrene, and low blood pressure (Dowarah and Singh, 2020).
Sulfonylureas, thiazolidinediones, α-glucosidase inhibitors, and
biguanides can lead to hypoglycemic risk, weight gain,
hepatotoxicity, gastrointestinal disorders, and lactic acidosis
(Feldman, 1985; Lebovitz and Banerji, 2001; Carles et al., 2008;
Chaudhury et al., 2017). DPP-4 inhibitors can also result in nausea,
nasopharyngitis, headache, and hypersensitivity. Despite the fact
that incretin-based medications have many advantages, they are
nonetheless accompanied by significant gastrointestinal issues such
as nausea, sour stomach, indigestion, belching, vomiting, and
diarrhea (Drucker, 2006). There are several synthesized FDA-
approved drugs which have made substantial improvement with
time and has helped millions of T2DM patients as well as manage
secondary complications. However, the dynamic nature of drug
approval and withdrawal occurs as many drugs are more or less
accompanied by certain deleterious effect in the long run (Dahlén
et al., 2022). Therefore, the development of safer and more effective
treatment medications is still critically needed.

Fortunately, many naturally occurring antidiabetic bioactive
agents have never lost their effectiveness and continue to be a
key component in the treatment as well as anti-T2DM drug
discovery (Xu et al., 2018). Due to their affordability and safety
concerns, almost 80% of people use plant-based traditional
medicines (Ekor, 2014). A survey found that over a thousand
plant species are utilized as a traditional folk treatment for
diabetic mellitus (Osadebe et al., 2014). The primary medication
on the market for the management of type 2 diabetes, metformin, is
likewise made from guanidines that are extracted from the Galegine
officinalis plant. For over 60 years, several new therapeutic
antidiabetic drugs have been introduced; however, metformin is
prioritized for T2DM patients, considering its safety profile and also
affordability compared to other newer alternatives such as
SGLT2 inhibitors as well as GLP1 receptor agonists (Bailey and
Day, 2004; Triggle et al., 2022).

Ageratina adenophora (Spreng.) R. King & H. Robinson, also
known as Eupatorium adenophorum Spreng., originated in Mexico
and Costa Rica, belongs to the Asteraceae family and is widely
distributed in Southeast Asian countries such as India, Pakistan,
China, Nepal, Singapore, Thailand, Malaysia and the Philippines,
New Zealand, eastern Australia, Northern America, and South
Africa (Wan et al., 2010). The plant is commonly referred to as
Crofton weed, eupatory, sticky snakeroot, Mexican devil, and
Banmara (Muniappan et al., 2009), and in Manipur, India, the
plant is locally called Naga mana or Japanpu (Ringmichon and
Gopalkrishnan, 2017). It has been observed that the plant is an
herbaceous perennial invasive weed and possesses several secondary
metabolites that are pharmacologically intriguing, including
terpenoids, alkaloids, polyphenols, saponins, flavonoids,
coumarins, phenylpropanoids, steroids, and phenolic acids (Liu
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et al., 2015). Several pharmacological studies showed that A.
adenophora extract has various biological therapeutic properties
such as antiviral, antiinflammatory, wound-healing, antioxidant,
antibacterial, antipyretic, wound-healing, and analgesic properties
(André et al., 2019; Poudel et al., 2020). The leaves and tender parts
of the plant have abundant chlorogenic acid or 5-O-caffeoylquinic
acid (C16 H18 O9, 354.31 g/mol) (Liu et al., 2016). The chlorogenic
acid is an ester of caffeic acid (C9 H8 O4, 180.16 g/mol) and quinic
acid, which has attracted substantial attention due to its antioxidant,
antiinflammatory, antimicrobial, antilipidemic, antihypertensive,
and antitumor properties (Santana-Gálvez et al., 2017; Naveed
et al., 2018). There are several antidiabetic reports of chlorogenic
(Cho et al., 2010; Meng et al., 2013) and caffeic acids (Zhao et al.,
2022) used as novel insulin sensitizers; they improve glucose
tolerance, insulin resistance, and cellular oxidative stress and
manage obesity. It has been reported that caffeic acid shows
prophylactic activity against diabetic kidney disease by
suppressing autophagy regulatory miRNAs (miR-133b, miR-342,
and miR-30a) in high-fat diet streptozotocin-induced diabetic rats
(Matboli et al., 2017). Caffeic acid and a majority of its derivatives
reduce oxidative stress, manage hyperglycemic condition, and also
aid in improving secondary complications associated with DM
(Ganguly et al., 2023).

The main aim of the current study is to assess the antidiabetic
capacity of A. adenophora hydroalcoholic extract in STZ–NA-
induced diabetic rats. Ageratina of different species, Ageratina
grandifolia and Ageratina petiolaris, have been cited to possess α-
glucosidase inhibitory potential (Gutiérrez-González et al., 2021)
and induces hypoglycemic effect (Bustos-brito et al., 2016; Mata-
torres and Andrade-cetto, 2020). A report has mentioned the
traditional use of A. adenophora leaves to treat diabetes in
Nigeria (Awah et al., 2012); however, further scientific validation
has not been carried out. Another recent work on the in vitro
antidiabetic activity of A. adenophora methanolic extract from
Nepal reported an α-amylase inhibitory activity, but further
assessment in vivo was not implemented (Kapali and Sharma,
2021). Although few preliminary studies have mentioned the
antidiabetic effect of A. adenophora extract, further extensive
validation with animal models is crucial for the development of
new drugs. The plant is extensively grown in Manipur as an
unattended herb. In spite of the abundance, its therapeutic
potential has not been utilized adequately due to lack of limited
knowledge. Therefore, considering the preliminary works and
reported scientific significances of A. adenophora, the current
study has been performed to evaluate the phytochemicals,
antioxidant, and in vitro as well as in vivo antidiabetic properties
of the plant.

2 Materials and methods

2.1 Materials

α-Glucosidase (from Saccharomyces cerevisiae), α-amylase
(from Bacillus subtilis) and p-nitrophenyl-α-D-glucopyranoside
(pNPG), streptozotocin (STZ), chlorogenic acid (≥95%), and
caffeic acid (≥98.0%) were procured from Sigma-Aldrich Co. (St.
Louis, United States). Nicotinamide (NA) and metformin

hydrochloride were from Hi media. All other reagents and
chemicals used for the study were of analytical grade.

2.2 Plant materials and extraction

The fresh leaves and aerial parts of the plants were collected
from Mao, Manipur (latitude: 25°30′24.69″N and longitude:
94°08′03.01″E), during the month of January 2020, growing at an
altitude of 1665 m above the sea level. The taxonomic identification
of the herbarium was authenticated by the Institute of Bioresources
and Sustainable Development (IBSD), India, such as A. adenophora
(Spreng.) R. M. King & H. Rob., and deposited at the Plant
Systematic and Conservation Laboratory, IBSD (Herbarium No.
Institute of Bioresources and Sustainable Development/M-274). The
collected sample was washed, shade-dried, powdered, and kept for a
week by macerating with methanol:water (70:30 v/v), and the
macerate was filtered at the end of the time point. Finally, the
filtrate was evaporated with the help of a rotary vacuum evaporator
(IKA RV 10) set at 45°C, followed by lyophilization (Scanvac cool
safe, labogene scandinavian by design, Denmark) (Alamgeer et al.,
2013). In total, 132.3 gm dried crude extract was yielded from
1,500 gm of dried leaf powder. The % yield of the A. adenophora
hydroalcoholic (AAHY) extract was calculated as

Yield %( ) � X
Y
× 100, (1)

where X is weight of the dried crude extract obtained and Y is weight
of dried leaves powder used for extraction.

2.3 Qualitative phytochemical analysis

To examine the presence or absence of the major phytochemical
group of compounds in the AAHY extract, such as alkaloids,
phenols, flavonoids, saponins, tannins, glycosides, terpenoids,
quinones, and steroids, we followed standard protocols for
screening preliminary qualitative phytochemical profiling (Banu
and Cathrine, 2015; Sisay et al., 2022).

2.4 High-performance thin-layer
chromatography analysis of the AAHY
extract

The percentage content of standard chlorogenic acid and caffeic
acid in the AAHY extract was estimated by the high-performance thin-
layer chromatography (HPTLC) comparative analysis method with the
respective retardation factor (Rf) of the standard phytoconstituents. The
Camag HPTLC instrument (Muttenz, Switzerland) was used for the
analysis of samples. The standard stock solution (1 mg/mL) of
chlorogenic acid and caffeic acid was prepared by dissolving 1 mg
accurately weighed standard in 1 mL HPLC-grade methanol. All the
solutions were vortexed and kept in an ultrasonic bath till dissolved and
filtered through a 0.45 μ syringe filter before analysis. The external
standard calibration curve for chlorogenic acid and caffeic acid was
prepared in a concentration range from 20 to 100 μg/mL and 100 to
180 μg/mL, respectively. Then, the solutions were drawn into a
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CAMAG LINOMATV applicator fitted out with a syringe and spotted
on aluminum-backed HPTLC plates 10 × 10 cm with 0.2 mm layers of
silica gel 60 F254. Then, the plates were developed using a suitablemobile
phase. The detection of the compounds was performed at 302 nm. The
amount of chlorogenic acid and caffeic acid present in the sample was
determined through the construction of a calibration curve by plotting
the peak area against corresponding concentrations by means of linear
regression using visionCATS 3.0 software (Orfali et al., 2021;
Chaudhary et al., 2023).

2.5 In vitro antioxidant capacity of the AAHY
leaf extract

2.5.1 DPPH radical scavenging activity
Measurement of the scavenging effect on 2,2-diphenyl-1-

picrylhydrazyl (DPPH) (Sigma-Aldrich) was performed according to
the work of Amorati and Valgimigli (2018). 100 μl of 0.2 mM DPPH
was prepared in methanol and was mixed with 100 μL of different
concentrations of the AAHY extract (1.0, 2.5, 5.0, 10.0, 15.0, 30.0, 60.0,
and 100.0 μg/mL). The reactionmixture was shaken well and incubated
for 30 min in the dark, and then, the absorbance was measured at
517 nm using a Varioskan LUX multimode microplate reader (ESW
version 1.00.38) from Thermo Fisher Scientific.

The percentage of DPPH free radical scavenging capacity was
calculated using the following equation:

DPPH free radical scavenging capacity %( )
� Acontrol − Asample( )

Acontrol
× 100, (2)

where Acontrol is the absorbance of DPPH mixed with methanol
and Asample is the absorbance of DPPH mixed with the sample
AAHY extract. Experiments were performed thrice (n = 3).
L-ascorbic acid (Sigma-Aldrich) was used as positive control.

2.5.2 ABTS cation radical scavenging activity
The ABTS radical cation scavenging capacity of the AAHY

extract was assayed with 2,2’-azinobis-3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) (Sigma-Aldrich) following the work of
Floegel et al. (2011). The ABTS radical cation solution was
prepared by mixing 7.4 mmol/L ABTS and 2.6 mmol/L potassium
persulfate (Sigma-Aldrich). 100 μL of the prepared ABTS radical
cation solution was mixed with 100 μL of different concentrations of
the AAHY extract (1.0, 2.5, 5.0, 10.0, 15.0, 30.0, 60.0, and 100.0 μg/
mL), and after 6 min incubation time, the absorbance was measured
at 734 nm using a Varioskan LUX multimode microplate reader
(ESW version 1.00.38) from Thermo Fisher Scientific.

The percentage of ABTS+ free radical scavenging capacity was
calculated using the following equation:

ABTS+radical scavenging capacity %( )
� Acontrol − Asample( )

Acontrol
× 100, (3)

where Acontrol is the absorbance of the ABTS with methanol and
Asample is the absorbance of the ABTS mixed with the sample
AAHY extract. Experiments were performed thrice (n = 3).
L-ascorbic acid was used as positive control.

2.6 In vitro antidiabetic activity

2.6.1 α-Glucosidase inhibition assay
The α-glucosidase inhibition assay was performed following

methods previously described by Yao et al. (2013); Kim et al.,
2004. Different concentrations of standard inhibitor acarbose and
the sample AAHY extract (20, 40, 60, 80, 100, and 120 μg/mL) were
prepared. Then, 50 µL of 0.1 M potassium phosphate buffer (pH:
6.8) and 10 µL of alpha-glucosidase (1 U/mL) were mixed and
incubated. After 20 min of incubation at 37°C, 20 µL of p-nitro
phenyl glucopyranoside (pNPG, 5 mM) was added, mixed well, and
re-incubated at 37°C for 30 min. The reaction was stopped by adding
40 µL of 0.1 M Na2 CO3 solution. The enzyme activity was
estimated by measuring the absorbance of the end product
p-nitrophenol at 410 nm using a microplate reader (Varioskan
LUX multimode microplate reader, ESW version 1.00.38) from
Thermo Fisher Scientific. The inhibition assay was performed
thrice, and the percentage of inhibition was calculated as follows:

α − Glucosidase Inhibitory %( ) � 1 − Asample

Acontrol
( ) × 100, (4)

where Asample is the absorbance in the presence of both α-
glucosidase and sample and Acontrol is the absorbance of the
reaction mixture containing the same volume of buffer solution
instead of the sample.

2.6.2 α-Amylase inhibition assay
The α-amylase inhibition assay was carried out following the

work of Yao et al. (2013) and Telagari and Hullatti (2015). Different
concentrations (20, 40, 60, 80, 100, and 120 μg/mL) of standard
acarbose and the sample AAHY extract were prepared. 50 μL of
sodium phosphate buffer (100 mM, pH 6.8) wasmixed with 10 µL α-
amylase (2U/mL) soluble starch (1%). After 30 min of incubation at
37°C, 20 µL substrate, 1% soluble starch prepared in phosphate
buffer 100 mM (pH: 6.8) was added and further re-incubated at 37°C
for 30 min. The reaction was terminated by adding 100 µL
dinitrosalicylic acid reagent solution and boiling for 10 min. The
enzyme activity was estimated by measuring the absorbance at
540 nm using a microplate reader (Varioskan LUX multimode
microplate reader, ESW version 1.00.38) from Thermo Fisher
Scientific. The inhibition assay was performed thrice, and the
inhibition percentage was calculated as follows:

α − Amylase Inhibitory %( ) � 1 − Asample

Acontrol
( ) × 100, (5)

where Asample is the absorbance in the presence of both α-
glucosidase and sample and Acontrol is the absorbance of the
reaction mixture containing the same volume of buffer solution
instead of the sample.

2.7 In vivo antidiabetic activity

2.7.1 Experimental animals
Healthy normoglycemic (80–90 mg/dL) adult male Wistar

albino rats (150–200 g) obtained from the registered
breeder–Saha Enterprise, Kolkata (Reg. No. 1828/PO/BT/S/15/
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CPCSEA), were used for the experimental study. Rats were
maintained in polypropylene cages bedded with straws under
standard ambient conditions (temperature 25°C ± 4°C with 12/
12 h light/dark cycle; 50—70 humidity). The rats were fed on a
standard pellet diet and given free access to water ad libitum. All the
experimental protocols were scrutinized and approved by the
university’s animal ethical committee (Ref. No. ACE/PHARM/
1502/09/2015, Jadavpur University, Kolkata 700032, West Bengal,
India).

2.7.2 Acute toxicity study
Swiss albino mice were used to evaluate the acute oral toxicity

test of the AAHY extract following instructions by the Organization
of Economic Cooperation and Development (OECD), Guideline
425. The animals were observed for general behaviors such as
tremors, aggressiveness, hypnosis, convulsions, diarrhea,
analgesia, and skin color for the first 24 h after administration of
the test sample AAHY extract at a limit dose of 2000 mg/kg b.w
(OECD, 2022).

2.7.3 Diabetes induction
Induction of diabetes by intraperitoneal (i.p) injection of

streptozotocin (STZ) was given to the 16 h fasted rats; however,
water was provided. STZ at a dose of 50 mg/kg b. w was dissolved in
0.1 Mcold citrate buffer (pH 4.5) just before administration, and an i.
p injection of NA (100 mg/kg b. w) was given 15 min prior to STZ
injection. Glucose solution 20% was provided for the first 24 h to
STZ–NA-injected rats to prevent initial hypoglycemic mortality.
The diabetic condition was confirmed by fasting blood glucose
(FBG) measurement of blood drawn from the tail vein using a
glucometer (ACCU-Chek active), and FBG ≥250 mg/dL was
selected for the experiment (Ghasemi et al., 2014; Sisay et al., 2022).

2.7.4 Extract effect on the blood glucose level of
normoglycemic rats

Normal healthy rats (80–90 mg/dL) were fasted overnight for
16 h, but water was provided ad libitum. The normal control animals
received normal saline water, and the treated groups were given
predetermined doses of 200 and 400 mg/kg b.w., p.o., of the AAHY
extract. The baseline blood glucose level of each rat was measured
just prior to treatment (0 min) and after administration at 1, 2, 4,
and 6 h, with the blood drawn from the tail vein under aseptic
conditions (Birru et al., 2015; Sisay et al., 2022).

2.7.5 Extract effect on blood glucose after the oral
glucose tolerance test

Normal healthy rats (80–90 mg/dL) which were fasted for
16 h were used for the oral glucose tolerance test (OGTT). The
rats were distributed into groups of three, and six rats were placed
in each group (n = 6). Group I, designated as the normal control
group, was given distilled water (5 mL/kg b.w., p.o.), and group II
and III were treated with doses of 200 and 400 mg/kg b.w., p.o.,
respectively. After 30 min of administration, the rats received
glucose (2 g/kg b.w., p.o.). Measurement of blood glucose level
was carried out just before (0 min) and after 30, 60, and 120 min
following oral glucose administration (Kifle et al., 2020). The
blood was drawn from the tail vein and measured using a
glucometer (ACCU-Chek active).

2.7.6 Experimental design for antidiabetic activity
The rats were divided into five groups, with six rats in each

group (n = 6). The experimental study was set up for 28 days.
Group I: Normal control rats received normal saline (0.5 mL/kg,

b.w., p.o.).
Group II: The diabetic control group treated with STZ

(50 mg/kg, b.w., i.p.) and NA (100 mg/kg, b.w., i.p.).
Group III: STZ–NA-induced diabetic rats treated with the

AAHY extract (200 mg/kg b.w.), administered orally for 28 days.
Group IV: STZ–NA-induced diabetic rats treated with the

AAHY extract (400 mg/kg b.w.) administered orally for 28 days.
Group V: STZ–NA-induced diabetic rats treated with

metformin (150 mg/kg, p.o.) for 28 days.

2.7.7 Glycated hemoglobin estimation
A commercially available glycated hemoglobin kit based on the

ion exchange resin method [Coral clinical systems, a Division of
Tulip Diagnostics (p) Ltd.] was used to measure glycated
hemoglobin (HbA1c) levels in whole blood samples.

2.7.8 Serum biochemical parameter determination
At the end of the experimental design, the rats were fasted overnight

for 16 h and on the 29th day, they were anaesthetized using isoflurane
and sacrificed by cervical dislocation. The blood sample was drawn and
collected from the heart by cardiac puncture. Serum was acquired by
centrifugation at 3,000 rpm for 10 min. An array of biochemical
parameters such as serum glutamic pyruvic transaminase (SGPT),
serum glutamic oxaloacetic transaminase (SGOT), serum alkaline
phosphatase (SALP), total protein (TP), creatinine, and urea were
measured with the collected serum using commercially available
assay kits (Arkray Healthcare Pvt., Ltd., Surat, Gujarat, India).

2.7.9 Serum lipid profile evaluation
Estimation of serum lipid profiles such as total cholesterol (TC),

high-density lipoprotein (HDL), and triglycerides (TGs) were
determined using commercially available kits (Arkray Healthcare
Pvt., Ltd., Surat, Gujarat, India).

2.7.10 Tissue antioxidant parameter estimation
The organs, liver and kidney, were carefully harvested from the rats

and cleaned in ice-cold saline to remove blood. The organs were
weighed, cut into pieces, and homogenized with phosphate buffer
(0.025M, pH 7.4). The homogenate was centrifuged for 15 min at
10,000 rpm at 4°C. The supernatant was collected and used for
estimations of antioxidant parameters such as lipid peroxidation
(LPO), reduced glutathione (GSH), and superoxide dismutase (SOD).

Lipid peroxidation (LPO) levels from the supernatant of liver
and kidney tissues were determined as per the standard protocols
followed by Ohkawa et al. (1979) and Niehaus and Samuelsson
(1968). The supernatant, 0.02 M phosphate buffer saline (PBS), and
10% trichloro acetic acid (TCA), in the ratio of 1:1:2 were mixed and
incubated for 30 min at room temperature. Then, the mixture was
centrifuged at 3,000 rpm

For 10 min, 1mL of the supernatant was collected and mixed with
250 µL of 1% thiobarbituric acid (TBA) and heated for 60 min at 95°C
until a stable pink color was observed. TheODwasmeasured at 532 nm
against an appropriate blank and expressed as µM of malondialdehyde
(MDA)/mg protein.
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The glutathione (GSH) levels of the liver and kidney tissues were
assayed according to the methods of Ellman (1959) and Moron et al.
(1979). 0.1 mL of respective homogenates mixed with 2.4 mL EDTA
were incubated in ice for 10 min, followed by precipitation with
0.5 mL of 50% TCA. The precipitate was discarded by centrifugation
at 4°C, 3,000 rpm for 15 min. To 1 mL of the clear supernatant, 1 mL
of tris buffer and 0.05 mL of DTNB were added. Absorbance at
412 nm was measured after the reaction mixture had been incubated
for 3 min. The amount of glutathione was expressed as µM of GSH
utilized/mg protein.

The superoxide dismutase (SOD) activity levels of the tissue
supernatants were assayed following the work of Marklund and
Marklund (1974) and Kakkar et al. (1984). The reaction mixture
contained 600 µL PBS, 60 µL of 186 µM phenazine methosulphate
(PMS), 150 µL of 300 µM nitroblue tetrazolium (NBT), and 100 µL
each of supernatant and NADH (780 µM). The reactionmixture was
incubated for 90 s at 30°C, and the reaction was terminated by
adding 500 µL of glacial acetic acid. The absorbance was measured at
560 nm against an appropriate blank and expressed as units/mg
protein.

2.7.11 Histopathological studies
The pancreas was carefully harvested from the euthanized rats after

the termination of the experiment and subjected to histopathological
studies. The tissues were washed with a standard saline solution for
5 min each, followed by 10% formalin fixation for 24 h, then dehydrated
by passing through different alcohol solutions successively, and finally,
embedded in paraffin. The embedded samples were sliced into ultra-
thin (4–5 µm) sections with a semi-automated Thermo Scientific
microtome. The sliced tissue samples were gently placed over warm
water and carefully glided onto glass slides. The slides were
deparaffinized, and the transparent intact tissue sections were
stained with hematoxylin–eosin dye to provide structural contrast
(Alturkistani et al., 2015). One or two drops of DPX mounting
medium were spread over the tissue specimens on the slides and
carefully covered with coverslips for preservation. The prepared
stained slides were observed and photographed with the camera
attached to the microscope (Nikon eclipse Ni–U). The size of the
pancreatic islets from the captured histopathology image was calculated
using ImageJ analysis software. The changes in the size have been
expressed as relative % compared to the normal control group.

2.8 Statistical analysis

The results were evaluated using the statistical tool, one-way
analysis of variance (ANOVA) post hoc Dunnett’s test using Graph
pad prism 8.4.3 software (Graph Pad Software, San Diego
United States). The size of the histopathology image was analyzed
using ImageJ software. The data were represented as mean ± standard
error of mean (SEM). The statistical significance was set at p < 0.05.

3 Results

3.1 Extraction yield of the AAHY extract

The yield of the AAHY extract was 8.82%.

3.2 Qualitative phytochemical analysis

The outcomes of the types of tests performed, the changes
observed, and the inferences of the preliminary phytoconstituent
analysis are summarized in Table 1.

3.3 HPTLC analysis of the AAHY extract

The developed plate was scanned 302 nm using a CAMAG TLC
Scanner IV in the absorbance mode. The picture of the developed plate
was captured by using CAMAG Reprostar 3. The photo documentation
was carried out using the CAMAGTLC visualizer 2 underwhite, 254 and
366 nm (Figure 1). The standard compound (chlorogenic acid and caffeic
acid) expressed a good linearity between concentrations and the peak
area. Themobile phase toluene–ethyl acetate–formic acid (5:4:1, v/v) and
ethyl acetate–acetic acid–formic acid–water (100:1.1:1.1:2.6, v/v) were
found to produce a compact spot for chlorogenic acid and caffeic acid at
Rf 0.43 and 0.72, respectively. A good linear precision relationship
between the concentrations and peak areas was obtained with the
correlation coefficient (r2) > 0.997 and 0.998 for chlorogenic acid and
caffeic acid, respectively. The amount of chlorogenic acid and caffeic acid
was found to be 6.47% and 3.28 w/w in the AAHY extract, respectively.

3.4 Antioxidant activity

The AAHY extract exerted DPPH as well as ABTS free radical
scavenging activities in a dose-dependent manner Figure 1. The %
inhibitory concentrations (IC50) of the AAHY extract and L-ascorbic
acid were 44.52 ± 1.23 μg/mL and 15.12 ± 0.11 μg/mL, respectively, as
determined by DPPH radical scavenging assay Figure 2A, whereas IC50

was 9.75 ± 0.33 μg/mL for L-ascorbic acid and 33.33 ± 0.66 μg/mL for
the AAHY extract, respectively, when the scavenging capacity was
assessed by ABTS cation radical scavenging assay Figure 2B.

3.5 In vitro α-glucosidase and α-amylase
inhibition assays

The sample AAHY extract exhibited a dose-dependent
inhibition of α-glucosidase and α-amylase activities. The
inhibitory effects were compared with a standard inhibitor,
acarbose. The α-glucosidase inhibition results of the extract and
acarbose are shown in Figure 3A. The corresponding concentration
for 50% inhibition (IC50) of the AAHY extract and acarbose was
93.47 ± 2.56 and 46.77 ± 1.31 μg/mL, respectively. α-Amylase
inhibitory activities of the AAHY extract and acarbose are shown
in Figure 3B, and the corresponding IC50 values were found to be
116.32 ± 1.15 and 70.62 ± 0.52 μg/mL, respectively.

3.6 Acute toxicity study

The study was performed by oral administration (p.o.) of the
AAHY extract at a dose of 2000 mg/kg b.w. in mice. There were no
toxicity signs, and none of the animals died till the end of the
experiment. Since the animals were not toxic up to the dose of
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TABLE 1 Preliminary qualitative phytochemical analysis of the AAHY extract.

Phytochemicals Tests performed Appearance Inference

Alkaloids Mayer’s Reddish brown precipitate seen +

Phenolics Ferric chloride Blue–black color seen +

Flavonoids Lead acetate Yellow precipitate formed +

Tannins Braemer’s Bluish-green color seen +

Glycosides Keller–Kiliani Brown ring at the interface seen +

Saponins Foam test Foam observed −

Terpenoids Salkowski’s Dark bluish black observed +

Quinones Borntrager’s Red color seen +

Steroids Liebermann–Burchard Pink-to-reddish color not seen −

(+): detected; (−): not detected.

FIGURE 1
Standardization of the AAHY extract for the presence of (A) chlorogenic acid and (B) caffeic acid as the standard phytomarker through HPTLC
analysis.

FIGURE 2
(A) DPPH and (B) ABTS free radical scavenging activities (%). A comparison of different concentrations of the AAHY extract and ascorbic acid is
shown. Data are represented as mean ± SEM, and experiments were performed thrice (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the AAHY
extract. SEM: standard error of mean.
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2000 mg/kg b.w., further hypoglycemic experiments were carried
out at doses of 200 and 400 mg/kg b.w, respectively.

3.7 Oral glucose tolerance test

The OGTT showed that the BGLs of normoglycemic rats were
elevated in the first 30 min after the oral administration of glucose and
gradually decreased. However, the AAHY extract (200 and 400mg/kg
b.w.) significantly reduced blood glucose levels at 60 and 120min in
glucose-loaded rats compared to untreated normal control rats (Table 2).

3.8 Effect of the AAHY extract on fasting
blood glucose and body weight

The fasting blood glucose levels of STZ–NA-induced diabetic rats
(group II) were significantly elevated compared to normal control rats
(group I) during the experimental study. Daily oral administration of
the AAHY extract at the doses of 200 mg/kg b.w. (group III) and
400 mg/kg b.w. (group IV) to the diabetic rats significantly reduced FBG
near to the normal level (group I) compared to the diabetic control rats

(group II) in a dose-dependent manner. The standard metformin
(150 mg/kg b.w.)-treated rats (group V) showed reduced FBG
compared to the diabetic control (Table 3).

The body weight of STZ–NA-induced diabetic rats (group II)
gradually decreased, whereas the groups (III and IV) administered
with the AAHY extract at the doses of 200 and 400 mg/kg b.w.
showed gradual improvement as compared to normal control rats
(group I). The rats treated with drug standard metformin at
150 mg/kg b.w. (group V) also exhibited a gradual increase in
body weight. The study data are shown in Table 4.

3.9 Hypoglycemic activity on
normoglycemic rats

There was no significant difference in blood glucose levels
between the groups prior to treatments. In fact, 2 h after the
administration of the extracts and metformin, the FBG level was
lowered. Following 6 h of treatment, both the extracts (200 and
400 mg/kg) and metformin (150 mg/kg) were able to significantly
deduce FBG levels of the normoglycemic rats compared to the 2 h
time point (Table 5).

FIGURE 3
In vitro (A) α-glucosidase and (B) α-amylase activities of the AAHY extract. % inhibitions are expressed asmean ± SEM, and n= 3. *p < 0.05, **p < 0.01,
and ***p < 0.001 versus the AAHY extract. SEM: standard error of mean.

TABLE 2 Effect of the AAHY extract in the oral glucose tolerance test.

Groups Fasting blood glucose level (mg/dL)

0 min 30 min 60 min 120 min

Normal control 84.33 ± 1.14 130.25 ± 3.09 123.5 ± 2.5 117.75 ± 3.35

AAHY extract 200 mg/kg 81.33 ± 2.81ans 126.75 ± 2.49ans 113.25 ± 2.39a* 104.5 ± 2.32a**

AAHY extract 400 mg/kg 82.16 ± 2.44ans 120.75 ± 2.52a* 107.75 ± 1.6a** 92.75 ± 2.09a**

Metformin 150 mg/kg 84 ± 1.36ans 108.25 ± 2.78a** 93.75 ± 2.86a*** 86.5 ± 2.06a***

The values are represented as mean ± SEM, and n = 6 for each group.
aAll treated groups versus the normal control group at the corresponding time point.
nsNo significant difference was observed.
ansNo significant difference observed when all treated groups were compared to the normal control group at the corresponding time point. SEM, standard error of mean; AAHY extract,

Ageratina adenophora hydroalcoholic extract.*p < 0.05, **p < 0.01, and ***p < 0.001.
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3.10 Glycated hemoglobin

After the termination of the experiment, the blood samples were
examined for glycated hemoglobin (HbA1c). The HbA1c level of the
STZ–NA-induced diabetic control rats was elevated compared to
normal control rats. However, the HbA1c level of the STZ–NA-
induced diabetic rats treated with doses of the AAHY extract
200 and 400 mg/kg b.w and metformin 150 mg/kg b.w. was
reduced compared to the diabetic control rats. The activity
observed with the AAHY extract dose of 400 mg/kg b.w was
comparable with the standard drug metformin (Figure 4).

3.11 Serum biochemical parameters

The efficacy of the AAHY extract on serum biochemical
parameters such as SGPT, SGOT, SALP, TP, creatinine, and urea
is shown in Figure 3. In STZ–NA-induced diabetic rats, oral
administration of the AAHY extract and metformin significantly
reduced SGPT, SGOT, SALP, creatinine, and urea, when compared
to diabetic control rats. However, the total protein (TP) content

increased in the AAHY extract- and metformin-administered
groups (Figure 5).

3.12 Serum lipid profile

In STZ–NA-induced diabetic control rats, the serum lipid
profile, such as triglyceride and total cholesterol (TC) levels, was
high. However, the HDL level was low compared to normal control
rats. In diabetic rats, oral administration of the AAHY extract at the
doses of 200 and 400 mg/kg b. w. and metformin at 150 mg/ml b. w.
showed a gradual reduction in TG and TC levels, but HDL levels
increased compared to the diabetic control group (Figure 6).

3.13 Tissue antioxidant parameters

The liver and kidney antioxidant data are shown in Figure 7. The
SOD and GSH levels of STZ–NA-induced diabetic control rats were
low, whereas an increased level of MDA was observed compared to
the normal control group. These antioxidant parameters were

TABLE 3 Effect of the AAHY extract on fasting blood glucose (mg/dL).

Groups Fasting blood glucose level (mg/dL)

Day 0 Day 7 Day 14 Day 21 Day 28

I Normal control 93 ± 2.04 83 ± 1.04 89 ± 2.04 92 ± 2.21 96 ± 1.21

II Diabetic control 372 ± 2.18a*** 346 ± 3.51a*** 364 ± 2.74a*** 349 ± 3.45a*** 324 ± 2.94a***

III Diabetic + AAHY extract 200 mg/kg 354 ± 1.36bns 274 ± 2.89b* 155 ± 3.45b** 135 ± 1.01b** 103 ± 3.2b***

IV Diabetic + AAHY extract 400 mg/kg 337 ± 3.3bns 231 ± 1.5b* 120 ± 3.71b** 108 ± 2.48b*** 93 ± 2.04b***

V Diabetic + metformin 150 mg/kg 349 ± 2.12bns 217 ± 3.47b* 122 ± 1.78b** 101 ± 2.69b*** 84 ± 1.27b***

The data are represented as mean ± SEM, and n = 6 for each group.
aThe normal control group versus the diabetic control group.
bAll treated groups versus the diabetic control group at the corresponding time point.
nsNo significant difference was observed.
bnsNo significant difference observed when all treated groups were compared to the diabetic control group at the corresponding time point. SEM, standard error of mean; AAHY extract,

Ageratina adenophora hydroalcoholic extract; diabetic: streptozotocin (50 mg/kg, b.w.) + nicotinamide (100 mg/kg, b.w.). *p < 0.05, **p < 0.01, and ***p < 0.001.

TABLE 4 Effect of the AAHY extract on the body weight of experimental rats (g).

Groups Body weight (g)

Day 0 Day 7 Day 14 Day 21 Day 28

I Normal control 179 ± 1.91 177 ± 1.96 173 ± 2.16 178 ± 1.28 181 ± 2.9

II Diabetic control 188 ± 2.19ans 169 ± 1.37ans 149 ± 3.08a** 132 ± 1.51a** 119 ± 2.98a***

III Diabetic + AAHY extract (200 mg/kg) 182 ± 2.08bns 167 ± 1.7bns 152 ± 0.93bns 149 ± 0.85 b* 146 ± 3.02b**

IV Diabetic + AAHY extract (400 mg/kg) 185 ± 3.02bns 173 ± 1.51bns 159 ± 2.3bns 158 ± 0.97b* 162 ± 1.28b**

V Diabetic + metformin (150 mg/kg) 177 ± 1.97bns 169 ± 0.98bns 166 ± 1.87b* 164 ± 2.31b** 168 ± 1.97b**

The values are represented as mean ± SEM, and n = 6 for each group.
aThe normal control group versus the diabetic control group.
bAll treated groups versus the diabetic control group on the corresponding day.
nsNo significant difference was observed.
ansNo significant difference observed when all treated groups were compared to the normal control group at the corresponding time point.
bnsNo significant difference observed when all treated groups were compared to the diabetic control group at the corresponding time point. SEM, standard error of mean; AAHY extract,

Ageratina adenophora hydroalcoholic extract; diabetic: streptozotocin (50 mg/kg, b. w.) + nicotinamide (100 mg/kg, b.w.). *p < 0.05, **p < 0.01, and ***p < 0.001.
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significantly improved near to normal levels after administering the
AAHY extract 200 and 400 mg/kg b.w. doses and metformin at
150 mg/ml b.w, compared to diabetic control rats.

3.14 Histopathological studies

The histology of the pancreas was examined after the end of the
experimental design. The hematoxylin and eosin-dyed pancreatic
tissue photomicrographs of normal control rats depicted normal
islet cells (Figure 8A). On the contrary, the diabetic control
pancreatic islet cells were degranulated, disrupted, noticeably
depleted, and dilated compared to the normal islet architecture
(Figure 8B). However, the AAHY extract 200- and 400 mg/kg b.w.-
treated groups exhibited gradual improvement in islet cell density
and showed regeneration of cell and granulation in a dose-
dependent manner compared to diabetic control rats (Figures 8C,
D). The metformin-treated group showed protective response as
evident from the increased pancreatic islets size close to the normal
histology of the normal control group (Figure 8E). A remarkable
difference was observed in the relative pancreatic islets size of the
diabetic and treated groups when compared with that of the normal
control. The islets sizes in the diabetic group were significantly
deduced showing depleted cells (6.78% ± 0.39%). A gradual
improvement in the histology of the pancreatic islets was
observed in the AAHY extract (17.23% ± 1.25% and 35.46% ±
2.96%, respectively)-treated group and there was a significant
improvement in the metformin (71.1% ± 2.04%)-treated group
when relatively compared with that of the normal group (Figure 9).

4 Discussions

Although there have been significant advances in the
development of antidiabetic drugs, these therapies are often
regarded as ineffective since they fail to prevent T2DM-related
secondary problems, have adverse effects, and are expensive.
Therefore, it is encouraging to look into medicinal plants and
other natural remedies as therapeutic alternatives.

The current study has been conducted to evaluate the capacity of
Ageratina adenophora hydroalcoholic extract administered orally, for
antihyperglycemic and antihyperlipidemic activities in normal, oral

glucose-loaded, and STZ–NA-induced diabetic rats, and quantification
of phytochemicals chlorogenic and caffeic acids present in the extract.
Before conducting in vivo animal studies in Wistar albino rats, in vitro
enzymatic assays, α-glucosidase and α-amylase, were performed. T2DM
is characterized by faulty insulin secretion or deficiency and defective
metabolism of carbohydrates and lipids in tissues, leading to an increase
in postprandial hyperglycemia levels. The pancreatic enzymes α-
glucosidase and α-amylase hydrolyze starch and oligosaccharides
resulting in fast uptake of glucose in the intestine, thereby increasing
the postprandial blood glucose level. Inhibition of these enzymes is a

TABLE 5 Hypoglycemic activity of the AAHY extract in normoglycemic rats.

Group Blood glucose level (mg/dL)

0 h 1 h 2 h 4 h 6 h

Normal control 86 ± 1.26 85.91 ± 0.4 87.58 ± 0.64 86.71 ± 1.21 87.01 ± 0.54

AAHY extract 200 mg/kg 87.41 ± 2.17ans 83.02 ± 1.05ans 78.2 ± 0.51ans 72.61 ± 0.28a* 69.48 ± 0.14a*

AAHY extract 400 mg/kg 82.9 ± 0.97ans 79.73 ± 0.21ans 67.54 ± 1.24a* 61.37 ± 0.57a** 57.21 ± 00.31a**

Metformin (150 mg/kg) 84.34 ± 0.82ans 75.41 ± 0.54ans 65.17 ± 1.27a* 57.24 ± 0.48a** 51.08 ± 0.16a**

The values are represented as mean ± SEM, and n = 6 for each group.
aAll treated groups versus the normal control group at the corresponding time period.
nsNo significant difference.
ansNo significant difference observed when all treated groups were compared to the normal control group at the corresponding time point. SEM, standard error of mean; AAHY extract,

Ageratina adenophora hydroalcoholic extract.*p < 0.05; **p < 0.01.

FIGURE 4
Effect of the AAHY extract on the glycated hemoglobin level. The
error bar represents mean ± SEM, and n = 6 for each group. a
represents the diabetic control group versus the normal control
group, and b represents the diabetic control group versus treated
groups. *p < 0.05, **p < 0.01, and ***p < 0.001. SEM: standard error of
mean.
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promising method for reducing such postprandial hyperglycemia,
which is crucial in T2DM (Dong et al., 2012). The findings suggest
that the AAHY extract possesses good suppressive activities on
pancreatic α-glucosidase and α-amylase enzymes, thereby inhibiting
carbohydrate metabolism and decreasing the postprandial glucose level.

Prior to the advancement of in vivo experiments, the acute toxicity
test was performed. Oral administration of the AAHY extract at a dose
of 2,000 mg/kg b. w. in mice did not show any toxicity effect. So, further
downstream experiments were carried out at doses of 200 and
400 mg/kg b.w, respectively. The oral glucose tolerance test is one of
the important assessments for the identification and diagnosis of
impaired glucose tolerance, insulin resistance, and sensitivity for
T2DM prevention in patients who are at high risk (Kuo et al.,
2021). So, it can be interpreted that the AAHY extract has a
significant glucose tolerance activity compared to the normal control
groups. Oral administration of the AAHY extract at doses of 200 and
400 mg/kg b.w. for consecutive 28 days significantly reduced FBG
compared to the diabetic control groups. This might be due to the
potential of the extract to induce pancreatic secretion of insulin by the
existing and regenerated β-cells. The body weight of the STZ–NA-
induced diabetic rats was decreased compared to normal group rats,
which could be possibly due to low glycemic grade. In untreated diabetic

rats, there is an extensive breakdown of proteins to provide amino acids
for gluconeogenesis during insulin deficiency resulting in muscle
wasting and weight loss (Kasetti et al., 2010). The body weight of
the treated diabetic groups gradually improved after the administration
of the AAHY extract.

Antioxidants play a protective role against the development of
many chronic diseases caused by the overproduction of oxidants.
Antioxidant phytochemicals are present in several medicinal plants
that can scavenge free radicals (Yao et al., 2013). Plant polyphenolic
compounds are known to possess antioxidant properties and modulate
the hyperglycemic state by inhibiting α-amylase and α-glucosidase
activities, thereby managing T2DM (Sekhon-Loodu and Rupasinghe,
2019). Chlorogenic and caffeic acids are natural antioxidant phenolic
compounds that prevent oxidative stress-induced diseases such as DM
(Stagos, 2020). Chen et al. reported the synergistic effect of chlorogenic
and caffeic acids isolated from Sonchus oleraceus Linn. in modulating
glucose utilization via the PI3K/AKT/GLUT4 inactivation pathway in
HepG2 cells (Chen et al., 2019). The phenolic compound, chlorogenic
acid, is found to be abundant in the leaves of A. adenophora (Liu et al.,
2016). Quantification of chlorogenic acid and its associate, caffeic acid,
was standardized using HPTLC analysis and was found to be 6.47% w/
w and 3.28% w/w, respectively. The antioxidant and antiinflammatory

FIGURE 5
Effect of the AAHY extract on serum biochemical parameters. The error bar denotesmean ± SEM, and n= 6 for each group. a represents the diabetic
control group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p < 0.01, and ***p < 0.001.
SEM: standard error of mean.
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properties of these compounds are well reported and also aid in the
management of chronic metabolic diseases (Dos Santos et al., 2006;
Santana-Gálvez et al., 2017). Previous research showed a variety of plant
polyphenolics possessing antioxidant properties that protect pancreatic
β-cells (Belayneh et al., 2019). Similarly, the AAHY extract showed
antioxidant property in the present study, suggesting the ability to
protect β-cells and contribute to antihyperglycemic activity in
STZ–NA-induced diabetic rats. The protective role might be
attributed to the presence of various groups of secondary
metabolites such as alkaloids, phenolics, flavonoids, tannins,
glycosides, terpenoids, and quinones, as revealed from the

preliminary qualitative profiling of phytochemicals of the AAHY leaf
extract (Zhang et al., 2015). The aforementioned phytoconstituent
results are also consistent with the reported studies (André et al.,
2019; Poudel et al., 2020). The alkaloids have been reported to
regulate hyperglycemia via α-glucosidase and α-amylase inhibition,
sensitizing insulin production, inhibition of PTP-1B and DPP-4
pathways, and managing oxidative stress condition (Adhikari, 2021;
Ajebli et al., 2021). Terpenoids also help in the management of T2DM
via the activation of the AMP-activated protein kinase pathway (Grace
et al., 2019). Phenolics and flavonoids are polyphenols possessing
antioxidant properties that protect the pancreatic islets of

FIGURE 6
Effect of the AAHY extract on the serum lipid profile. The error bar denotes mean ± SEM and n = 6 for each group. a represents the diabetic control
group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p < 0.01, and ***p < 0.001. SEM:
standard error of mean.
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Langerhans (Praparatana et al., 2022). Likewise, tannins (Ajebli and
Eddouks, 2019), glycosides (Sumaira and Khan, 2018), and quinones
(Demir et al., 2019) have also been reported to have a hypoglycemic
effect. These phytochemicals offer significant potential for metabolic
homeostasis. Thus, the presence of these secondary metabolites might
have synergistically contributed to the antihyperglycemic effect of the
AAHY extract. Despite several in vitro and in vivo experiments
demonstrating the promising therapeutic role of bioactive
compounds, only few have reached clinical trials (Adhikari, 2021).
So, based on the findings, proper evaluation of the diverse functions of
these phytochemicals is still critically required for advancement in
antidiabetic drug discovery.

The key factors for the pathogenesis and advancement of DM
are associated with oxidative stress and inflammation of the
pancreas. Induction of diabetes by STZ–NA in rats caused grave
damage to pancreatic β-cells due to excessive generation of free
radicals such as reactive oxygen and nitrogen species (Bhatti et al.,
2022). In consistency with the aforementioned study, the key

antioxidant enzymes’, SOD and GSH, levels were significantly
reduced, while lipid peroxidation levels were elevated as
evidenced by the increased MDA, in the liver and kidney tissues
of the diabetic control group, which is an indication of STZ–NA-
induced oxidative stress. However, treatment of the AAHY extract
200 and 400 mg/kg b.w. doses and metformin at 150 mg/ml b.w
significantly improved the enzyme levels comparable to normal
levels, demonstrating the capabilities of the AAHY extract and
metformin to decrease oxidative stress.

Glycated hemoglobin (HbA1c) concentration in the blood is a
reliable diagnostic marker for the determination of diabetes (WHO,
2011). The American Diabetes Association (ADA) suggested HbA1c
level ≥6.5% as a high-risk glycemic state and is directly proportional
to the blood plasma glucose content. HbA1c indicates a cumulative
history of blood glucose levels over the last 2–3 months (Sherwani
et al., 2016). However, the threshold point of the HbA1c test is still
controversial among different expertised organizations. HbA1c is
influenced by several physiological and pathological conditions. So,

FIGURE 7
Effect of the AAHY extract on liver and kidney tissue antioxidant parameters. The error bar denotes mean ± SEM, and n = 6 for each group. a
represents the diabetic control group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p <
0.01, and ***p < 0.001. SEM: standard error of mean.
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the test is preferably taken in conjunction with other tests such as the
fasting blood glucose and oral glucose tolerance test for appropriate
diagnosis (Hussain, 2016). In the present experimental study, the
OGTT and FBG test showed reduction in blood glucose levels after
administration of the AAHY extract and metformin. HbA1c was
also reduced in the treated groups compared to that of the diabetic
group. The decrease in HbA1c and FBG levels in treated diabetic rats
is an indication of improving glycemia.

The liver is the largest vital organ for metabolism, excretion, and
detoxification. Liver damage is linked with necrotic cells, a hike in tissue
lipid peroxidation, and a decrease in reduced glutathione levels, in
addition to an increase in serum biochemical markers such as SGPT,
SGOT SALP, triglycerides, and cholesterol (Abou Seif, 2016). The liver
of the STZ–NA-induced rats was damaged, and thus, the elevated
serum biochemical markers of liver function might be primarily due to
the enzymes leaking from the liver cytosol into the bloodstream (Kasetti
et al., 2010). Administration of the extract and metformin showed
significant reduction in the serum biochemical parameters compared to
the diabetic control groups. The diabetic control rats showed the
presence of significantly elevated levels of urea and creatinine in
serum, which are known markers for kidney dysfunction (Gowda
et al., 2010). The serum urea and creatinine levels, presented in the
current study of the diabetic treated rats were reduced, indicating the
gradual improvement of renal damage compared to the untreated rats.

FIGURE 8
Histopathological features of the pancreatic islets of normal and STZ–NA-induced diabetic Wistar albino rats. (A) Normal control group depicting
the normal histology of the pancreas, (B) diabetic pancreas showing a depleted, distorted β-cell structure and greatly reduced islets size, (C) diabetic +
AAHY extract 200 mg/kg b.w.-treated pancreas showing mild improvement, (D) diabetic + AAHY extract 400 mg/kg b.w.-treated pancreas revealing
gradual regeneration of β-cells, thereby improving islets size, and (E) diabetic + metformin 150 mg/kg b.w.-treated pancreas showing the nearly
normal structure of the islets. A representative photomicrograph of each group is shown (n = 6). Scale bar = 100 µm.

FIGURE 9
Graph showing the relative size of the pancreatic islets compared
to that of the normal control. The error bar denotes mean ± SEM, and
n = 6 for each group. **p < 0.01 and ***p < 0.001 versus the normal
control group. SEM: standard error of mean.
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Abnormal metabolism of enzyme lipoprotein lipase leads to
accumulation of triglycerides and total cholesterol (TC), but
decreased HDL cholesterol, which are commonly linked with
DM and result in diabetic dyslipidemia. Increased levels of TG
and TC and decreased HDL are also significant risk factors for
cardiovascular diseases (CVDs). Elevated HDL aids in
transportation of cholesterol to the liver, which is the primary
site for fatty acid metabolism, thus reducing the risk of CVDs.
So, in the diabetic condition, there is insulin deficiency due to which
lipoproteins are unable to hydrolyze the lipids resulting in the
systemic imbalance of synthesis, release, and rate of clearance of
lipids (Moodley et al., 2015) (Sisay et al., 2022). In consistency with
the reported data, we found elevated levels of TG and TC and
decreased HDL cholesterol in the untreated STZ–NA-induced
diabetic control group. Administering daily doses of the AAHY
extract and metformin significantly decreased TG and TC, while
increasing HDL cholesterol in the diabetic rats, indicating that the
plant extract improves diabetes dyslipidemic conditions.

Histopathological examination of the STZ–NA-induced diabetic
pancreas showed drastic damage to the β-cells, thereby reducing the
number and size of the islets. The AAHY extract and metformin
treatment groups improved the structure, number, and size of the
pancreatic islets. The relative sizes of the treated pancreatic islets
increased from 6.78% ± 0.39% in diabetic to 17.23% ± 1.25% and
35.46% ± 2.96% in the AAHY extract 200 and 400 mg/kg b.w.-
treated groups when compared with the normal
group. Regeneration and restoration of normal β-cell function are
critically required for a successful prevention and treatment of
diabetes (Chen et al., 2017). A gradual improvement observed in
the pancreatic histology of treatment groups suggests the potential
preventive and protective nature of the extract against STZ-induced
diabetic rats. However, the mechanistic pathway whether the
effective nature was due to insulin production or sensitization
following administration of the AAHY extract needs to be
further assessed.

5 Conclusion

From this study, it can be concluded that the hydroalcoholic
extract of A. adenophora has significant blood glucose lowering
capacity on nomoglycemic, diabetic, and oral glucose-loaded Wistar
albino rats while maintaining the body weight of diabetic rats. The
experimental results verified that the A. adenophora hydroalcoholic
extract has beneficial effects in inhibiting α-glucosidase and α-
amylase activities and restored the altered blood glucose level,
glycated hemoglobin, body weight, serum enzymes (SGOT,
SGPT, and ALP), total protein, urea, and creatinine levels close
to the normal range in treated STZ–NA-induced diabetic rats. The
AAHY extract significantly enhanced tissue antioxidant parameters
(SOD, GSH, and LPO) close to the normal level. The presence of
high quantity of chlorogenic and caffeic acids as some of the major
phytoconstituents may contribute to the improvement of glucose
tolerance, insulin resistance, cellular oxidative stress, and obesity in
STZ-induced diabetic rats. However, purification of chlorogenic and
caffeic acids, as well as their novel mechanisms of lowering the
hyperglycemic condition in T2DM, needs detailed evaluation. In
addition, the bioactivity of other groups of secondary metabolites

alone or synergistic effect needs scientific evaluation. Even though
the results provide scientific support for the traditional use of the
plant to treat diabetes, elaborative research is obligatory for safety
assessment in the long run. Although the preventive role of the
AAHY extract against T2DM is undeniable, further
pharmacokinetic and mechanistic pathway studies are needed to
determine the extract metabolism, normalization of blood glucose,
and biochemical parameters, as well as insulin production or
sensitization following administration of the AAHY extract. The
present study could play a promoting role in the discovery and
development of a new antidiabetic agent from A. adenophora.
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Pharmacological effects of
baicalin in lung diseases

Duoning Wang1,2 and Yi Li  2*
1Chengdu Hi-tech Nanxili Jiuzheng Clinic, Chengdu, Sichuan, China, 2Department of Respiratory and
Critical Care Medicine, Institute of Respiratory Health, Precision Medicine Key Laboratory, West China
Hospital, Sichuan University, Chengdu, Sichuan, China

The flavonoids baicalin and baicalein were discovered in the root of Scutellaria
baicalensis Georgi and are primarily used in traditional Chinese medicine,
herbal supplements and healthcare. Recently, accumulated investigations
have demonstrated the therapeutic benefits of baicalin in treating various
lung diseases due to its antioxidant, anti-inflammatory, immunomodulatory,
antiapoptotic, anticancer, and antiviral effects. In this review, the PubMed
database and ClinicalTrials website were searched with the search string
“baicalin” and “lung” for articles published between September 1970 and
March 2023. We summarized the therapeutic role that baicalin plays in a
variety of lung diseases, such as chronic obstructive pulmonary disease,
asthma, pulmonary fibrosis, pulmonary hypertension, pulmonary infections,
acute lung injury/acute respiratory distress syndrome, and lung cancer. We
also discussed the underlying mechanisms of baicalin targeting in these lung
diseases.

KEYWORDS

baicalin, lung disease, lung infection, lung injury, lung cancer

Introduction

Lung disease is a major global health concern, affecting millions of people worldwide.
Baicalin is a flavonoid compound isolated from the root of Scutellaria baicalensis Georgi.
Baicalein is a flavone, a type of polyphenolic flavonoid, while baicalin is a flavone glycoside,
the glucuronide of baicalein, which is obtained through the binding of glucuronic acid to
baicalein. As a natural medicine, baicalin has thus been widely used in the treatment of
clinical diseases such as cardiovascular and liver disease, diabetes, and neurodegenerative
disorders. Baicalin has been shown to have potent antioxidant, anti-inflammatory,
immunomodulatory, and antiapoptotic effects, making it a promising candidate for the
treatment of several disease conditions. It thus has wide applications in medicine,
healthcare, and food industries and has become a focused issue and trend in research
worldwide in recent years. It has also been widely studied for its potential therapeutic
benefits in treating various lung diseases, including chronic obstructive pulmonary disease
(COPD), asthma and acute lung injury (ALI). The pharmacological contributions of
baicalin to multiple lung diseases are being revealed (He et al., 2021) but are not fully
understood. Baicalin exhibits anti-inflammatory and immunomodulatory effects by
targeting several signaling pathways, including nuclear factor-κB (NF-κB),
phosphatidylinositol-3-kinase (PI3K)/AKT), mitogen-activated protein kinases
(MAPKs), and Toll-like receptors (TLRs), leading to a reduction in the production of
proinflammatory cytokines and chemokines and subsequent development of
inflammation in lung diseases (Figure 1, Table 1). In addition, baicalin has been found
to have antioxidant and anti-apoptotic properties, which help prevent oxidative damage to
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cells and tissues. In addition, baicalin has been shown to have
anticancer effects through its ability to inhibit the
proliferation, migration, and invasion of cancer cells,
including lung cancer cells, by inducing apoptosis and cell
cycle arrest. Moreover, baicalin also exhibits antiviral effects
against respiratory viruses such as influenza and severe acute
respiratory syndrome coronavirus (SARS-CoV) by suppressing
replication. In conclusion, baicalin shows great potential in the
treatment of various lung diseases due to its anti-inflammatory,
antioxidant, anticancer and antiviral properties. In this review,
we will outline the recent understanding of baicalin treatment
in lung diseases and its underlying mechanisms (Figure 2).

Methods

The PubMed database and ClinicalTrials website were searched
for articles published between September 1970 and March
2023 using the following search string: (baicalin) and (lung).
Studies of all designs that were accessible online were included if
they met the following criteria: 1) published in English, 2)
randomized control trials, other controlled trials, descriptive and
comparative studies, evidence-based practice and 3) full-text
available.

COPD

The prevalence of COPD, which is currently the fourth largest
cause of morbidity and mortality worldwide, is rising (Barnes et al.,
2015; Barnes et al., 2019). Chronic airway inflammation, lung
damage, and remodeling are its hallmarks, all of which lead to an

irreversible blockage of airflow. Baicalin has been shown in studies
to have anti-inflammatory and antioxidant effects that can help
lessen the intensity of COPD symptoms. Moreover, baicalin has
been shown to enhance lung health and lessen mucus formation in
clinical practice, although there have been no reports to date.
Additionally, it might protect the lungs from the harm caused by
cigarette smoke and other environmental factors.

Baicalin has a variety of biological effects, including antioxidant
and anti-inflammatory properties (Li et al., 2022). Mouse and cell
models were stimulated by cigarette smoke (CS) and CS extract to
investigate the effects and underlying mechanisms of baicalin on
COPD. According to the findings, baicalin may control the balance
between pro- and anti-inflammatory responses and significantly
improve lung function in COPD patients (Lixuan et al., 2010; Li
et al., 2012; Wang et al., 2018; Zhang et al., 2021a; Hao et al., 2021).
The anti-inflammatory effect was probably caused by the inhibition
of NF-κB activation (Lixuan et al., 2010), the upregulation of histone
deacetylase 2 (HDAC2) activity (Li et al., 2012), and the modulation
of the HDAC2/NF-κB/plasminogen activator inhibitor 1 (PAI-1)
signaling pathways (Zhang et al., 2021a). Hao et al. (2021)
demonstrated that baicalin upregulated the expression of heat
shock protein 72 (HSP72), resulting in the inhibition of c-Jun
N-terminal kinase (JNK) signaling activation and ultimately
relieving COPD. Recently, Ju et al. (2022) proved that baicalin
controlled the TLR2/myeloid differentiation primary response
gene 88 (MYD88)/NF-κB p65 signaling pathway to reduce
oxidative stress and the inflammatory response in COPD rats.
Through regulating oropharyngeal microbiota and influencing
the expression of the High Mobility Group Protein 1 (HMGB1)/
Caspase1 pathway, baicalin may also mitigate mouse lung
inflammatory injury caused by exposure to PM2.5 (Deng et al.,
2022).

FIGURE 1
Regulatory signaling pathways implicated in baicalin.
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TABLE 1 Application of baicalin in experimental models of lung diseases.

Disease Species Model Target/Pathway References

COPD Rat CS NF-κB↓ Lixuan et al. (2010)

Mouse CS HDAC2 activity↑ Li et al. (2012)

Rat CS Inflammatory cytokine regulation Li et al. (2012), Wang et al. (2018)

Rat CS HDAC2↑, NF-κB/PAI-1↓ Zhang et al. (2021a)

Mouse CS HSP72↑, JNK↓ Hao et al. (2021)

Rat CS, LPS, cold stimulation TLR2/MYD88/NF-κB p65↓ Ju et al. (2022)

Mouse PM2.5 Oropharyngeal microbiota balance Deng et al. (2022)

HMGB1/Caspase1↓

Asthma Mouse OVA ERK↓ Sun et al. (2013)

Mouse OVA Th17 cells↓ Ma et al. (2014)

Mouse OVA + LPS Th17/Treg balance Xu et al. (2017a)

Mouse OVA NF-κB, CCR7/CCL19/CCL21↓ Park et al. (2016)

Mouse OVA miR-103↑, TLR4/NF-κB↓ Zhai and Wang (2022)

Mouse OVA RAS↓ Hu et al. (2023)

PF Mouse Silica Th17/Treg blance Liu et al. (2015a)

Rat BLM miR-21, TGF-β/Smad↓ Gao et al. (2013)

Mouse BLM A2aR↑, TGF-β1, ERK1/2↓ Huang et al. (2016)

Rat BLM GPX, SOD, GSH↑ Huang et al. (2016)

Mouse Radiation CysLTs/CysLT1↓ Bao et al. (2022)

Rat BLM SOD↑, MDA, HYP↓ Chang et al. (2021)

PH Rat Hypoxia p38 MAPK/MMP-9↓ Yan et al. (2016)

Rat Hypoxia AKT↑, HIF-1α↓, p27↑ Zhang et al. (2014)

Rat Hypoxia ADAMTS-1↑, Collgen I↓ Liu et al. (2015b)

Rat MCT NF-κB↓ Zhang et al. (2017a)

Rat MCT TNF-α↓, BMPR2↑ Xue et al. (2021)

Rat MCT AKT, eNOS↑, ERK, NF-κB↓ Yan et al. (2019)

Lung infection Rat Pseudomonas aeruginosa Lung bacterial clearance↑ Zhang et al. (2021b)

Mouse Staphylococcus aureus Lung microbial load↓ Brackman et al. (2011)

Mouse Streptozotocin-induced diabetes mellitus Lung microbial dysbiosis Wang et al. (2021a)

Chicken Avian pathogenic Escherichia coli NF-κB↓ Peng et al. (2019)

Chicken Mycoplasma gallisepticum TLR2/NF-κB↓ Wu et al. (2019)

Chicken Mycoplasma gallisepticum Inflammatory injury alleviation Wang et al. (2021b)

Mouse Staphylococcus aureus Inflammatory injury alleviation Liu et al. (2017)

Mouse Mycoplasma pneumoniae miR-221, TLR4/NF-κB↓ Zhang et al. (2021c)

Mouse Influenza A/FM1/1/47(H1N1) virus Lung virus titer↓ Xu et al. (2010)

Rat

Mouse H1N1 virus Lung virus titer↓ Li and Wang (2019)

Mouse H1N1-H275Y Neuraminidase activity↓ Jin et al. (2018)

(Continued on following page)
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Asthma

Asthma is a chronic inflammatory respiratory disorder that
results in intermittent episodes of wheezing, breathlessness, chest
stuffiness, and cough. Chronic bronchial inflammation, bronchial

smooth muscle cell hypertrophy and hyperreactivity, as well as
increased mucus output, are the disease’s defining characteristics
(Papi et al., 2018).

In animal models of asthma, baicalin has been demonstrated to
lower airway inflammation and enhance lung function (Sun et al.,

TABLE 1 (Continued) Application of baicalin in experimental models of lung diseases.

Disease Species Model Target/Pathway References

Mouse Influenza A (H1N1/H3N2) Neuraminidase↓ Ding et al. (2014)

Mouse H1N1-pdm09 NS1↓ Nayak et al. (2014)

Mouse Influenza A TLR7/MYD88↓ Wan et al. (2014)

Mouse Influenza A IFN-γ↑, JAK/STAT-1↑ Chu et al. (2015)

Mouse Influenza A RLR↓ Pang et al. (2018)

Mouse Influenza A Inflammatory cytokine regulation Zhi et al. (2019)

Mouse Influenza A macrophage M1 polarization Geng et al. (2020)

IFN↑

Mouse RSV Antiviral, anti-inflammatory Shi et al. (2016)

ALI/ARDS Mouse Staphylococcal enterotoxin B Tryptophan metabolism regulation Hu et al. (2022)

Mouse CLP HMGB1↓ Wang and Liu (2014)

Rat LPS Inflammatory cytokine regulation Huang et al. (2008)

Mouse LPS NF-κB↓ Shin et al. (2015)

Rat SAP Amylase, NO, MDA, TNF-α↓ Zhang et al. (2008)

Mouse SAP TLR4↓ Li et al. (2009a)

Mouse LPS TLR4/NF-κB↓ Zhang et al. (2021d)

Mouse LPS CX3CL1-CX3CR1, NF-κB↓ Ding et al. (2016)

Mouse LPS Nrf2/HO-1↑ Meng et al. (2019)

Mouse LPS TLR4/NF-κB, JNK/ERK↓ Long et al. (2020)

Rat LPS TLR4/MYD88/NF-Κb, MAPK↓ Changle et al. (2022)

Rat LPS Alveolar fluid clearance, α-ENaC↑ Deng et al. (2017)

Rat LHP Lipid-peroxidation in mitochondria↓ Liau et al. (2019)

Rat Air embolism NF-κB↓ Li et al. (2009b)

Rat Severe burn HMGB1, NLRP3, caspase-1, NF-κB, MMP-9↓ Bai et al. (2018)

Mouse Hyperoxia Cpt1a↑ Chang et al. (2022)

Mouse LPS TLR4/NF-κB, MMP-9↓ Zhang et al. (2016)

Mouse LPS TLR4/p-NF-κB↓ Feng et al. (2018)

Lung cancer Mouse A549, LLC HIF-1α↓, SOD↑ Du et al. (2010)

Mouse A549 Antitumor Wei et al. (2017)

Mouse A549 Invasion, migration, angiogenesis↓ Yan et al. (2020)

Mouse H1299, H1650 Akt/mTOR↓ Sui et al. (2020)

Mouse A549, H1299 Id1↓ Zhao et al. (2019)

Mouse H460 EMT, PDK1/AKT↓ Chen et al. (2021)

CS: cigarette smoke; LPS: lipopolysaccharide; OVA: ovalbumin; BLM: bleomycin; MCT: monocrotaline; CLP: cecal ligation and puncture; SAP: severe acute pancreatitis; LHP: linoleic acid

hydroperoxide.
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2013), in part by modulating the Th17/Treg imbalance (Ma et al.,
2014; Xu et al., 2017a). Additionally, baicalin has also been
demonstrated to lessen mucus production in the airways and
inhibit the contraction of bronchial smooth muscle, which might
lessen airway narrowing and improve breathing (Xu et al., 2017a). In a
previous study, baicalin pretreatment inhibited the MAPK signaling
pathway, significantly reducing the proliferation and migration of
airway smooth muscle cells (ASMCs) stimulated by platelet-derived
growth factor (PDGF) (Yang et al., 2015). Baicalin administration
reduced inflammatory cell infiltration and tumor necrosis factor-α
(TNF-α) levels in bronchoalveolar lavage fluids in an animal model of
allergic asthma, demonstrating that the anti-inflammatory actions of
baicalin in vivo are due to its capacity to inhibit phosphodiesterase 4
(PDE4) (Park et al., 2016). By inhibiting NF-κB and reducing CC-
chemokine receptor 7 (CCR7)/C-C motif chemokine ligand 19
(CCL19)/CCL21, Liu et al. showed that oral treatment with
baicalin greatly enhanced pulmonary function and reduced
inflammatory cell infiltration into the lungs (Liu et al., 2016), and
Zhai et al. found that baicalin increasedmiRNA-103 andmediated the
TLR4/NF-κB pathway to successfully reverse ovalbumin (OVA)-
induced oxidative stress, inflammation, and changes in the amount
of total cells, eosinophils, and neutrophils in bronchoalveolar lavage
fluid (BALF) as well as collagen deposition (Zhai and Wang, 2022).

Baicalin significantly decreased the infiltration of inflammatory
cells in lung tissue, attenuated airway resistance, and reduced the
levels of remodeling-related cytokines such as interleukin (IL-13),
vascular endothelial growth factor (VEGF), transforming growth
factor-β1 (TGF-β1), matrix metalloproteinase 9 (MMP9), and tissue
inhibitor of metallopeptidase 1 (TIMP1) at both the mRNA and
protein levels. In an OVA-induced asthmatic mouse model, baicalin
administration suppressed the RAS signaling pathway to prevent
airway remodeling and ASMC proliferation by regulating the
activation of protein kinase C-α (PKC-α), A-rapidly accelerated
fibrosarcoma (A-RAF), mitogen activated protein kinase 2 (MEK2),
extracellular regulated MAP kinase (ERK), MAPK interacting
serine/threonine kinase 1 (MNK1), and ETS transcription factor
1 (ELK1) (Hu et al., 2023). Baicalin has recently been demonstrated

to inhibit type 2 immunity by severing the interaction between mast
cells and airway epithelial cells, suggesting that it may be a useful
alternative therapy for the management of asthma (Yoshida et al.,
2021). Baicalin may therefore be an effective medication for treating
allergic and asthmatic disorders in humans by regulating NF-κB
activity and other signaling pathways.

Pulmonary fibrosis

Pulmonary fibrosis (PF) is a progressive, resistant pulmonary
fibrotic condition with no known cause. Patchy but progressive
bilateral interstitial fibrosis is the defining feature of PF, and in
advanced cases, it can cause severe hypoxia and cyanosis (Lederer
et al., 2018).

Treatment with baicalin in a mouse model of silicosis reduced the
buildup of inflammatory cells by balancing the Th17 and Treg
responses, which also resulted in fewer clinical inflammatory and
fibrotic alterations in lung tissues (Liu et al., 2015a). Baicalein oral
administration significantly reduced miR-21 levels, increased TGF-β1
and p-smad2/3 expression, and decreased hydroxyproline content
and α-smooth muscle actin (α-SMA) levels in lung tissue, which is
important for myofibroblast activation and collagen deposition in the
extracellular matrix (Gao et al., 2013). In a different study, Huang et al.
hypothesized that baicalin exerts its antifibrotic effects by modulating
the expression of the adenosine A2a receptor (A2aR) gene, which
regulates inflammation by lowering the levels of increased TGF-β1
and p-ERK1/2 (Huang et al., 2016). Subsequent research showed that
baicalin considerably boosted serum levels of glutathione peroxidase
(GPX), superoxide dismutase (SOD), and glutathione (GSH) while
significantly lowering serum levels of malondialdehyde (MDA).
Baicalin also controlled cyclin A, D, and E, proliferating cell
nuclear antigen, p-AKT, and p-calcium/calmodulin dependent
protein kinase type, suppressing the transition of cells from the
G0/G1 phase to the G2/M and S phases and lowering the
intracellular Ca2+ concentration to suppress bleomycin-induced
pulmonary fibrosis and fibroblast proliferation (Zhao et al., 2020).
By modulating the TGF-β and ERK/glycogen synthase kinase
(GSK3β) signaling pathways (Lu et al., 2017), as well as the
cysteinyl leukotriene (CysLTs)/CysLT1 pathway (Bao et al., 2022),
baicalin alleviates radiation-induced epithelial-mesenchymal
transition of primary type II alveolar epithelial cells. Hong et al.
revealed the antifibrotic mechanisms of baicalin, which involve the
regulation of four key biomarkers involved in the metabolism of
taurine, hypotaurine, glutathione and glycerophospholipids (Chang
et al., 2021). Studies have shown that baicalin treatment can improve
lung function and reduce symptoms; thus, it may be a useful
alternative therapy for the management of PF.

Pulmonary hypertension

Pulmonary hypertension (PH) is usually secondary to a reduction
in vessel diameter or an increase in blood flow in the pulmonary
vascular bed (Vonk Noordegraaf et al., 2016). Most kinds of PH are
thought to have a potential basis in the malfunctioning of pulmonary
endothelial cells and/or vascular smooth muscle cells. The entire
pulmonary arterial tree thickens the intima and media while

FIGURE 2
The applications of baicalin in lung diseases.
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narrowing the lumen as a result of endothelial and smooth muscle cell
proliferation (Cui et al., 2022). Pretreatment with baicalin in chronic
hypoxic rats attenuated PH and right-sided heart dysfunction by
reducing p38 MAPK activation, reducing the elevated levels of the
proinflammatory cytokines IL-1, IL-6 and TNF-α and downregulating
the expression of MMP9 in the pulmonary arteriole walls (Yan et al.,
2016).

Baicalin decreased hypoxia inducible factor-1 (HIF-1)
production in a model of hypoxia-induced PH by modulating the
AKT signaling pathway to stop p27 degradation. Increased
p27 levels thereby inhibited pulmonary artery smooth muscle cell
(PASMC) proliferation, preventing hypoxia-induced increased
pulmonary arterial pressure and pulmonary vascular remodeling
(Zhang et al., 2014). Another study found that baicalin suppressed
the HIF-1α and aryl hydrocarbon receptor (AhR) pathways, which
prevented TGF-β1-induced phenotypic switching and consequently
the excessive growth of pulmonary arterial smooth muscle cells
(Huang et al., 2014). One study indicated that baicalin provided
protection for rats suffering from hypoxic PH. The mechanism may
involve an increase in ADAM metallopeptidase with
thrombospondin type 1 motif 1 (ADAMTS-1) expression, which
inhibits collagen I synthesis and expression (Liu et al., 2015b).

By inhibiting the inflammatory response and downregulating
the NF-κB signaling pathway, baicalin can considerably lower the
expression of TGF-β1 in lung tissues and pulmonary arterial
pressure, lessen right ventricular hypertrophy and injury, and
attenuate pulmonary vascular remodeling (Luan et al., 2015).
Baicalin has been found in numerous studies to significantly
reduce P38 MAPK and MMP-9 expression. It effectively
improved hypoxia-induced PH in a rat model by blocking the
p38 MAPK signaling pathway and MMP-9 in the small
pulmonary arteries (Yan et al., 2016).

An earlier study revealed that baicalin had a therapeutic effect on
the hypoxia-induced PH rat model, at least in part because it
activates peroxisome proliferator-activated receptor γ (PPARγ)
and blocks the HMGB1/receptor for advanced glycation end-
products (RAGE) inflammatory signaling pathway (Chen and
Wang, 2017). In another study, baicalin exhibited increased A2aR
activity and decreased stromal cell derived factor-1 (SDF-1)/C-X-C
motif chemokine receptor 4 (CXCR4)-induced PI3K/AKT signaling
to protect against hypoxia-induced PH (Huang et al., 2017).

Baicalin can inhibit monocrotaline (MCT)-induced PH in rats
by upregulating bone morphogenetic protein 4 (BMP4), BMP9,
BMP receptor 2 (BMPR2) and p-Smad1/5/8 expression, according
to recent research. Baicalin greatly reduces the expression of NF-κB,
TNF-α, IL-6 and IL-1. Baicalin, on the other hand, may reduce
pulmonary vascular remodeling by preventing ERK and NF-κB
phosphorylation and expression, as well as by suppressing
endothelial-to-mesenchymal transition (EndMT) via the BMP/
Smad axis and NF-κB signaling (Zhang et al., 2017a; Xue et al.,
2021). By decreasing p-p65 and p-ERK expression and encouraging
p-AKT and p-endothelial nitric oxide synthase (eNOS) expression,
baicalin ameliorated pulmonary vascular remodeling and
cardiorespiratory injury in the development of pulmonary arterial
hypertension through the AKT/eNOS, ERK and NF-κB signaling
pathways (Yan et al., 2019; Xue et al., 2021). By boosting the
expression of ADAMTS-1, which inhibits the synthesis of type I
collagen and its mRNA expression, baicalin administration

significantly decreased pulmonary artery pressure and slowed the
remodeling of the pulmonary artery under hypoxic conditions,
according to Liu et al. (Liu et al., 2015b).

Pulmonary infections

Pneumonia-related deaths from lung infections are common
worldwide (McAllister et al., 2019). The lung’s epithelial surfaces are
constantly exposed to microbial pollutants in the open air, and other
frequent lung conditions and bad lifestyle choices, such smoking and
drinking, make the lung parenchyma susceptible to pathogenic
organisms.

Treatment with baicalin considerably lessened the severity of lung
pathology and sped up the clearance of Pseudomonas aeruginosa from
the lungs. After baicalin treatment, the Th1-induced inflammatory
response and decreased cell infiltration in the lung around the
implants were observed (Zhang et al., 2021b). In a different
investigation, tobramycin treatment in combination with baicalin
hydrate reduced the microbial load in mouse lungs infected with
Burkholderia cenocepacia more than tobramycin treatment alone
(Brackman et al., 2011). Via an NF-κB signaling pathway, baicalin
might also treat the microbial dysbiosis of the lungs and the
subsequent fibrogenesis in streptozotocin-induced diabetic mice
(Wang et al., 2021a). Baicalin has also been shown to control
the same pathway in avian pathogenic Escherichia coli-
induced acute lung injury (Peng et al., 2019). Baicalin
alleviates lung inflammatory injury in Mycoplasma
gallisepticum infection models by inhibiting the TLR2/NF-κB
pathway (Wu et al., 2019) and regulates gut microbiota and
phenylalanine metabolism by modulating the gga-miR-190a-
3p-Fas-associated death domain (FADD) axis in
HD11 macrophages (Wang et al., 2021b). Baicalin also
inhibits the development of Staphylococcus aureus
pneumonia (Liu et al., 2017).

Among chronic pneumonias, pulmonary tuberculosis is a
dangerous infectious illness that poses a substantial threat to
human health. According to the World Health Organization, it
kills 6% of people worldwide and is now getting worse. Th1 cells
are primarily responsible for driving immunity against
tuberculosis infection by causing macrophages to kill bacteria
(Jasenosky et al., 2015). Re-exposure to Mycobacterium
tuberculosis (Mtb) or the reactivation of the infection in a
previously sensitized host triggers a rapid defense response,
although hypersensitivity also accelerates tissue necrosis and
destruction. The findings showed that baicalin did not affect the
phosphorylation of p38, JNK, or ERK in either Raw264.7 or
primary peritoneal macrophages but did decrease the levels of
p-AKT and p-mammalian target of rapamycin (mTOR) at
Ser473 and Ser2448, respectively. Moreover, baicalin increased
the colocalization of inflammasomes with autophagosomes to
exert an autophagic degradative effect on reducing
inflammasome activation and exerted an inhibitory effect on
NF-κB activity. Via the PI3K/AKT/mTOR pathway, baicalin
causes autophagy activation in Mtb-infected macrophages.
Moreover, baicalin inhibited the PI3K/AKT/NF-κB signaling
pathway, and both autophagy induction and NF-κB inhibition
contributed to limiting the activity of the NOD-like receptor
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thermal protein domain associated protein 3 (NLRP3)
inflammasome and the resultant release of the proinflammatory
cytokine IL-1β (Zhang et al., 2017b).

Another study showed that baicalin might limit protein kinase
R-like endoplasmic reticulum kinase (PERK)/eukaryotic translation
initiation factor 2 (eIF2) pathway activation, which would then
downregulate thioredoxin interacting protein (TXNIP) expression
and reduce the activation of the NLRP3 inflammasome, resulting in
reduced pyroptosis in macrophages with Mtb infection (Fu et al.,
2021). Baicalin relievesMycoplasma pneumoniae infection-induced
lung injury by blocking miRNA-221 to regulate the TLR4/NF-κB
signaling pathway (Zhang et al., 2021c).

Baicalin exhibits inhibitory effects on various strains of influenza
virus and SARS-CoV, both in vitro and in vivo (Limanaqi et al.,
2020). Oral administration of baicalein to mice infected with the
influenza virus increased the average survival time, reduced lung
inflammation, and dose-dependently decreased the lung viral titer.
These effects are probably caused by baicalin, which has been
demonstrated to impede the replication of SARS-CoV and
influenza virus in vitro (Chen et al., 2004; Xu et al., 2010). Via
the TNF receptor associated factor 6 (TRAF6)-dependent
production of Type-I interferons (IFNs), baicalin has been
demonstrated to suppress influenza virus replication, which
correlates with protection from acute lung injury in infected mice
(Li and Wang, 2019). This is noteworthy because, in SARS-CoV,
similar to what was observed in the influenza virus, alterations in
mitochondrial homeostasis and autophagy were eventually caused
by abnormal ubiquitin proteasome system (UPS)-dependent
degradation, which was related to the suppression of inhibition
of TRAF6-dependent expression of Type-I IFNs (Shi et al., 2014).

Baicalin suppresses influenza virus infection both in vitro and in
vivo by directly inhibiting the neuraminidase surface glycoprotein,
which is necessary for viral replication and the release of virions from
infected cells (Ding et al., 2014; Jin et al., 2018). While baicalein
strengthens the antiviral activity of the neuraminidase inhibitor
zanamivir, sodium baicalin is also effective against oseltamivir-
resistant mutant influenza virus strains (Sithisarn et al., 2013). The
anti-neuraminidase activity of baicalein is accompanied by a
reduction in TNF-α, IL-6, and IL-8, which is associated with
inhibition of the NF-κB and PI3K/AKT pathways and may
indicate autophagy is being activated (Sithisarn et al., 2013). This
makes sense given that baicalin has been demonstrated to directly
target the NS1 protein of the influenza virus, which has been proven to
impair autophagy by activating PI3K/AKT (Nayak et al., 2014).
Baicalin inhibited virus replication and reduced the activity of
major factors of the RIG-I-like receptor (RLR) signaling pathway
components, including retinoic-acid-inducible gene I (RIG-I), IFN
regulatory factor 3 (IRF3), IRF7, NF-κB, inflammatory responses, and
macrophage polarization, in an influenza A virus infection model
(Wan et al., 2014; Chu et al., 2015; Zhu et al., 2015; Pang et al., 2018;
Zhi et al., 2019; Geng et al., 2020). Treatment with baicalin can also
moderately lower respiratory syncytial virus titers recovered from
lung tissues with a decrease in T lymphocyte infiltration and
proinflammatory factor gene expression (Shi et al., 2016).

The pathologic mechanism of the coronavirus disease (COVID-
19) outbreak caused by SARS-CoV-2 is still not completely clear
(Huang et al., 2020; Wang et al., 2020). The most common cause of
death in severe COVID-19 cases is respiratory failure, and conditions

such as acute respiratory distress syndrome (ARDS), septic shock,
severe metabolic acidosis, and a hypercoagulable state can be fatal.
Baicalin, herbacetin, and pectolinarin have been found to effectively
inhibit the proteolytic activity of the main protease, 3-chymotrypsin-
like protease (3CLpro), and show effective inhibitory activity against
SARS-CoV-2 3CLpro (Jo et al., 2020). It was predicted that baicalin
would bind to papain-like protease (PLpro) (Lin et al., 2021) and the S
protein (Boozari and Hosseinzadeh, 2021) with considerable affinity.
Baicalin is an intriguing prospective therapeutic candidate for future
study against SARS-CoV-2 that has been shown to bind the
N-terminus and C-terminus of the homology model of the SARS-
CoV-2 proteins non-structural protein 14 (Nsp14) and 3CLpro (Su
et al., 2020; Liu et al., 2021). Baicalin and ascorbic acid can work
together to reduce SARS-CoV-2 entrance by inhibiting the production
of angiotensin-converting enzyme II in human small alveolar
epithelial cells (Lai et al., 2021). When used to treat COVID-19,
certain traditional Chinese medications containing baicalin have been
shown to have immunological modulation, anti-infection, anti-
inflammation, and multiorgan protection mechanisms (Su et al.,
2020; Zhao et al., 2021a; Huang et al., 2022; Wei et al., 2022).

Acute lung injury/acute respiratory distress
syndrome

Damage to the alveolar capillary membrane, which is made up of
the microvascular endothelium and the alveolar epithelium, results
in pulmonary infiltrates in ALI. In the presence of sepsis, severe
trauma, or extensive lung infection, ALI can progress to ARDS,
which is more serious diffuse alveolar injury (Matthay et al., 2012).

By regulating the composition of the gut microbiota, increasing the
production of short-chain fatty acids, and altering the fecal metabolite
profiles via the lung-gut axis, baicalin can ameliorate staphylococcal
enterotoxin B-induced ARDS (Hu et al., 2022). Baicalin inhibits the
release of HMGB1 and cytokines from macrophages, improves
survival and reduces tissue injury in septic mice induced by
lipopolysaccharide (LPS) (Wang and Liu, 2014). By inhibiting
TLR4, baicalin has a therapeutic impact on LPS-induced ALI
(Huang et al., 2008; Shin et al., 2015) as well as acute pancreatitis-
associated lung injury (Zhang et al., 2008; Li et al., 2009a; Zhang et al.,
2021d). Ding et al. (2016) explained the crosstalk between the C-X3-C
motif chemokine ligand 1 (CX3CL1)- C-X3-C motif chemokine
receptor 1 (CX3CR1) axis and NF-κB pathway, while Meng et al.
revealed that oxidative stress and inflammation were reduced via the
activation of the nuclear factor erythroid 2-related factor 2 (NRF2)-
mediated heme oxygenase 1 (HO-1) signaling pathway (Meng et al.,
2019). Meanwhile, Long and Zhu et al. demonstrated that the
mechanism involves the inhibition of the TLR4/NF-κB p65 and
ERK/JNK signaling pathways (Long et al., 2020) as well as the
TLR4/MyD88/NF-κB/NLRP3 signaling pathway and the MAPK
signaling pathway (Changle et al., 2022). Duan et al. (2021)
demonstrated that it can attenuate follistatin-like protein 1 (FSTL1)
and the ERK/JNK signaling pathway by upregulating miR-200b-3p
expression. It may also prevent LPS-induced reduction of alveolar fluid
clearance by upregulating epithelial sodium channel α-epithelial
sodium channel (α-ENaC) protein through activation of the cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling
pathway to attenuate lung edema (Deng et al., 2017). Another
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investigation demonstrated that baicalin can reduce lung
mitochondrial lipid peroxidation and antioxidant activity induced
by linoleic acid hydroperoxide (LHP) in vitro (Liau et al., 2019).

Baicalin attenuated air embolism-induced acute lung injury (Li
et al., 2009b) and severe burn-induced remote acute lung injury
through the NLRP3 signaling pathway (Bai et al., 2018) and
attenuated neonatal hyperoxia-induced endothelial cell dysfunction
and alveolar and vascular simplification in adult mice by upregulating
carnitine palmitoyltransferase 1a (Cpt1a) (Chang et al., 2022). These
results suggest possible treatment approaches for employing baicalin
to prevent persistent lung injury in some illnesses and injuries.

Pharmacological studies have shown suppression of TLR4-
mediated NF-κB activation (Zhang et al., 2016; Feng et al., 2018),
downregulation of MMP9 expression (Zhang et al., 2016), inhibition
of p-Src in LPS-activated neutrophils and formation of neutrophil
extracellular traps (NETs) in Phorbol 12-myristate 13-acetate
(PMA)-induced neutrophils (Xiao et al., 2022) in response to
traditional Chinese medications containing baicalin.

Lung cancer

Baicalin has inhibitory effects on the proliferation and
migration of various tumor cells. It can promote tumor cell
apoptosis through multiple pathways and enhance the
effectiveness of chemotherapy and radiotherapy (Zhang
et al., 2017c; Singh et al., 2021). Baicalin can prevent lung
cancer cells from growing and spreading by inducing
apoptosis and cell cycle arrest and inhibiting the production
of proinflammatory and protumor cytokines, according to
research conducted on animals and in cell culture
(Mizushima et al., 1995; Cheng et al., 2003; Himeji et al.,
2007; Du et al., 2010; Jangid et al., 2020), and formulations
and derivatives are emerging (Zhang et al., 2017c; Li et al., 2017;
Wei et al., 2017; Jangid et al., 2020). By activating p38 MAPK
and generating intracellular reactive oxygen species, baicalin
enhances TNF-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis (Zhang et al., 2017c).

The antitumor effects of baicalin mainly include inhibiting the
proliferation of tumor cells by blocking the cell cycle, inducing
apoptosis in tumor cells by producing cytotoxicity, and
suppressing the erosion and metastasis of tumor cells (Sui et al.,
2020; Yan et al., 2020). According to reports, baicalin can block cell
cycle progression in the S phase by suppressing cyclin A, but in
SKLU1, SKMES1 and DU145 cells, baicalin suppresses the
expression of cyclin D1, leading to cell cycle arrest in the
G1 phase (Gao et al., 2011). Baicalin stimulates the sirtuin 1
(SIRT1)/AMP-activated protein kinase (AMPK) signaling
pathway (You et al., 2018), inhibits p-AKT in tumor cells, and
attenuates cisplatin resistance in lung cancer by downregulating
MARK2 and p-AKT (Xu et al., 2017b). Yin et al. reported that
baicalin attenuates X-ray cross complementing 1 (XRCC1)-
mediated DNA repair to enhance the sensitivity of lung cancer
cells to cisplatin. Baicalin activated Rap1-GTP binding and
dephosphorylated AKT and Src by suppressing a7 nicotinic
acetylcholine receptor (a7nAChR), consequently triggering
inhibition of inhibitor of differentiation factor 1 (Id1) (Zhao
et al., 2019). Diao et al. demonstrated that baicalin inhibits lung

cancer growth by targeting PDZ-binding kinase/T-LAK cell-
originated protein kinase (PBK/TOPK) (Yan et al., 2020), while
Chen et al. revealed that baicalin prevents epithelial-mesenchymal
transition (EMT) by blocking the pyruvate dehydrogenase kinase 1
(PDK1)/AKT pathway in human non-small cell lung cancer
(NSCLC) (Chen et al., 2021). Baicalin’s antitumor effects were
shown by Zhao et al. to be mediated through the miR-340-5p-
neuroepithelial cell transforming 1 (NET1) axis (Zhao et al.,
2021b). Follow-up research can carry out more effective and
precise interventions in the above and other regulatory
pathways, inhibiting the growth and metastasis of lung cancer
cells and prolonging the survival of patients.

Conclusion and future directions

The evidence thus far suggests baicalin may be a promising option
for managing symptoms and preventing disease progression of
various lung diseases due to its anti-inflammatory, antioxidant,
anticancer and antiviral properties, although research on baicalin
as a treatment for lung disease is still ongoing. While research on
baicalin for the treatment of lung disease holds potential, there are still
limitations to be addressed. First, many of the studies have focused on
animalmodels; thus, more human clinical trials are needed to evaluate
the efficacy and safety of baicalin in treating lung diseases. Baicalin has
been found to be a safe and well-tolerated treatment for lung disease
with a low incidence of adverse effects. Further research is needed to
confirm its long-term safety and therapeutic benefits and to optimize
its use as a treatment for lung disease. Additionally, the optimal dose
and duration of treatment need to be determined, as well as the
potential for drug interactions with other medications. With greater
research into its mechanisms of action, long-term effects, application
domains, and the continual expansion of its application, its value will
continue to be unearthed and investigated.
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Zhilong Huoxue Tongyu capsule
attenuates intracerebral
hemorrhage induced redox
imbalance by modulation of
Nrf2 signaling pathway

Maryam Mazhar1,2*, Guoqiang Yang3,4, Houping Xu5, Yulin Liu2,6,
Pan Liang1,2, Luyin Yang1,2, Roman Spáčil 7, Hongping Shen1,2,
Dechou Zhang1,2, Wei Ren1,2* and Sijin Yang1,2*
1National Traditional Chinese Medicine Clinical Research Base and Drug Research Center, the Affiliated
Traditional Chinese Medicine Hospital of Southwest Medical University, Luzhou, China, 2Institute of
Integrated Chinese and Western Medicine of Southwest Medical University, Luzhou, China, 3Research
Center for Integrated Chinese andWestern Medicine, the Affiliated Traditional Chinese Medicine Hospital
of Southwest Medical University, Luzhou, Sichuan, China, 4Molecular Imaging and Therapy Research Unit,
Center of Radiation Research and Medical Imaging, Department of Radiologic Technology, Faculty of
Associated Medical Sciences, Chiang Mai University, Chiang Mai, Thailand, 5Preventive Treatment Center,
the Affiliated Traditional Chinese Medicine Hospital of Southwest Medical University, Luzhou, China,
6Chengdu University of Traditional Chinese Medicine, Chengdu, Sichuan, China, 7The Czech Center for
Traditional Chinese Medicine, Olomouc, Czechia

Background: One of the severely debilitating and fatal subtypes of hemorrhagic
stroke is intracerebral hemorrhage (ICH), which lacks an adequate cure at present.
The Zhilong Huoxue Tongyu (ZLHXTY) capsule has been utilized effectively since
last decade to treat ICH, in some provinces of China but the scientific basis for its
mechanism is lacking. Purpose: To investigate the neuroprotective role of ZLHXTY
capsules for ICH-induced oxidative injury through the regulation of redox
imbalance with the Nrf2 signaling pathway.

Methods: Autologous blood injection model of ICH in C57BL/6J mice was
employed. Three treatment groups received ZLHXTY once daily through oral
gavage at doses 0.35 g/kg, 0.7 g/kg, and 1.4 g/kg, started after 2 h and continued
for 72 h of ICH induction. The neurological outcome was measured using a
balance beam test. Serum was tested for inflammatory markers IL-1β, IL-6, and
TNF-α through ELISA, oxidative stress through hydrogen peroxide content assay,
and antioxidant status by total antioxidant capacity (T-AOC) assay. Nuclear extract
from brain tissue was assayed for Nrf2 transcriptional factor activity. RT-qPCR was
performed for Nfe2l2, Sod1, Hmox1, Nqo1, and Mgst1; and Western blotting for
determination of protein expression of Nrf2, p62, Pp62, Keap, HO1, and NQO1.
Fluoro-jade C staining was also used to examine neuronal damage.

Results: ZLHXTY capsule treatment following ICH demonstrated a protective
effect against oxidative brain injury. Neurological scoring showed improvement in
behavioral outcomes. ELISA-based identification demonstrated a significant
decline in the expression of serum inflammatory markers. Hydrogen peroxide
content in serumwas found to be reduced. The total antioxidant capacity was also
reduced in serum, but the ZLHXTY extract showed a concentration-dependent
increase in T-AOC speculating at its intrinsic antioxidant potential.
Nrf2 transcriptional factor activity, mRNA and protein expression analyses
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revealed normalization of Nrf2 and its downstream targets, which were previously
elevated as a result of oxidative stress induced by ICH. Neuronal damage was also
reduced markedly after ZLHXTY treatment as revealed by Fluoro-jade C staining.
Conclusion: ZLHXTY capsules possess an intrinsic antioxidant potential that can
modulate the ICH-induced redox imbalance in the brain as revealed by the
normalization of Nrf2 and its downstream antioxidant targets.

KEYWORDS

intracerebal haemorrhage, traditional Chinesemedicine, Nrf2 signalling, redox imbalance,
antioxidants

Highlights

• Nrf2 signaling activates in response to oxidative stress after
ICH-induced brain injury.

• ZLHXTY capsules possess an intrinsic antioxidant potential
that regulates the ICH-induced redox imbalance in the brain.

• ZLHXTY capsules mediate neuroprotection through anti-
inflammatory and anti-oxidant pathways.

Introduction

Among the subtypes of hemorrhagic stroke, intracerebral
hemorrhage (ICH) is the most seriously debilitating and fatal,
associated with high morbidity and mortality, inflicting 5 million
people each year worldwide (An et al., 2017). Primarily, ICH injury
is due to the rupture of blood vessels releasing massive blood
volumes into the surrounding parenchyma, causing high
intracranial pressure and inflammatory injury to the brain tissue
(Keep et al., 2012). Preclinical and clinical studies have evidenced the
key role of reactive oxygen species (ROS) mediated oxidative stress
and inflammation in the progression of ICH-induced early brain
injury (Lan et al., 2019). However, inflammatory responses can be
modulated by oxidative stress through the activation of nuclear
factor erythroid 2-related factor 2 (Nrf2) (He et al., 2020). Nrf2 is
known to be a master regulator of the antioxidant system in our
body and a fundamental transcriptional factor for genes regulated by
antioxidant response element (ARE). This system is triggered on
exposure to oxidative stress response to protect many organs
including the brain, by the upregulation of cytoprotective and
antioxidant genes and regulation of the cell survival (Ma, 2013;
Saha and Buttari, 2020). Several studies have reported the activation
of Nrf2 signaling after induction of intracerebral hemorrhage to
provide protection against aggravation of early brain injury (Zhao
et al., 2007; Zhao and Aronowski, 2013; Zhao et al., 2015; Chen-
Roetling and Regan, 2017).

The lack of effective therapeutic options for ICH in clinics is
impelling researchers to develop potent remedies (Liddle et al.,
2020). Recently, the use of traditional Chinese medicine (TCM)
has become popular as a sole or adjunct therapy for the treatment of
various illnesses not only in China but all around the globe (Zhao
et al., 2021). In 2019, TCM was accepted in the 11th revision of the
International Statistical Classification of Diseases and Related
Health Problems (ICD-11) as an effective therapeutic category
(Lam et al., 2019). Moreover, in order to accomplish universal
health coverage (UHC) as a Sustainable Development Goal 3

(SDG 3), the allocation of traditional and complementary
medicines in mainstream healthcare and medical services has
also been encouraged by World Health Organization (World
Health Organization, 2019). Zhilong Huoxue Tongyu (ZLHXTY)
capsule is a TCM formula containing a mixture of five Chinese
medicines: Pheretima Aspergillum (E. Perrier), Hirudo nipponica
Whitman, Astragalus membranaceus Fisch. ex Bunge, Sargentodoxa
cuneata (Oliv.) Rehder and E.H. Wilson, and Cinnamomum cassia
(L.) J. Presl (Table 1). Interestingly, antioxidant activity is common
among all of these components (Yang et al., 2012; Rao and Gan,
2014; Durazzo et al., 2021; Li et al., 2021; Samuel et al., 2021; Zhang
et al., 2021; Xu et al., 2022). According to TCM theory, the
combination of these five drugs work in concert to reduce
inflammation, resist oxidation, and fight against aging by
enriching Qi, eliminating phlegm and blood stasis, and
promoting blood circulation; thereby suitable for the treatment of
stroke, atherosclerosis, and other related cardiovascular and
cerebrovascular conditions (Liang et al., 2021).

Our previous research has demonstrated that ZLHXTY capsules
inhibit inflammation after ICH by regulating the NFlB pathway
(Mazhar et al., 2022). In this study, we further investigate the
extensive mechanisms of the ZLHXTY capsule for ICH therapy,
by exploring its modulatory role on the redox environment of the
Nrf2 signaling pathway, during the early stages of ICH.

Materials and methods

Materials

Zhilong Huoxue Tongyu (ZLHXTY) capsules were obtained
from the pharmacy department of the Affiliated TCM Hospital of
Southwest Medical University, Luzhou, Sichuan, China. ZLHXTY
capsule is a hospital preparation of the Affiliated Traditional
Chinese Medicine Hospital, Southwest Medical University,
Luzhou China. The formula is adapted by Prof. Sijin Yang
according to the Buyang Huanwu decoction method, which is
approved by the State Intellectual Property Office of the People’s
Republic of China (Patent No. 200810147774.1). Briefly, the Chinese
herbs were obtained from various sources (Table 1) that were
authenticated by Prof. Qingrong Pu, Director of TCM
Preparation Room of The Affiliated Chinese Medicine Hospital
of Southwest Medical University. Dried whole bodies of H.
nipponica Whitman (0.32g) and Pheretima aspergillum (E.
Perrier) (1.7g) were soaked in 2.85 ml of 60% ethanol for 7 days,
followed by filtration and collection of filtrate A. The three herbal
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components, i.e., dried roots of A. membranaceus Fisch. ex Bunge
(2.3g), dried twigs of C. cassia L.) J. Presl (0.86g) and S. cuneata
(Oliv.) Rehder and E.H. Wilson (1.7g), were decocted twice with
13.51 ml of water for 1 h each time and the volatile components were
also collected. The decoctions collected in two steps were combined
together and filtered. The filtrate was concentrated at 80 °C to a
relative density of 1.05 ≤ 1.10. Later, ethanol was added to the
concentrate to make the alcohol content up to 50%, and was kept
standing for 12 h followed by filtration. The resulting filtrate B was
combined with the ethanolic infusion A. After the alcohol was
recovered, the resulting mixture was boiled and concentrated at
80 °C to a relative density of 1.20. The concentrate was added with
0.2g of dextrin as an excipient, boiled, granulated, and crushed into a
fine powder and sprayed and mixed with volatile components
collected previously. Finally, 0.4g of the powdered mixture was
filled in a capsule shell to make one capsule dosage form. The
whole drug extract ratio (DER) is 12.9%. All the procedures were
performed following good laboratory practices (GLP). The HPLC-
HR-MS analysis of the ZLHXTY capsule has been performed
previously and can be referred to in our previous publication
(Mazhar et al., 2022) (Supplementary Table S1; Supplementary
Figure S1).

Animals

Male C57BL/6J mice weighing 20–22g, and 7–8 weeks old, were
raised in the controlled environment of an animal house facility
regulated at a temperature of 22 °C, and humidity of 55%, with
alternate 12-h light and dark cycles. All animals were provided with
normal rodent food and plain water ad libitum. The study design
was approved by the Animal Research Committee of Southwest
Medical University, Luzhou, China; and all the procedures were
conducted in accordance with the National Institute of Health
(NIH) Guide for the Care and Use of Laboratory Animals.

Intracerebral hemorrhage model

The autologous blood injection model of ICH was employed in
this study. Briefly, animals were anesthetized with sodium
pentobarbital (dose 50 mg/kg) intraperitoneal injection. The
mouse head was fixed in a stereotaxic frame with a small
incision made on the skin. A sterile cotton bud soaked in 30%
H2O2 was applied on the surface of the skull to remove the
periosteum. At co-ordinates of 2.5 mm lateral and 0.2 mm
anterior to the bregma, a 1-mm burr hole was drilled in the right
striatum, through which a volume of 25 μL autologous blood
obtained from the tail vein was injected at a rate of 5 μL/min,
with a needle insertion depth of 3 mm. To prevent backflow of
blood, the needle was held steady for 5 min after the completion of
injection and then withdrawn gently. The incision was sutured in
aseptic conditions. The animals were observed for vital signs and
maintained in a warm environment at 37 °C until consciousness was
regained.

Treatment groups

There were five experimental groups with six mice in each,
distributed randomly. The experiments were repeated three
independent times. The groups were as follows i) normal control,
ii) ICH model group, iii) Low dose (0.35 g/kg) ZLHXTY-LD, iv)
Medium dose (0.7 g/kg) ZLHXTY-MD, and v) High dose (1.4 g/kg)
ZLHXTY-HD.

The first ZLHXTY dose was given by oral gavage after 2 h of ICH
induction, followed by once daily dosing for three consecutive days.
The mice in the normal and ICH model groups were orally gavaged
with normal saline. The animals from respective groups were
sacrificed after 24 and 72 h, for subsequent assays and molecular
analysis. From the previous experiments, the dose-dependent effect
of ZLHXTY capsules on ICH recovery has been established. To be

TABLE 1 Composition of Zhilong Huoxue Tongyu capsule.

Components 1 2 3 4 5

Scientific Name Hirudo nipponica
Whitman

Pheretima aspergillum
(E. Perrier)

Astragalus membranaceus
Fisch. ex Bunge

Cinnamomum cassia L.)
J. Presl

Sargentodoxa cuneata
(Oliv.) Rehder and E.H.

Wilson

Synonyms Not applicable Amynthas aspergillum
(Perrier)

Astragalus
mongholicus Bunge

Neolitsea cassia L.)
Kosterm.

Holboellia cuneata Oliv.

English Name Leech Earthworm Astragalus Cassia Sargentgloryvine

Chinese Name ShuiZhi Guang Dilong Huang Qi GuiZhi Da XueTeng

Family Hirudideae Megascolecidae Fabaceae Lauraceae Lardizabalaceae

Parts Used Dried whole animal Dried whole animal Dried Roots Dried Stem/Twig Dried Stem/Twig

Dry Weight in ZLHXTY
Capsule (grams)

0.32 1.7 2.3 0.86 1.7

Source Chengdu Renjihong
Pharmaceutical Co., Ltd.

Chengdu Renjihong
Pharmaceutical Co., Ltd.

Sichuan Jinfang Biomedical
Technology Co., Ltd.

Sichuan Tianzhi
Traditional Chinese
Medicine Co., Ltd.

Sichuan Jinfang
Biomedical Technology

Co., Ltd.

Batch Number 190101 190301 190501 20030101 190402

Origin Anhui, China Guangxi, China Gansu, China Anhui, China Guangxi, China
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concise, only the highest dose data with the best effective results are
presented here, except for neurological scoring outcomes showing
the three dosing groups of ZLHXTY capsule treatment.

Balance beam test with neurological scoring

The animals were examined for neurological scoring on a
balance beam (Feeney et al., 1982; Liu et al., 2020) 2 days prior
to the induction of ICH and continued after 3 h s, 24 h s, 48 h s, and
72 h s of ICH induction. Briefly, the mice were allowed to cross the
2 cm long beam, and the latency period from the starting point to the
terminal box was noted, within 60 s of the maximum limit (Liu et al.,
2020). The general behavior and gait of the animal while walking on
the beam such as the number of paw slips were also recorded
according to the scoring criteria (Table 2) (Feeney et al., 1982). The
average score was calculated from the observations of two
independent observers.

Animal surgery and specimen preparation

Following the ZLHXTY treatment regimen for 1 and 3 days, the
mice in respective groups were euthanized with sodium
pentobarbital overdose for dissection. A cardiac puncture was
performed to collect blood in a vacutainer that was centrifuged
to obtain serum. The brain tissues were collected in 1.5 ml eppendorf
tubes and were snap-frozen by immersion in liquid nitrogen. Both
the serum and brain tissue samples were stored at −80 °C for
later use.

ELISA for IL-1β, IL-6 and TNF-α

Sera were assayed for IL-1β, IL6, and TNF-α following the
manufacturer’s procedure provided by commercially available
ELISA kits (Cat# PI301, PI326, PT512) purchased from Beyotime
Biotechnology, Shanghai, China. Briefly, 100 µl of each six standard
dilutions, standard diluent buffer, and samples were added
respectively into the wells of the ELISA plate and incubated for
2 h at room temperature. Then, the wells were rinsed 5x with
washing solution, followed by incubation in 100 µl biotinylated

antibody for 1 h. Followed by washing 5x, wells were incubated
in 100 µl horseradish peroxidase-labeled streptavidin solution for
20 min in the dark at room temperature. Followed by another
washing step 5x, 100 µl of chromogenic reagent TMB solution
was added and allowed to react for 20 min at room temperature
in the dark. Finally, 50 µl of stop solution was added and mixed well,
followed by absorbance measurement at 450 nm under a microplate
reader. The target protein concentration was calculated by plotting
the standard curve graph.

Hydrogen peroxide content assay

Oxidative stress was evaluated by determining the level of
hydrogen peroxide (H2O2) in the serum samples using the
hydrogen peroxide content assay kit (Solarbio, Beijing, China,
Cat#BC3595). All the steps were performed according to the
manufacturer’s protocol and finally, the samples were measured
at the absorbance of 415 nm under BioTek Synergy 2 microplate
reader.

Total antioxidant capacity (T-AOC) assay

The antioxidant capacity was determined in serum samples
using a total antioxidant capacity test kit (T-AOC) purchased
from Solarbio, Beijing, China (Cat#BC1315) according to the
manufacturer’s protocol. Four graded concentrations of
ZLHXTY water extract, i.e., 0.07, 0.14, 0.28, and 0.42g per
1 ml of extraction solution, were also evaluated for their
intrinsic antioxidant potential and all the samples were
measured under BioTek Synergy 2 microplate reader at the
absorbance of 593 nm.

Nrf2 transcriptional factor activity assay

The transcriptional activity of Nrf2 was measured with RayBio®
Mouse Nrf2 TF-Activity Assay Kit (Catalog #: TFEM-Nrf2,
Norcross, GA 30092, United States). Nuclear protein was
extracted from the brain samples using a nuclear and
cytoplasmic protein extraction kit according to the

TABLE 2 Neurological scoring scale for beam walking testa.

Score Performance on the beam

7 Traverses beam normally with both affected paws on horizontal beam surface, neither paw ever grasps the side surface, and there are no more than
two footslips; toe placement style is the same as preinjury

6 Traverses beam successfully and uses affected limbs to aid >50% of steps along beam.

5 Traverses beam successfully but uses affected limbs in <50% of steps along beam.

4 Traverses beam and, at least once, places affected limbs on horizontal beam surface.

3 Traverses beam by dragging affected hindlimbs.

2 Unable to traverse beam but places affected limbs on horizontal beam surface and maintains balance for ≥5 s.

1 Unable to traverse beam; cannot place affected limbs on horizontal beam surface.

aAdapted from the method of Feeney et al. (25) used to evaluate unilateral lesions of sensory cortex in rats.
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manufacturer’s instructions (Sangon Biotech, Shanghai, China, Cat#
C510001). The procedures were performed following the
manufacturer’s protocol.

Quantitative real time polymerase chain
reaction (qRT-PCR)

The qRT-PCR analysis for mRNA expression was performed for
the following set of genes: Nfe2l2, Hmox1, Nqo1, Mgst1, and Sod1,
the primer sequences of which are given in Table 3. Briefly, the brain
tissues from the hemorrhagic cortex were homogenized in Trizol
reagent (Beyotime Biotechnology, China, Cat# R0016) to extract
total RNA. The absorbance was measured under a UV
spectrophotometer at 260 and 280 nm, considering a ratio
value > 1.8 for OD260/OD280 as appropriate for RNA sample
quality. Reverse transcription of total RNA into cDNA was
performed with HiScript III RT SuperMix for qPCR (+gDNA
wiper) kit (Vazyme Biotech Co., Ltd, China, Cat. No. R323-01).
The qRT-PCR was carried out in the presence of a fluorescent dye
ChamQ universal SYBR qPCR Master Mix (Vazyme Biotech Co.,
Ltd, China, Cat. No. Q711-02/03) on the LightCycler®
480 Instrument II (Roche, United States). The gene expression
values were obtained through a cDNA standard curve. The
mRNA levels were normalized to the GAPDH expression and
calculated by the 2−ΔΔCt method.

Western blot analysis

Samples of brain tissues were lysed and homogenized in RIPA
buffer containing 1 mM PMSF on ice. The homogenized samples

were centrifuged, and supernatants were collected in new eppendorf
tubes. The supernatants containing protein were measured using a
BCA protein concentration assay kit (enhanced) assay method
(Beyotime, Shanghai, China, Cat#P0010S). Each sample
containing 40 µg protein was prepared with loading buffer and
subjected to electrophoresis on 12% SDS-PAGE gel, and then
transferred to nitrocellulose membranes under appropriate
voltage and time for specific proteins. The blots underwent
blocking with 5% skimmed milk/TBST with gentle shaking for
1 h at room temperature. Later, the blots were incubated
overnight with respective primary antibodies (listed in Table 4)
with gentle shaking. The following day, after recovering the primary
antibody solutions, the membranes were washed with TBST 5min
x3, and subsequently incubated in Alexa Fluor 790 and Alexa Fluor
680 fluorescently labeled secondary antibodies (Invitrogen Life
Technologies, United States, Cat#A11357 and A21109); at
dilution ratio 1:10,000, for 1 h at room temperature. Membranes
were then washed with TBST 5min x3 and observed under a laser
scanner (Amersham Typhoon™, Cytiva, United States) for NIR
fluorescent signal detection. The optical density was measured using
the ImageJ software (NIH, Bethesda, MA, United States), and the
values were normalized with respect to GAPDH.

Fluoro-jade C staining

Frozen brain tissues were cryo-sectioned and fixed in 4%
paraformaldehyde for 30 min, with subsequent 5 min
rehydration in 80%ethanol and NaOH solution mixed in a 9:
1 ratio; followed by immersion in 70% ethanol and then distilled
water, for 2 min in each. The blocking was carried out in KMnO4

solution diluted in distilled water (1:9 ratio), for 10 min. After
blocking, the slides were rinsed with distilled water for 2 min,
followed by fluoro-jade C staining (along with DAPI) for 10 min
in the dark (Fluoro-Jade C RTD Stain Reagent, Biosensis,
Australia, Cat#TR-100-FJ). Later, the slides were rinsed with
distilled water for 1 min x 3. The slides were dried in an oven
preheated at 50°C, for 5 min in the dark, and then dehydrated in
xylene for 1 min. A drop of non-fluorescent mounting medium
was placed on the tissue and clean coverslips were carefully
placed over it. The slides were kept in the dark and observed
under a Leica DM4 B fluorescence microscope equipped with a
Leica DMC6200 camera. The photomicrographs were acquired at
magnification ×200 (Objective lens ×20 and eyepiece lens 10x),
using Leica application suite X software. The photomicrographs
were adjusted for background and contrast using adobe
photoshop software version 7.0.

Statistical analysis

Results are expressed as mean ± S.D. Statistical analysis was
performed by GraphPad Prism-5 statistic software Version
8.0.1 software (GraphPad Software Inc., La Jolla, CA,
United States). The statistical comparisons were analyzed by
ANOVA followed by Tukey post hoc test. Differences with *p <
0.05, **p < 0.005, and ***p < 0.001 were considered statistically
significant.

TABLE 3 Primer sequences (59- 39).

Gene name Primer sequence Product
length

Nfe2l2 F: TCTTGGAGTAAGTCGAGA
AGTGT

23

R: GTTGAAACTGAGCGAAAAAGGC 22

Sod1 F: GCCCGCTAAGTGCTGAGTC 19

R: CCAGAAGGATAACGGATGCCA 21

Nqo1 F: AGGATGGGAGGTACTCGAATC 21

R: AGGCGTCCTTCCTTATATGCTA 22

Hmox1 F: AAGCCGAGAATGCTGAGTTCA 21

R: GCCGTGTAGATATGGTAC
AAGGA

23

Mgst1 F: CTCAGGCAGCTCATGGACAAT 21

R: GTTATCCTCTGGAATGCGGTC 21

GAPDH F: CGGAGTCAACGGATTTGG
TCGTAT

24

R: AGCCTTCTCCATGGTGGT
GAAGAC

24
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Results

ZLHXTY capsule ameliorates the
neurological outcome after ICH

The balance beam test with neurological scoring was
performed to evaluate the protective effect of ZLHXTY on the
restoration of neurobehavioural outcomes after ICH. The ICH
model animals demonstrated a complete inability to walk with
significant fearfulness and shivering while on the beam when

observed after 3 and 24 h, however, after 48 and 72 h animals
showed to stumble on the beam with frequent paw slips (**p <
0.005, ***p < 0.001). The mice in 24 h ZLHXTY treatment group
also demonstrated enhanced fear and frequent paw slips while
limping on the beam, however, the overall behavior and the
walking ability were significantly improved (***p < 0.001) after
48 h s and 72 h (Figure 1A). The behavioral score on the balance
beam is shown in Figure 1B.

ZLHXTY capsule reduces the inflammation
after ICH

As identified previously, the treatment with ZLHXTY capsule
after ICH protected from aggravated inflammatory brain injury by
inhibition of the NFlB signaling pathway and its downstream
targets (Mazhar et al., 2022). Similarly, the ELISA-based
evaluation revealed significant elevation of inflammatory
mediators IL-1β, IL-6, and TNF-α in the sera of ICH mice (**p <
0.005, ***p < 0.001) both after 24 and 72 h, as compared to normal
mice. However, ZLHXTY treatment after 24 h and 72 h significantly
lowered the serum levels of IL-1β, IL-6, and TNF-α as compared to
the elevated expression observed after ICH (***p < 0.001)
(Figures 2A–C).

ZLHXTY capsule resist the oxidative stress
after ICH

During primary ICH injury, excessive generation of reactive
oxygen species including hydrogen peroxide (H2O2) leads to
oxidative stress, which is the key phenomenon leading to
secondary damage resulting from the apoptosis, autophagy,
inflammatory response, and blood-brain barrier (BBB) disruption
(Yao et al., 2021). In our study, we found that the serum H2O2

content was significantly elevated after ICH (***p < 0.001) as
compared to the normal group. Whereas, the ZLHXTY capsule
significantly reduced the serum H2O2 content in the treatment
groups (***p < 0.001). The results of an assay for hydrogen
peroxide (H2O2) content as a marker of oxidative stress are
shown in Figure 3A.

TABLE 4 Primary antibodies.

Antibody Type Dilution Uniprot RRIDs Catalogue number Source

NRF2(D1Z9C)XP Monoclonal 1:1000 Q16236 12721 Cell Signaling Technologies Inc., Shanghai, China.

SQSTM1/p62 (D6M5X) Monoclonal 1:1000 Q64337 23214

Phospho-SQSTM1/p62(Ser349)
(E7M1A)

Monoclonal 1:1000 Q13501 16177

Keap1(F-10) Monoclonal 1:1000 Q9Z2X8 sc-514914 Santa Cruz Biotechnology, Inc., CA, United States.

HO1(F-4) Monoclonal 1:1000 P14901 sc-390991

NQO1 (A180) Monoclonal 1:1000 Q64669 sc-32793

GAPDH Monoclonal 1:10 000 P04406 AB0037 Abways Technology, Inc., Shanghai, China.

FIGURE 1
Neurological Scoring. (A) Balance beam test recorded as an
average time to cross the beam within 60 s, showing significant
improvement in LD, MD and HD ZLHXTY groups after 48 and 72 h. (B)
Neurological scoring on the beam according to Feeny et al.,
indicating significant improvement in neurological score with MD and
HD ZLHXTY at all the observed time points. Data represent themean ±
SD, n = 18, *p < 0.05, **p < 0.005, ***p < 0.001.

Frontiers in Pharmacology frontiersin.org06

Mazhar et al. 10.3389/fphar.2023.1197433

96

http://www.uniprot.org/uniprot/P29477
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1197433


ZLHXTY capsules possess intrinsic
antioxidant potential

Supporting the results of H2O2 content that were significantly
elevated after ICH, the results of the T-AOC assay revealed that
antioxidant capacity was also increased after ICH (*p <
0.05 compared to normal). Inconsistently, after ZLHXTY
treatment the serum antioxidant capacity was reduced as
compared to ICH and the normal group (***p < 0.001)
(Figure 3B). On the other hand, the four different concentrations
of ZLHXTY water extract showed that ZLHXTY antioxidant
potential increases with increasing concentration, indicating the
intrinsic antioxidant potential of the ZLHXTY capsule (Figure 3C).

ZLHXTY capsule regulates the
Nrf2 transcriptional activity after ICH

It was observed that Nrf2 transcriptional factor activity was
significantly upregulated after ICH induction after 24 h (***p <
0.001) as compared to the normal group, which was further
exaggerated after 72 h non-significantly, in response to resulting
oxidative and inflammatory stress. However, following ZLHXTY
capsule treatment both at 24 h and 72 h, the Nrf2 transcription was
restored to normal levels that might correlate with the intrinsic anti-
oxidant potential of ZLHXTY capsules (***p < 0.001). This result
further supports that the ZLHXTY capsule exerts its
neuroprotection via its antioxidant property while modulating
the Nrf2 antioxidant defense mechanism after ICH-induced
oxidative stress (Figure 3D).

ZLHXTY capsule normalizes themRNA levels
of Nrf2 and its downstream antioxidant
target genes

The mRNA expression levels of Nfe2l2 coding for
transcription factor Nrf2, and its downstream antioxidant
target genes such as Nqo1, Hmox1, Sod1, and Mgst1 were
tested. After 24 h of ICH, the measured values of Nfe2l2,
Nqo1, Hmox1, Sod1, and Mgst1 were significantly elevated as
compared to the normal control group (***p < 0.001), which
continued to be elevated until after 72 h of ICH. However,
following ZLHXTY treatment both after 24 and 72 h have
been shown to reduce their expression down towards normal
(***p < 0.001 as compared to the ICH group), (Figures 4A–E).

ZLHXTY capsules regulation of
Nrf2 signaling revealed by protein
expression

The Western blot analysis was performed for analysis of protein
expression of Nrf2, p62, Pp62, Keap, and downstream antioxidant
proteins HO1 and NQO1, shown in Figures 5A–G. After 24 h of
ICH, the protein expression of Nrf2 and p62 were significantly
elevated (***p < 0.001) as compared to the normal group. However,

FIGURE 2
ELISA based cytokine detection. The presence of inflammatory
cytokines in serum (A) IL-1β (B) IL-6 (C) TNF-α. Graphs show
significantly raised values after 24 h of ICH with further increase after
72 h. ZLHXTY capsule treatment significantly lowered the
elevated cytokines levels. Data represent the mean ± SD, n = 3, *p <
0.05, **p < 0.005, ***p < 0.001.
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after ZLHXTY treatment for 24 h, the Nrf2 expression was
significantly decreased (**p < 0.005), as well as the expression of
p62 was also lowered more significantly (***p < 0.001). The
expression of p62 is supported by the parallel expression of
phosphorylated p62, Pp62, indicating an active form of
p62 regulating the ICH and ZLHXTY action mechanism. In
contrast, the levels of keap1 were maintained at the same level in
all the groups without significant alteration except in ICH 72 h
group where it was slightly elevated. The expression pattern of
downstream targets NQO1 and HO1 follow similarity with
Nrf2 expression, i.e., significant elevation (***p < 0.001) after
24 h of ICH and downregulation after ZLHXTY 24 h treatment.
However, all the proteins such as Nrf2, p62, Pp62, HO1, and
NQO1 show significantly higher expression (***p < 0.001) after
72 h of ICH indicating the critical time point for regulation of
disease mechanism. The effect was regulated by ZLHXTY treatment
for 72 h, decreasing the protein expression to resume normal levels.

ZLHXTY capsules control neuronal damage

The neuronal damage was evaluated by using Fluoro-jade C
staining on brain tissue sections. In normal tissues (Figures 6A,D)
there was no sign of neuronal damage in the brain tissue slides
around the basal ganglia region in the right hemisphere. After 24 h
of ICH, the neuronal damage in the perihematomal region was
obvious, and an increase in the green fluorescent signals was
observed (Figure 6B). However, after ZLHXTY treatment for
24 h, the neuronal damage was significantly controlled as
compared to ICH 24 h model (Figure 6C). The extent of
neuronal damage was markedly increased even higher than that
after 24 h of ICH injury as evidenced by the increased number of
green fluorescent signals in the brain tissue (Figure 6E). Following
ZLHXTY treatment for 72 h, the neuronal damage was significantly
controlled and few to negligible green fluorescent signals were found
as an indicator of neuronal damage (Figure 6F).

FIGURE 3
Oxidative and Antioxidant Assays. (A) H2O2 content assay of serum revealed significant elevation of hydrogenperoxide after 24 h with further
increase after 72 h of ICH, which is reduced after ZLHXTY treatment. (B) Total antioxidant capacity assay revealed increased antioxidant capacity after ICH
24 h and further elevation at 72 h, while ZLHXTY treatment reduced the antioxidant capacity in serum. (C) Total antioxidant capacity of graded
concentrations of ZLHXTY revealed increase in antioxidant capacity in a concentration dependent manner. (D) Nrf2 transcriptional assay revealed
actively increasedNrf2 transcription after ICHwhich is downregulated to normal by ZLHXTY capsule. Data represent themean± SD, n = 3, *p < 0.05, **p <
0.005, ***p < 0.001.
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Discussion

Oxidative stress following intracerebral hemorrhage is a key
phenomenon underlying aggravated brain injury. The redox
imbalance due to the excessive production of reactive oxygen
species activates antioxidant defense pathways such as
Nrf2 signaling to combat the oxidative stress (Yao et al.,
2021). In the present study, we tested the hypothesis that
ZLHXTY capsules alleviate intracerebral hemorrhage-induced
brain injury in a mouse model by combating oxidative stress and
inflammation, on its early administration, i.e., within 2 h of ICH
induction. It is presumed that the neuroprotective effect of
ZLHXTY capsules may partially involve its intrinsic
antioxidant potential that regulates redox imbalance and
maintain Nrf2 transcription and antioxidant response
elements after ICH. This study is further proof of evidence to

our previous research on exploring the anti-inflammatory role of
ZLHXTY capsules in inhibiting TNFα-NFκB canonical signaling
after ICH.

Oxidative stress damage mediated by reactive oxygen species-
mediated plays a crucial role in deciding the course of disease in
severe brain injury in humans (Paolin et al., 2002). A similar finding
was also evidenced in our experiment indicating poor neurological
outcomes after ICH due to a high oxidative stress environment.
Accumulated research evidence indicates a direct relationship
between high ROS/oxidative stress in plasma/serum and poor
neurological outcome/mortality after traumatic brain injury
(Nayak et al., 2008; Hohl et al., 2012; Lorente et al., 2019; Park
et al., 2022). Maintaining antioxidant levels can effectively control
the oxidative stress that induces damage and therefore, improve the
neurological outcome (Park et al., 2022), as is also observed after
ZLHXTY capsule treatment after ICH in our experiment.

FIGURE 4
RT-qPCR (A)Nfe2l2 (B) Hmox1 (C) Nqo1 (D)Mgst1 (E) Sod1, showing significant elevation after 24 h with further increase after 72 h of ICH whereas,
ZLHXTY capsule treatment caused downregulation. Data represent the mean ± SD, n = 9, *p < 0.05, **p < 0.005, ***p < 0.001.
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FIGURE 5
Western blotting (A) Representative immunoblots; graphical representation of measured densitometric ratio of specific proteins and GAPDH (B)
Nrf2 (C) p62 (D) Pp62 (E) Keap1 (F) HO1 (G) NQO1, showing significant increase in expression after 24 h and farther after 72 h of ICH followed by
regulatory effect of ZLHXTY capsule treatment. Data represent the mean ± SD, n = 3, *p < 0.05, **p < 0.005, ***p < 0.001.
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Excessive production of reactive oxygen species is known to
progress primary hemorrhage into aggravated secondary injury. In
our experiments, we also observed significant ROS production
through hydrogen peroxide content assay after 24 and 72 h of
ICH, which was subsided by ZLHXTY capsule treatment. Soon
after hemorrhage, the infiltration of reactive leukocytes and
microglia/macrophages secreting various cytokines and
chemokines, act as a major source of ROS causing damage to
perihematoma tissue (Zhou et al., 2014). Available data from
both clinical and preclinical resources support the contribution of
activated leukocytes and microglia/macrophages in the progression
of ICH-induced early brain injury (Keep et al., 2012). In addition,
hemoglobin and its metabolites: iron, carbon monoxide, and
biliverdin; released via erythrolysis further contribute to ICH
brain injury (Keep et al., 2012). Subsequently, iron accumulation
in the brain leads to abundant ROS generation via Fenton reaction,
causing neurotoxicity (Xiong et al., 2014). Together these
mechanisms interact resulting in disruption of the blood-brain
barrier (BBB), neuronal damage, and gliosis with lasting
neurological deficits (Hu et al., 2016).

To further confirm our result, we performed a total
antioxidant capacity assay and observed that ZLHXTY
capsules possess intrinsic antioxidant activity which increases
with increasing concentration. This can be further explained by
the constitution of the ZLHXTY capsule, which is a mixture of
five Chinese medicines derived from natural origin with multiple
constituents and rich antioxidant potential. Extensive research
studies have identified the antioxidant properties of A.

membranaceus Fisch. ex Bunge (Durazzo et al., 2021; Samuel
et al., 2021), C. cassia L.) J. Presl (Yang et al., 2012; Rao and Gan,
2014), and S. cuneata (Oliv.) Rehder and E.H. Wilson (Zhang
et al., 2021), displaying significant prevention from tissue injury
via antioxidant mechanisms. In addition, two constituents of the
ZLHXTY capsule are of animal origin, i.e., H. nipponica
Whitman and P. aspergillum (E. Perrier), that have also been
shown to act through antioxidant mechanisms (Li et al., 2021; Xu
et al., 2022).

As explained in a previous study, the absorption of antioxidants
after their consumption must be reflected as the increment in total
antioxidant capacity in serum. However, the total antioxidant
capacity in plasma/serum is under strict regulatory control and
the increased levels usually reflect the adaptation to increased
oxidative stress (Lorente et al., 2015; Morimoto et al., 2019).
Similarly, we observed an increased T-AOC in the serum of ICH
groups both at 24 and 72 h, probably as a physiological mechanism
to counter the increased ROS production. However, the ZLHXTY
treatment decreased the total antioxidant capacity more than the
ICH groups. Elevated serum antioxidant capacity may not
necessarily be a desirable condition, probably indicating an
underlying ongoing pathological process in the body, as yet the
decreased levels might be in response to decreased production of
reactive species in vivo (Ogawa et al., 2011; Lorente et al., 2015;
Morimoto et al., 2019). Therefore, as a net result of the twomethods,
i.e., hydrogen peroxide content and total antioxidant capacity, we
can assume that ZLHXTY maintains the redox imbalance and
counter the ROS production after ICH.

FIGURE 6
Fluoro-Jade C Staining. Brain sections stained with Fluoro-Jade C (green) to identify neuronal damage, and DAPI (blue) to mark nucleus. (A, D)
Normal brain sections, without any sign of neuronal damage. (B) ICH 24 h group reveal obvious neuroal damage with increased number and signal of
green fluorescence. (C) ZLHXTY 24 h group show significant control over neuronal damage. (E) ICH 72 h show excessive neuronal damage, even higher
than that observed in ICH 24 h group. (F) ZLHXTY 72 h group show only few damaged neuronal cells, indicating significant control over neuronal
damage. 50µm scale bar corresponds to ×200 magnification.
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Nrf2 has a crucial function in limiting the cascade of events
originating from oxidative stress, leading to ICH-induced early
brain injury. Nrf2 is a major transcription factor responsible to
induce phase II detoxification enzymes through upregulation of
antioxidant response element (ARE) mediated antioxidant genes
expression such as NAD(P)H: quinone oxidoreductase 1
(NQO1), heme oxygenase 1 (HO-1), glutathione s-transferase
(GST), glutamylcysteine ligase (the rate-limiting enzyme in
glutathione synthesis), thioredoxin reductase 1, and
thioredoxin (Keep et al., 2012). Accumulated research
reported that Nrf2 expression gradually increased within 2 h
following ICH, reaching its peak at 24 h, mediating the
induction of antioxidant and detoxification enzymes/proteins
expression, resulting in an improved neurological outcome,
alleviated cerebral edema, and decreased inflammation (Shang
et al., 2013). We also identified the same observation of increased
Nrf2 transcriptional activity after 24 h and further increment at
72 h of ICH, which was further confirmed through RT-qPCR and
Western blot. The downstream antioxidant targets, i.e., HO1,
NQO1 nad MGST1 were also expressed concordantly as Nrf2, as
observed at the transcriptional and protein levels. Previous
studies have also documented the protective role of the
Nrf2 gene, by identifying more neuronal vulnerability to
oxidative stress and aggravated brain damage following ICH
in Nrf2−/− mice, compared with WT mice, because of
decreased NQO1 and GST activities (Kensler et al., 2006).
Furthermore, neuroblastoma cell lines with Nrf2 silencing or
gene knockout were found to be more susceptible to apoptosis
than the vector-only transfected cells, due to the suppression of
ARE-mediated genes (Zhao et al., 2006).

Nrf2 activation is regulated by two mechanisms,
i.e., canonical and non-canonical mechanisms. During basal
conditions, Nrf2 levels are mainly regulated by Kelch-like
ECH-associated protein 1 (Keap1) i.e., E3 ubiquitin ligase
substrate adaptor, mediating Nrf2 polyubiquitination and
constant degradation through the proteasomal pathway.
However, some molecules of Nrf2 evade Keap1-dependent
degradation and translocate into the nucleus generating a
constitutive and weak signal of target genes expression. This
ubiquitin ligase activity of Keap1-dependent Nrf2 degradation is
regulated in a redox-sensitive manner. During oxidative stress or
in the presence of electrophilic compounds, a conformational
change occurs at specific cysteine residues of Keap1 that are
oxidized, causing inhibition of the E3 ubiquitin ligase activity.
This inhibition of Keap activity allows newly synthesized
Nrf2 molecules to translocate into the nucleus and bind to the
ARE for induction of target gene expression. This mechanism is
called the canonical activation of Nrf2, which requires the
oxidation of cysteine residues of Keap1 (Hennig et al., 2018).
However, Nrf2 activation upon the disruption of Keap1-Nrf2
complex by phosphoactivation of p62 and some other proteins
such as DPP3, WTX, PALB2, p21, and BRCA1 is termed as non-
canonical Nrf2 activation (Silva-Islas and Maldonado, 2018). In
our experiment, it is observed that both the transcriptional and
protein expression of p62 and Pp62 was found to be upregulated
after ICH but not the Keap transcriptional and protein
expression in response to increased Nrf2 activity. A ubiquitin-
binding protein p62, serves as a cargo receptor during autophagy

(Katsuragi et al., 2016). Under normal physiological conditions,
p62 interacts with autophagic ubiquitinated substrates and
delivers them to autophagosomes for degradation. However,
under conditions of oxidative stress when the autophagy is
impaired, p62 gets accumulated in the cytoplasm and gets
phosphorylated for selective binding to the ubiquitinated
autophagic cargos (such as damaged mitochondria, protein
aggregates, and invasive bacteria). When p62 is
phosphorylated at S351 of the KIR, in an mTORC1-dependent
manner, its affinity for Keap1 increases, leading to sequestration
of Keap1 on autophagic cargos for degradation. Consequently,
Nrf2 molecules are stabilized allowing more molecules to
translocate into the nucleus and bind to the target site on
DNA for induction of cytoprotective target genes (Lau et al.,
2010; Ichimura et al., 2013; Ahmed et al., 2017). Since p62 is a
target of Nrf2, there exists a positive feedback loop in the p62-
Keap1-Nrf2 axis. Moreover, p62 also regulates NF-κB expression
that, successively, increases Nrf2 expression (Hennig et al., 2018).

Our results demonstrated the downregulation of Nrf2 and its
downstream antioxidant targets to normal levels in ICH animals
that have undergone treatment with ZLHXTY capsule possessing
intrinsic antioxidant activity. To explain this, we assume that an
autoregulatory feedback loop mechanism in the Nrf2 pathway was
activated upon antioxidant exposure where excessive Nrf2 leads to
an increase in INrf2 (Keap1) gene expression that leads to
ubiquitination and degradation of Nrf2 reducing its levels to
normal (Lee et al., 2007).

Conclusion

To conclude, we have demonstrated that ZLHXTY capsules hold
antioxidant potential through which it can improve neurological
outcomes, and inhibit redox imbalance and inflammation following
ICH injury as shown by its modulation of Nrf2 signaling.
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Background: Type 2 diabetes (T2D) is a metabolic disorder characterized by
insulin resistance (IR) and hyperglycemia. Plants are valuable sources of
therapeutic agents for the management of T2D. Euphorbia peplus has been
widely used as a traditional medicine for the treatment of various diseases, but
its beneficial role in T2D has not been fully explored.

Methods: The anti-diabetic efficacy of E. peplus extract (EPE) was studied using
rats with T2D induced by high-fat diet (HFD) and streptozotocin (STZ). The diabetic
rats received 100, 200, and 400mg/kg EPE for 4 weeks.

Results: Phytochemical fractionation of the aerial parts of E. peplus led to the
isolation of seven known flavonoids. Rats with T2D exhibited IR, impaired glucose
tolerance, decreased liver hexokinase and glycogen, and upregulated glycogen
phosphorylase, glucose-6-phosphatase (G-6-Pase), and fructose-1,6-
bisphosphatase (F-1,6-BPase). Treatment with 100, 200, and 400mg/kg EPE
for 4 weeks ameliorated hyperglycemia, IR, liver glycogen, and the activities of
carbohydrate-metabolizing enzymes. EPE attenuated dyslipidemia, serum
transaminases, tumor necrosis factor (TNF)-α, interleukin (IL)-1β and liver lipid
accumulation, nuclear factor (NF)-κB p65, and lipid peroxidation, nitric oxide and
enhanced antioxidants. All EPE doses upregulated serum adiponectin and liver
peroxisome proliferator-activated receptor γ (PPARγ) in HFD/STZ-induced rats.
The isolated flavonoids showed in silico binding affinity toward hexokinase, NF-κB,
and PPARγ.

Conclusion: E. peplus is rich in flavonoids, and its extract ameliorated IR,
hyperglycemia, dyslipidemia, inflammation and redox imbalance, and
upregulated adiponectin and PPARγ in rats with T2D.
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1 Introduction

Diabetes mellitus (DM) is a common metabolic disorder
associated with several complications, including nephropathy,
neuropathy, and cardiomyopathy. This disorder includes type 1
(T1DM) and type 2 (T2DM) forms of the disease where T1DM is
characterized by insulin insufficiency, whereas insulin resistance
(IR) is the characteristic feature of T2DM. Both insulin deficiency
and IR lead to the accumulation of glucose in the blood
(hyperglycemia) (American Diabetes Association, 2021). DM is a
fast-increasing disease worldwide, and the number of patients with
diabetes is expected to reach 700million by 2045 (Saeedi et al., 2019).
T2DM is the most common form of the disease characterized by
hyperglycemia and IR (Kahn et al., 2014). IR increases the risk of
hypertension, dyslipidemia, and atherosclerosis (Guzik and
Cosentino, 2018). Oxidative stress (OS) and inflammation
mediated by excess reactive oxygen species (ROS) and
inflammatory mediators produced under hyperglycemic
conditions are implicated in the pathophysiology of DM and its
complications (Mahmoud et al., 2012). Excess ROS can damage
cellular macromolecules and work in concert with inflammatory
mediators to provoke cell death. ROS and inflammatory mediators
impair insulin signaling by provoking β-cell death, alter peripheral
glucose uptake, and increase gluconeogenesis (Jheng et al., 2012).
Therefore, mitigation of OS and inflammation could be beneficial to
prevent IR and hyperglycemia in T2DM.

Plants of the genus Euphorbia include numerous known species
with chemical diversity and multiple biological and commercial uses
(Shi et al., 2008). The latex of plants of the family Euphorbiaceae was
acknowledged for its various phytoconstituents that possess both
commercial and pharmacological importance such as triterpene
alcohols (Giner and Schroeder, 2015). Because of its toxic nature
and unpleasantness, the latex protects the plants against the attack of
animals (Al-Sultan and Hussein, 2006). Steroids, flavonoids,
sesquiterpenoids, glycerols, and cerebrosides are among the
phytoconstituents reported in plants of the genus Euphorbia (Shi
et al., 2008; Kamel et al., 2022). With this rich content, Euphorbia
plants found their way to be employed in folkloric medicine to treat
migraine, intestinal parasites, gonorrhea, and skin disorders (Singla
and Kamla, 1990), and studies have reported their wound-healing
potential (Pattanaik et al., 2014; Ahmed et al., 2016). Recent work
from our laboratory revealed the inhibitory activity of E. peplus on
xanthine oxidase (XO) and hyperuricemia in rats (Kamel et al.,
2022). Other studies showed the possible beneficial effects of E.
royleana stem extract (Zafar et al., 2021) and E. hirta flower extract
(Kumar et al., 2010) in rats with streptozotocin (STZ)- and alloxan-
induced diabetes, respectively. These studies revealed the ability of E.
royleana and E. hirta to ameliorate hyperglycemia and oxidative
damage. Another recent study highlighted the anti-hyperglycemic
effect of E. helioscopia methanolic extract in sucrose-supplemented
rats (Mustafa et al., 2022). Owing to the promising therapeutic value
of plants of this genus, this study explored the phytochemical
constituents and the effect of E. peplus extract (EPE) on
hyperglycemia, IR, OS, and inflammation in rats with T2D
induced by high-fat diet (HFD) and STZ.

2 Materials and methods

2.1 Phytochemical investigation

2.1.1 General
Proton nuclear magnetic resonance (1HNMR) and 13CNMR

(500 MHz and 125 MHz, respectively) spectra were recorded on
the Bruker AV-500 spectrometer using TMS as an internal standard.
The optical rotation of isolated flavonoids was obtained using a
Rudolph Autopol III polarimeter. Ultraviolet (UV) spectral data
were measured using the Shimadzu UV-vis 160i spectrophotometer,
and the HREIMS and EIMS spectral data were recorded using the
Finnigan MAT TSQ 700 mass spectrometer. Infrared spectral data
were obtained through KBr pellets on the Shimadzu FTIR-8400
instrument.

2.1.2 Plant collection, extraction, and isolation
The plant was collected from Beni Suef Governorate in March

2021 and identified by a taxonomist and a voucher specimen (EP-
038021-2) was stored. The aerial parts (2.75 kg) were extracted four
times using 70% acetone followed by the removal of the solvent
under reduced pressure, resulting in 904 g of extract. Thereafter, the
extract was dissolved in water and successively partitioned using
chloroform, ethyl acetate (EA), and n-butanol (3L x 2, each). The EA
fraction (69.7 g) was subjected to chromatographic fractionation
over a silica gel column (120 × 4 cm, 1.1 kg) and eluted with
dichloromethane (DCM)/acetone mixture of increasing polarity.
To track the movement of the bands along the column and to
regulate the collection of fractions, a UV lamp was employed. A total
of 22 fractions were collected and combined into seven main
subfractions (F1–F7) according to their similar thin-layer
chromatography (TLC) profiles. Subfraction F3 was
chromatographed over silica gel using chloroform–EA of gradient
elution to afford nine subfractions (F3.1–F3.9). Subfractions
F3.3–F3.7 were combined and applied to the Sephadex LH-20
column eluted with methanol (MeOH):water (50:50→100:0) to
give seven TLC-monitored subfractions (E1–E7). Sub-
subfractions (E2–E5) were combined and purified over a
Sephadex LH-20 column eluted with MeOH to yield the purified
compounds 2 (22 mg), 3 (17 mg), and 4 (14 mg). Subfraction F4 was
fractionated over a polyamide 6S column eluted with the
MeOH–water solvent mixture of increasing polarity to afford
eleven subfractions (F4.1–F4.11). Subfraction F4.6 was purified
over the Sephadex LH-20 column eluted with MeOH to yield
purified compound 1 (23 mg). Subfractions F4.8–F4.10 were
combined and re-chromatographed using the Sephadex LH-20
column eluted with MeOH to give compound 5 (19 mg).
Subfraction F5 was partitioned by means of the Sephadex LH-20
column using MeOH–water (2:8, 3:7→10:0) to afford six
subfractions (F5.1–F5.6). Compound 6 (23 mg) was obtained
from the chromatographic fractionation of F5.3–F5.5 over two
consecutive Sephadex LH-20 columns using 30% MeOH as an
eluent. Subfraction F7 was subjected to silica gel column
chromatography eluted with the solvent system
chloroform–MeOH–water (lower layer, 28:9:6 and 6:3:1) to yield
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five subfractions (F7.1–F7.5). Compound 7 (24 mg) was obtained
from the recombination and purification of subfractions
F7.1–F7.3 over Sephadex LH-20 and eluted with MeOH
(Supplementary Figure S1).

2.2 In vitro radical-scavenging activity

The RSA activity of EPE was measured using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2-azinobis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) assays following the methods of Brand-
Williams et al. (1995) and Re et al. (1999), respectively, using
ascorbic acid as a standard.

2.3 Experimental animals and treatments

Male Wistar rats weighing 170–190 g were included in this
investigation. The rats were maintained under standard
conditions of temperature (23°C ± 1°C) and humidity (50%–

60%) on a 12-h light/dark cycle with free access to food and
water. The animal study protocol was approved by the Research
Ethics Committee of Al-Azhar University (ZA-AS/PH/18/C/
2023). The rats received a normal diet and a single
intraperitoneal (i.p.) injection of freshly prepared citrate
buffer (pH 4.5) to serve as a control. Other rats were fed a
HFD (58% fat, 17% carbohydrate, and 25% protein) for 28 days
and received a single i.p. dose of STZ (35 mg/kg; Sigma,
United States) dissolved in freshly prepared citrate buffer
(pH 4.5) to induce T2D (Germoush et al., 2019). After 7 days,
T2D was confirmed by measuring blood glucose (BG) for 2 h after
supplementing the overnight fasted rats with 3 g/kg glucose
orally. The rats exhibited BG higher than 250 mg/kg were
included in the investigation.

To investigate the antidiabetic effects of the EA fraction of E.
peplus extract (EPE; dissolved in 0.5% carboxymethyl cellulose
(CMC) as a vehicle), 30 diabetic and 12 normal rats were
allocated into seven groups (n = 6) as follows:

Group I (control): received 0.5% CMC.
Group II (EPE): received 400 mg/kg EPE.
Group III (diabetic): received 0.5% CMC.
Group IV (diabetic + 100 mg/kg EPE): received 100 mg/kg EPE.
Group V (diabetic + 200 mg/kg EPE): received 200 mg/kg EPE.
Group VI (diabetic + 400 mg/kg EPE): received 400 mg/kg EPE.
Group VII (diabetic + PIO): received 10 mg/kg of the antidiabetic
pioglitazone (PIO) (Abd El-Twab et al., 2016).

EPE, 0.5% CMC, and PIO were supplemented orally for
4 weeks. A day before the end of the experiment, the rats were
fasted overnight and then supplemented with 3 g/kg glucose
solution, and the blood was collected from the tail vein over
2 h for the determination of BG using a Spinreact (Spain) kit
(Trinder, 1969). At the end of treatments, the animals were
euthanized under ketamine anesthesia (100 mg/kg i.p.), and
blood and liver samples were collected. Serum was separated
following centrifugation of blood, and samples from the liver
were homogenized in Tris-HCl buffer (pH = 7.4). Other samples

were fixed in 10% neutral buffered formalin (NBF) or stored
at −80°C.

2.4 Biochemical assays

Serum insulin, transaminases (ALT and AST), adiponectin and
cytokines (TNF-α and IL-1β) were determined using kits from
RayBiotech (United States), Spinreact (Spain), and R&D Systems
(United States), respectively. NF-kB p65 in liver homogenate was
determined using the kit from R&D Systems (United States). All
assays were performed according to the manufacturers’ instructions.

The homeostasis model assessment of IR (HOMA-IR) was
calculated as previously described by Haffner (2000) using the
following equation:

HOMA − IR � Fasting insulin μU
ml( ) × Fasting glucose mmol

L( )
22.5

.

Liver glycogen content was determined as previously described
(Seifter and Dayton, 1950). Liver homogenate was centrifuged, and the
clear supernatant was used to assess the activities of hexokinase
(Brandstrup et al., 1957), G-6-Pase (Koide and Oda, 1959), F-1,6-
BPase (Freedland and Harper, 1959), and glycogen phosphorylase
(Stalmans and Hers, 1975). Malondialdehyde (MDA) (Ohkawa
et al., 1979), nitric oxide (NO) (Green et al., 1982), reduced
glutathione (GSH) (Beutler et al., 1963), and the activities of
superoxide dismutase (SOD) (Marklund and Marklund, 1974),
catalase (CAT) (Aebi, 1984), and glutathione peroxidase (GPx)
(Flohé and Günzler, 1984) were determined in the supernatant of
the homogenized liver. Liver triglycerides (TGs) and cholesterol were
assayed using Spinreact (Spain) kits after extracting the lipids using
chloroform/MeOH mixture (2:1, v/v) as descried by Folch et al (1957).
Serum TG, total cholesterol (TC), and high-density lipoprotein (HDL)-
C were assayed using kits from Spinreact (Spain). Low-density
lipoprotein (LDL)-C, very low-density lipoprotein (vLDL)-C, and
atherogenic index of plasma (AIP) were calculated according to the
following equations:

vLDL.C � TG/5,
LDL.C � TC − HDL.C + vLDL.C( ),

AIP � Log
TG

HDL
( ).

2.5 Histopathological study

Samples from the liver fixed in 10% NBF for 24 h were
dehydrated, cleared, and embedded in paraffin wax. Sections of
5 μm thickness were cut for routine staining with hematoxylin and
eosin (H&E) (Bancroft and Gamble, 2008) and examined under a
light microscope.

2.6 Quantitative real-time polymerase chain
reaction

To determine the changes in PPARγ mRNA, RNA was isolated
from the frozen liver using TRIzol and quantified, and samples with
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OD260/280 ≥ 1.8 were reverse-transcribed into cDNA using a
cDNA synthesis kit (Thermo Scientific, United States). cDNA
amplification was carried out using SYBR Green Master Mix
(Thermo Scientific, United States), and the primers used in the
qRT-PCR experiment are listed in Supplementary Table S1. The Ct
values were analyzed by using the 2−ΔΔCt method (Livak and
Schmittgen, 2001).

2.7 In silico molecular docking

The binding of E. peplus compounds with hexokinase II (PDB
ID: 2NZT), NF-κB–DNA complex (PDB ID 1LE9), and PPARγ
(PDB ID: 2PRG) was investigated as previously reported
(Supplementary Material) (Sami et al., 2022; Abduh et al., 2023).

2.8 Statistical analysis

The obtained results are presented as mean ± standard deviation
(SD), and all statistical comparisons were made using one-way
ANOVA followed by post hoc Tukey’s test on GraphPad Prism
8 software. p-values < 0.05 were considered statistically significant.

3 Results

3.1 Phytochemical investigation and
in vitro RSA

The analysis of the EA fraction of E. peplus led to the
isolation of seven known flavonoids. Structures of isolated

FIGURE 1
(A) Chemical structure of the isolated compounds. (B, C) DPPH and ABTS radical-scavenging activities of EPE. Data are mean ± SD (N = 3).
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compounds (1-7) were elucidated based on spectroscopic data
(Supplementary Figures S2–15) and by comparison with those
previously reported. The isolated flavonoids (Figure 1A) were
identified as isoquercetin (1) (Han et al., 2004), myricitrin (2)
(Fu et al., 2013), astragalin (3) (Wei et al., 2011), quercitrin (4)
(Tatsis et al., 2007), quercetin (5) (Mabry et al., 1970),
kaempferol (6) (Mabry et al., 1970; Elsayed et al., 2020), and
methyl gallate (7) (Ma et al., 2005). The in vitro RSA showed a
concentration-dependent antioxidant activity of EPE against
DPPH (Figure 1C) and ABTS (Figure 1D) radicals with IC50

values of 51.30 and 27.78 μg/ml, respectively.

3.2 EPE ameliorates glucose intolerance and
IR in diabetic rats

OGTT was performed, and insulin was measured to
determine the anti-hyperglycemic effect of EPE. The HFD/
STZ-induced diabetic rats exhibited significant elevation in BG
(Figure 2A, B). Treatment with EPE and PIO effectively
ameliorated BG levels in diabetic rats (p < 0.001). Insulin was
declined in diabetic rats (p < 0.001; Figure 2C), and the value of
HOMA-IR was elevated (Figure 2D). All doses of EPE effectively
alleviated insulin and HOMA-IR (p < 0.001). EPE didn’t alter
glucose and insulin in normal animals.

3.3 EPE modulates carbohydrate-
metabolizing enzymes in diabetic rats

The activity of hexokinase (Figure 3A) was decreased, and
G-6-Pase (Figure 3B), F-1,6-BPase (Figure 3C), and glycogen
phosphorylase (Figure 3D) were activated in the diabetic rat liver
(p < 0.001). Liver glycogen was decreased in diabetic rats as
compared to the non-diabetic animals (p < 0.001; Figure 3E). EPE
remarkably increased hexokinase and glycogen and suppressed
other enzymes in diabetic rats.

MD simulations showed the binding affinity of EPE
flavonoids with hexokinase as shown in Table 1 and Figure 4
and Supplementary Figure S16. Compounds 3, 4, 5, and 6
exhibited the lowest binding energy (−7.4, −7.3, −8.1,
and −7.8 kcal/mol, respectively) and formed multiple polar
bonding and hydrophobic interactions with different amino
acid residues (Table 1).

3.4 EPE ameliorates dyslipidemia and liver
lipid accumulation in diabetic rats

TG, TC, LDL-C, and vLDL-C were increased in the serum of
diabetic rats (p < 0.001) as shown in Figures 5A–D. HDL-C was
decreased (p < 0.01; Figure 5E), and AIP was elevated (p < 0.001;

FIGURE 2
EPE ameliorated glucose intolerance (A and B), serum insulin (C), and HOMA-IR (D) in diabetic rats. Data are mean ± SD (n = 6). *p < 0.05 and
***p < 0.001 vs. control. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. diabetic.
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FIGURE 3
EPE increased hexokinase (A), decreased G-6-Pase (B), F-1,6-BPase (C), and glycogen phosphorylase (D) and enhanced glycogen (E) in the liver of
diabetic rats. Data are mean ± SD (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control. ##p < 0.01 and ###p < 0.001 vs. diabetic.

TABLE 1 Binding affinities, interacting polar residues, and hydrophobic interactions of the compounds isolated from E. peplus with hexokinase.

Compound Binding energy
(kcal/mol)

Polar bond Hydrophobic interaction

1 −6.9 Gly535, Thr536, Gly747, Glu783, Thr784,
and Thr863

Thr680, Met748, and Gly780

2 −7.0 Leu617 and Gln739 Ala505, Ser506, Ala507, Pro508, Lys510, Pro605, Lys618, Glu708, Ala711,
Asp714, Asn715, and Lys738

3 −7.4 Asp532, Asp657, Glu864, and Ser897 Arg539, Ile677, Asp861, Thr863, Lys866, Asp895, and Gly896

4 −7.3 Glu877, Cys886, Val888, and Ser886 Lys873, His876, Lys880, and Asp887

5 −8.1 Asp657, Thr680, Thr863, and Ser897 Asp532, Thr536, Arg539, Ile677, Gly679, Asp861, Asp895, and Gly896

6 −7.8 Asp657, Thr680, Thr863, and Ser897 Asp532, Thr536, Arg539, Ile677, Gly679, Asp861, Asp895, and Gly896

7 −6.1 Asp532, Thr661, and Ser897 Gly535, Thr536, Ile677, Gly679, Thr680, Asp861, Gly862, and Thr863
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Figure 5F) in diabetic animals. All doses of EPE decreased serum
lipids and AIP and increased HDL-C in diabetic rats.
Dyslipidemia was associated with increased liver TG

(Figure 6A) and cholesterol (Figure 6B). Likewise, the stained
sections of the liver of diabetic rats revealed the deposition of
lipids (Figure 6C) along with increased circulating transaminases

FIGURE 4
Molecular docking showing the binding modes of compounds 3, 4, 5, and 6 with hexokinase.
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(Figures 6D,E; p < 0.001). All doses of EPE decreased liver lipids
and serum transaminases in diabetic rats.

3.5 EPE mitigates oxidative stress in diabetic
rats

MDA and NO were elevated in HFD/STZ-induced rats (p < 0.001)
as compared to the control rats (Figures 7A,B). In contrast, GSH
(Figure 7C), SOD (Figure 7D), CAT (Figure 7E), and GPx (Figure 7F)
were decreased in diabetic animals. EPE decreased MDA and NO and
increased antioxidants effectively in diabetic rats while showing no
effect on normal animals.

3.6 EPE attenuates inflammation in diabetic
rats

Liver NF-kB p65 and serum TNF-α and IL-1β were
upregulated in diabetic rats as depicted in Figures 8A–C.
Treatment with EPE noticeably decreased the assayed
inflammatory markers in rats with diabetes. The binding
affinity of the isolated flavonoids toward NF-kB was
investigated with MD (Table 2; Figure 9 and Supplementary
Figure S17). All compounds showed binding affinity marked
by the polar bonding and hydrophobic interactions, and
compounds 2, 3, 4, and 5 showed the lowest binding energy
(−9.5, −10.6, −9.8, and −9.6 kcal/mol, respectively).

FIGURE 5
EPE decreased serum TG (A), TC (B), LDL-C (C), vLDL-C (D), and AIP (F) and increased HDL-C (E) in diabetic rats. Data are mean ± SD (n = 6).
*p < 0.05, **p < 0.01, and ***p < 0.001 vs. control. ##p < 0.01 and ###p < 0.001 vs. diabetic.
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3.7 EPE upregulates adiponectin and PPARγ
in diabetic rats

Circulating adiponectin was declined in rats with diabetes,
and all EPE doses effectively restored its levels (Figure 10A). The
effect of EPE on PPARγ and the binding affinity of the isolated
flavonoids were determined using qRT-PCR and MD,
respectively. As shown in Figure 10B, diabetic rats exhibited
significant downregulation of liver PPARγ, an effect that was
reversed following treatment with all doses of EPE and the
PPARγ agonist PIO. MD revealed the affinity of E. peplus
flavonoids toward PPARγ, and compounds 3, 4, and 5
exhibited the lowest binding energy (−8.7, −8.0, and −8.0 kcal/
mol, respectively) (Table 3; Figure 10C and Supplementary
Figure S18I).

4 Discussion

Plants of the genus Euphorbia showed a very promising anti-
diabetic effect in STZ-, alloxan-, and sucrose-induced DM in rats
(Kumar et al., 2010; Zafar et al., 2021; Mustafa et al., 2022), and
the LD50 of most Euphorbia species was estimated to exceed
5,000 mg/kg (Abd-Elhakim et al., 2019). Herein, we explored the
ameliorative effect of the flavonoid-rich fraction of E. peplus on
hyperglycemia, IR, OS, and inflammation in HFD/STZ-induced
T2D rats. The in vitro assays showed that EPE scavenged DPPH
radicals in a concentration-dependent manner. Previous studies
showed the DPPH radical-scavenging efficacy of plants of the
genus Euphorbia such as E. royleana (Zafar et al., 2021). The
DPPH assay data were supported by the ability of EPE to
scavenge ABTS radicals, demonstrating its powerful RSA.

FIGURE 6
EPE decreased liver TG (A) and cholesterol (B), prevented lipid deposition (C), and ameliorated serum ALT (D) and AST (E) in diabetic rats. Data are
mean ± SD (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control. ###p < 0.001 vs. diabetic.
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ABTS assay is more reliable and accurate for the evaluation of
RSA of phytoconstituents than DPPH (Floegel et al., 2011). The
RSA of EPE could be directly related to the rich content of
flavonoids that possess potent scavenging properties against
free radicals (Kamel et al., 2016; Elsayed et al., 2020).

The effect of EPE on glucose intolerance and IR was
investigated in vivo in rats with HFD/STZ-induced diabetes.
HFD and STZ were employed to induce T2D as this model
showed similarities to the disease in humans. Feeding a HFD
results in IR, and STZ decreases insulin release by damaging β-cells
(Breyer et al., 2005; Lee et al., 2011), leading to hyperglycemia.
Together with IR, hyperglycemia is a characteristic feature of T2D
and should be managed to prevent complications in different

organs (Jellinger, 2007). Here, HFD/STZ-challenged animals
showed hyperglycemia marked by glucose intolerance and IR.
The developed T2D was consistent with our previous
investigations, showing IR and hyperglycemia in HFD/STZ-
induced rats (Mahmoud et al., 2012; Germoush et al., 2019;
Elsayed et al., 2020; Abduh et al., 2023). The chronic
hyperglycemia in this model was supported by the values of
HbA1c%, a reliable marker for both diagnosis and prognosis of
DM (American Diabetes Association, 2014) reported in our recent
work (Abduh et al., 2023). Hyperglycemia was associated with
hypoinsulinemia, and the development of IR as the value of
HOMA-IR was revealed. Similar to these findings, elevated
glucose, HbA1c%, and HOMA-IR along with decreased insulin

FIGURE 7
EPE decreased liver MDA (A) and NO (B) and increased GSH (C), SOD (D), CAT (E), and GPx (F) in diabetic rats. Data are mean ± SD (n = 6). *p < 0.05,
**p < 0.01, and ***p < 0.001 vs. control. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. diabetic.
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were reported in HFD/STZ-challenged rats (Abduh et al., 2023).
The declined insulin is due to damage caused to the pancreatic
islets induced by STZ-mediated ROS generation and DNA damage
(Lenzen, 2008). Although the early phase of damage is associated
with increased insulin release as a compensatory mechanism,
prolonged hyperglycemia and ROS release deteriorate the

pancreatic islets and promote more β-cell damage and
ultimately reduced insulin release (Ntimbane et al., 2016). The
effects of excessive ROS include enhanced lipid peroxidation
(LPO), massively increased cytosolic Ca2+, and diminished
pancreatic antioxidants, effects that enhance the destruction of
β-cells (Nahdi et al., 2017).

FIGURE 8
EPE decreased liver NF-kB p65 (A) and serum TNF-α (B) and IL-1β (C) in diabetic rats. Data are mean ± SD (n = 6). *p < 0.05, **p < 0.01, and ***p <
0.001 vs. control. ###p < 0.001 vs. diabetic.

TABLE 2 Binding affinities, interacting polar residues, and hydrophobic interactions of the compounds isolated from E. peplus with the NF-κB–DNA complex.

Compound Binding energy (kcal/mol) Polar bond Hydrophobic interaction

1 −8.9 Gln274 and two DNA units Five DNA units

2 −9.5 Four DNA units Gln274 and four DNA units

3 −10.6 Asp217, Lys218, and four DNA units Asn186, Arg187, Arg305, and one DNA unit

4 −9.8 Glu222 and four DNA units Three DNA units

5 −9.6 Lys241, Ser246, Arg246, Asn247, and three DNA units Asp271, Lys272, and one DNA unit

6 −9.1 Lys241, Asp271, Arg246, Asn247, and three DNA units Ser246, Lys272, and one DNA unit

7 −6.4 Lys241 and three DNA units Arg246, Lys272, and two DNA units
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Treatment with EPE effectively ameliorated glucose
intolerance and HOMA-IR, denoting its anti-hyperglycemic
and insulin-sensitizing effects. These effects added support to

the previously reported anti-hyperglycemic activity of plants of
the same genus. For instance, E. royleana stem extract decreased
fasting BG (FBG) and ameliorated glucose intolerance in diabetic

FIGURE 9
Molecular docking showing the binding modes of compounds 2, 3, 4, and 5 with the NF-κB–DNA complex.
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rats (Zafar et al., 2021), and E. helioscopia alleviated BG and
insulin in sucrose-fed rats (Mustafa et al., 2022). The ameliorative
effect of EPE on hyperglycemia is a direct result of increased

insulin secretion. Impaired insulin release and IR increase
hepatic glucose output due to suppressed glycolysis and
glycogenesis. Impaired insulin release and IR can also impair

FIGURE 10
EPE increased serum adiponectin (A) and upregulated liver PPARγ mRNA (B) in diabetic rats. Data are mean ± SD (n = 6). *p < 0.05 and ***p <
0.001 vs. control. ##p < 0.01 and ###p < 0.001 vs. diabetic. (C) Molecular docking showing the binding modes of compounds 2, 3, and 4 with PPARγ.
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peripheral glucose uptake and hepatic gluconeogenesis, resulting
in hyperglycemia (Nordlie et al., 1999). By alleviating insulin
release and IR, EPE effectively ameliorated hyperglycemia
possibly by modulating enzymes involved in glycogenesis and
gluconeogenesis. This notion was supported by the findings of
this study where EPE increased hexokinase and suppressed F-1,6-
BPase, G-6-Pase, and glycogen phosphorylase, resulting in
increased liver glycogen content. Hexokinase is involved in
glucose oxidation and suppressed by IR and insulin deficiency.
Suppressed hexokinase activity decreases glycolysis, and hence
glucose accumulates in the blood (Gupta et al., 1999). Along with
hexokinase suppression, insulin insufficiency activates G-6-Pase,
F-1,6-BPase, and glycogen phosphorylase, resulting in enhanced
gluconeogenesis and glycogenolysis (Roden and Bernroider,
2003). The improved insulin sensitivity and levels of EPE
decreased glycogenolysis and gluconeogenesis and enhanced
liver glycogen by modulating the activity of the involved
enzymes. In addition to the determined enzymes, insulin
activates glycogen synthase and suppresses glycogen
phosphorylase (Postic et al., 2004), and this explains the
alleviated glycogen levels following treatment with EPE.
Owing to its role in glucose oxidation, the ameliorated FBG
following EPE supplementation is a result of enhanced
hexokinase activity. To further explore the effect of EPE on
hexokinase activity, we carried out MD simulations of the
binding affinity of the contained flavonoids toward the
enzyme. All flavonoids revealed binding affinity marked by
polar bonding toward important residues in the active site and
dense hydrophobic interactions. Recent findings showed
improvements in glycemic status and insulin sensitivity by
plant extracts that modulate the carbohydrate-metabolizing
enzymes (Germoush et al., 2019; Elsayed et al., 2020). In this
context, Mustafa et al. (2022) related the anti-hyperglycemic
effect of E. helioscopia in sucrose-fed rats to its ability to
modulate the activities of pyruvate kinase, glucokinase, and
phosphofructokinase.

In addition to hyperglycemia, dyslipidemia is found in T2D
and can increase atherogenicity and the risk of cardiovascular
disease (Reaven, 2005). Elevated serum lipids and decreased

HDL-C in this study represent an atherogenic profile as
previously described (Germoush et al., 2019). AIP, a marker
of lipoprotein particle size that possesses a predictive value
beyond that of the assayed lipids (Dobiásová, 2006), was
increased in diabetic rats. The observed dyslipidemia is a
direct result of IR and the enhanced lipolysis and decreased
lipogenesis (Carpentier, 2021). Increased lipolysis provokes liver
lipid accumulation which is also promoted by increased
synthesis of free fatty acids (FFAs) that provoke lipogenesis
within hepatocytes (Mohamed et al., 2016). Lipid accumulation
in hepatocytes causes cell injury, thereby aggravating IR,
hyperglycemia, and dyslipidemia (Levinthal and Tavill, 1999).
Herein, lipids were increased in the liver, and circulating
transaminases were elevated in diabetic rats as previously
reported (Elsayed et al., 2020; Abduh et al., 2023). EPE
effectively ameliorated serum and liver lipids, effects that
were directly related to the enhanced insulin release and
sensitivity.

Owing to the involvement of OS and inflammation in
provoking IR and the complications of DM (Mahmoud et al.,
2012; Mahmoud, 2017), we explored the ability of EPE to
suppress these pathological processes. Diabetic rats showed OS
and inflammatory reactions marked by elevated MDA, NO, NF-
kB, TNF-α, and IL-1β and declined antioxidants. OS, defined by
excess ROS and decreased antioxidants, is a key mechanism in IR
and can damage cells and alter multiple signaling pathways.
Hyperglycemia can increase the production of ROS and lead
to OS by activating NADPH oxidases and promoting
mitochondrial dysfunction (Jimenez et al., 2018). Excess ROS
can activate pathways related to increased pro-inflammatory
cytokines, and both can impair insulin signaling, leading to IR
and glucose accumulation in the blood (Rösen et al., 2001). The
altered insulin levels shift the signaling where PI3K
phosphorylates Rac, resulting in increased NADPH oxidase 4-
mediated ROS generation (Campa et al., 2015). Excess ROS
activates casein kinase-2 followed by retromer that alters
glucose transporter-4 membrane translocation and impair
glucose uptake (Ma et al., 2014). ROS can also increase
mitochondrial fission that stimulates stress responses and

TABLE 3 Binding affinities, interacting polar residues, and hydrophobic interactions of the compounds isolated from E. peplus with PPARγ.

Compound Binding energy
(kcal/mol)

Polar bond Hydrophobic interaction

1 −7.9 Gln271, Glu272, and Ser342 Ile262, Leu270, Gly284, Phe287, Arg288, Ile341, and Met348

2 −8.7 Ile281 Leu270, Gln271, Arg280, Gln283, Gly284, Cys285, Phe287, Arg288, Ile341, Ser342,
and Met348

3 −8.0 Ser342 and Glu343 Ile262, Leu270, Gly284, Phe287, Arg288, Leu330, Leu333, Leu340, and Ile341

4 −8.0 Ile262, Thr268, Leu270, Gln271, Arg280, Gly284, Cys285, Phe287, Arg288, Ile341,
and Ser342

5 −7.5 Glu259, Gln271, Arg280, and
Glu291

Leu270, Gly284, Phe287, and Arg288

6 −7.4 Leu270, Gln271, Arg280, Gln283, Gly284, Phe287, Arg288, and Glu291

7 −5.8 Ser289, His323, and Met364 Cys285, Tyr327, Phe363, His449, Leu469, and Tyr473
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impairs insulin signaling and has been linked to IR as well as
apoptosis (Jheng et al., 2012). Pro-inflammatory cytokines trigger
IR by altering insulin signaling and many kinases. The elevated
IL-1β and TNF-α reported in this study can impair insulin-
stimulated uptake of glucose, stimulate lipolysis and
gluconeogenesis, and inhibit tyrosine phosphorylation of
insulin receptor substrate-1 and protein kinase B activation
(Green et al., 1994; Del Aguila et al., 1999; Jager et al., 2007).
Therefore, attenuation of OS and pro-inflammatory cytokines
can attenuate IR and increase insulin signaling, activity, and
stimulated glucose uptake.

EPE enhanced antioxidants and prevented OS and
inflammation in diabetic rats in this investigation. In addition
to its in vitro RSA, EPE prevented LPO, enhanced antioxidants,
and suppressed NF-kB and cytokines in diabetic rats. The
suppression of inflammation following EPE supplementation
was supported by in silico investigations that showed
the ability of flavonoids to bind strongly with NF-kB
through multiple polar bonding and hydrophobic interactions.
The attenuation of these pathological processes contributed
to the anti-hyperglycemic and insulin-sensitizing effects of
EPE. Numerous studies showed the beneficial effects of
antioxidants and plant extracts that are rich in antioxidant
phytochemicals against hyperglycemia and IR (Mahmoud,
2013; Mahmoud et al., 2017; Germoush et al., 2019).
The antioxidant and anti-inflammatory role of EPE is related
to its content of flavonoids which possess potent RSA and
showed benefits against DM (Mahmoud, 2013; Mahmoud
et al., 2017; Germoush et al., 2019; Abukhalil et al., 2021).
In diabetic patients, the supplementation of flavonoids
improved glycemic and lipidemic statuses and antioxidants
and decreased inflammatory markers (Li et al., 2015).
In obese patients, the consumption of flavonoids
positively affected the metabolic status by lowering systemic
oxidation and enhancing insulin sensitivity (Suliburska et al.,
2012).

The beneficial effects of EPE could also be linked to the
upregulation of adiponectin and PPARγ. EPE increased serum
adiponectin that participated, at least in part, in the amelioration
of hyperglycemia. Adiponectin exerts insulin-sensitizing effects
and possesses anti-inflammatory activity, and experimental
evidence revealed that it ameliorated hyperglycemia in HFD-
fed rodents (Fruebis et al., 2001; Yamauchi et al., 2001). Despite
its ameliorated hyperglycemia in T1D and T2D in rodents, high
adiponectin doses didn’t affect BG in normal animals. These
findings suggested that the downregulation of glycogenolysis
and gluconeogenesis mediated its anti-hyperglycemic effects.
Accordingly, adiponectin decreased glucose production in rat
hepatocytes and G-6-Pase mRNA abundance in mice (Berg et al.,
2001; Combs et al., 2001). It can also upregulate liver CD36,
PPARα, and UCP-2, effects that were related to the increase in
insulin sensitivity (Yamauchi et al., 2001). EPE upregulated liver
PPARγ, and its flavonoids were shown to dock into the PPARγ
active site through polar bonding and hydrophobic interactions.
The activation of PPARγ is a key mechanism for ameliorating
hyperglycemia, and IR and PPARγ agonists, such as PIO,
increase insulin sensitivity and ameliorate hyperglycemia,

dyslipidemia, OS, and inflammation (Tontonoz and
Spiegelman, 2008). PPARγ suppresses OS and inflammation
by enhancing antioxidant enzymes (Okuno et al., 2010),
inhibiting the activation of NF-κB both directly and indirectly
(Kersten et al., 2000; Remels et al., 2009), and preventing ROS
generation from NADPH oxidases (Hwang et al., 2005).
However, the lack of PPARγ protein expression data could be
considered a limitation to this study.

5 Conclusion

This investigation introduces new information that E. peplus is
rich in flavonoids and possesses potent radical-scavenging and anti-
diabetic efficacies. EPE ameliorated hyperglycemia, IR, OS,
dyslipidemia, and inflammation in rats with T2D. In addition,
EPE modulated carbohydrate-metabolizing enzymes and
enhanced antioxidants, adiponectin, and PPARγ. In silico
findings revealed the binding affinity of E. peplus constituents
toward hexokinase, NF-kB, and PPARγ. Therefore, E. peplus
could be a promising candidate for the development of a potent
anti-hyperglycemic and insulin-sensitizing agent. However, further
investigations to determine other molecular mechanism(s) of action
are needed.
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Obesity affects more than 10% of the adult population globally. Despite the
introduction of diverse medications aimed at combating fat accumulation and
obesity, a significant number of these pharmaceutical interventions are linked to
substantial occurrences of severe adverse events, occasionally leading to their
withdrawal from the market. Natural products serve as attractive sources for anti-
obesity agents as many of them can alter the host metabolic processes and
maintain glucose homeostasis via metabolic and thermogenic stimulation,
appetite regulation, pancreatic lipase and amylase inhibition, insulin sensitivity
enhancing, adipogenesis inhibition and adipocyte apoptosis induction. In this
review, we shed light on the biological processes that control energy balance
and thermogenesis as well as metabolic pathways in white adipose tissue
browning, we also highlight the anti-obesity potential of natural products with
their mechanism of action. Based on previous findings, the crucial proteins and
molecular pathways involved in adipose tissue browning and lipolysis induction
are uncoupling protein-1, PR domain containing 16, and peroxisome proliferator-
activated receptor-γ in addition to Sirtuin-1 and AMP-activated protein kinase
pathway. Given that some phytochemicals can also lower proinflammatory
substances like TNF-α, IL-6, and IL-1 secreted from adipose tissue and change
the production of adipokines like leptin and adiponectin, which are important
regulators of body weight, natural products represent a treasure trove for anti-
obesity agents. In conclusion, conducting comprehensive research on natural
products holds the potential to accelerate the development of an improved
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obesity management strategy characterized by heightened efficacy and reduced
incidence of side effects.

KEYWORDS

obesity, medicinal plants, adipogenesis, white adipose tissue, brown adipose tissue, WAT
browning

1 Introduction

Obesity poses a serious threat to worldwide public health and is
defined by a Body mass index (BMI) of 30 kg/m2 or higher (Lin and
Li, 2021). Obese individuals are at risk of developing various chronic
diseases, such as diabetes mellitus, hypertension, cancer, and
neurological disorders, which could be severely impacted by the
buildup of excess body fat (WHO, 2021). According to the World
Health Organization (2021), 13% of the adult population worldwide
was obese in 2016, a figure that has tripled since 1975. Currently,
more than 1.9 billion adults are overweight (with BMI of 25.0–29.9)
andmore than 650 million are considered obese (Haththotuwa et al.,
2020). In Europe, around 23% of women and 20% of men are obese.
In Western nations, the prevalence of obesity and type 2 diabetes
mellitus (T2DM) are on the rise (WHO, 2022). Decades of research
have been devoted to understanding the relationship between
obesity and metabolic problems, as well as the connection
between obesity and adipose tissue, which is considered a
metabolically active endocrine organ (Xu et al., 2003; Wang Q.
et al., 2015; Jiang et al., 2020). As a matter of fact, adipose tissue is
also involved in other functions such as the regulation of glucose and
lipid metabolism, insulin sensitivity, inflammatory response, non-
shivering thermogenesis, and vascular endothelial function (Kwok
et al., 2016).

A growing body of research suggests that the dysfunction in
adipose tissue drives the development of obesity (Sam and
Mazzone, 2014). In general, there are two main types of
adipose tissue: a) white adipose tissue (WAT) which is widely
distributed in the human body, and b) brown adipose tissue
(BAT) which is found in the cervical, supraclavicular, axillary,
paravertebral, mediastinal, and upper abdominal regions in adult
humans (Maurer et al., 2021). Majority of WAT stored in the
subcutaneous region in deep and superficial abdominal parts and
the gluteal-femoral regions, but there are also some distribution
of WAT in the visceral region such as in the omental, mesenteric,
mediastinal, and epicardial regions (Sbarbati et al., 2014). Under
the skin, subcutaneous WAT serves as a buffer against
mechanical stress from the outside world, and an insulator to
keep heat in and prevent dermal infection. On the other hand,
visceral WAT wraps around internal organs inside the
peritoneum and the rib cage (Zwick et al., 2018). The central
role of WAT is to store excess energy as triglycerides which is
antagonistic to the function of brown adipose tissue (BAT),
which dissipates energy by producing heat and warms up the
blood supply to vital organs (Saely et al., 2012). The brown
appearance of BAT is due to the presence of high
mitochondrion content and dense vascularization. Uncoupled
protein 1 (UCP-1) is employed in the inner membrane of the
mitochondria to help BAT use and dissipate the energy derived
from lipids to generate heat (Cannon and Nedergaard, 2004).

In addition to its role as an energy storage organ, WAT plays
major role in obesity because these cells secretes unique regulatory
substances with endocrine, paracrine, and autocrine functions
(Fruhbeck et al., 2001). Several substances secreted by adipocytes
play significant roles in various aspects of physiological control. For
instance, leptin and adiponectin contribute to body weight
regulation, while TNF-α, IL-6, and IL-1β are associated with local
inflammation resulting from obesity. Additionally, substances like
Ang II and PAI-1 impact vascular function, and estrogens are
involved in reproductive processes (Gómez-Hernández et al.,
2016). WAT modulates metabolic activities in other peripheral
tissues and the brain by secreting adipocytokines such as leptin
and adiponectin (Kershaw and Flier, 2004). Leptin, a hormone that
is mostly secreted by adipocytes, plays an important role in
controlling body weight via its central effects on hunger and
peripheral effects on regulating energy expenditure (Marti et al.,
1999). Adiponectin is another hormone secreted by adipocytes that
regulates food intake. Several investigations have reported
hypoadiponectinemia in individuals with obesity, diabetes, and
coronary artery disease (Arita et al., 1999). Consequently,
restoring the regulatory function of WAT appears to be a viable
strategy for combating obesity.

Apart from that, numerous studies have pointed out the
presence of a subpopulation of WAT that has adapted
characteristics of BAT, such as increased UCP-1 expression,
adipocyte locularity, mitochondrion density, and vascularization,
is known as brite or beige adipose tissue (Harms and Seale, 2013).
The process that involves the browning of WAT or what is termed
adaptive thermogenesis is usually triggered by low temperatures. In
healthy adult humans, metabolically active adipose tissue depots
with beige-like features were found in the cervical, supraclavicular,
axillary, and paravertebral regions (Nedergaard et al., 2007). The
reprogramming of WAT to BAT or even beige adipose tissue
garnered much interest in the scientific community as this
conversion constitutes a great opening to tackle obesity by
increasing energy expenditure and restoring glucose homeostasis
balance (Kuryłowicz and Puzianowska-Kuźnicka, 2020).

As an alternative to conventional treatments against obesity and
associated problems, natural products, such as medicinal plants in
the form of pure compounds or extracts, are widely accessible on the
market (Hasani-Ranjbar et al., 2013). Phytochemicals can exert their
anti-obesity effects through different mechanisms such as inhibiting
digestive enzyme activities (pancreatic lipase and amylase), appetite
regulation, and reducing the formation of WAT or increasing WAT
browning (Fu et al., 2016). Moreover, the phytoconstituents found
in diverse plants have proven to possess a range of additional
mechanisms of actions against obesity, including promoting
PPAR-α and PPAR-β expression, suppressing ghrelin, and
regulating plasma lipid profile (Raoof and Kareem, 2020). Certain
nutritional compounds isolated from fruits, vegetables, and edible
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plants, such as curcumin from turmeric (Lee et al., 2011),
anthocyanins from blueberries, epigallocatechin gallate from
green tea and nobiletin from citrus peel, have been found to be
useful in treating metabolic diseases (Chan et al., 2021). Typically,
these natural substances limit adipose tissue formation by inhibiting
adipocyte differentiation and adipogenesis and lowering
triacylglycerol levels by boosting lipolysis or decreasing
lipogenesis pathways (Sun et al., 2016). The current review aims
to an overview of the numerous types of adipose tissues and their
specific functions prior to discussing the possibility of natural
products to reduce obesity based on their mechanism of action.
The current review also presents how certain natural products
influence main molecular pathways involved in WAT browning
and elucidated action mechanisms that are associated with energy
homeostasis and thermogenesis.

1.1 Energy balance and thermogenesis by
different adipose tissues

Thermogenesis is essential for the survival of homeotherms. At
thermoneutrality or 23°C for an adult man, obligatory
thermogenesis is sufficient to sustain normal body temperature
and function (Silva, 2003). Adaptive thermogenesis, also known
as facultative thermogenic mechanisms requiring or not requiring
shivering, is initiated when the ambient temperature falls below
thermoneutrality (Yau et al., 2020). The shivering thermogenesis
responds to cold by contracting the skeletal muscles to generate heat;
this boosts the resting metabolic rate by five-fold in humans
(Eyolfson et al., 2001), but it cannot be sustained for an extended
period of time (Periasamy et al., 2017). In contrast, non-shivering
thermogenesis occurs predominantly in BAT, which oxidizes lipids
by activating the lipase enzyme and releases energy as heat during
prolonged exposure to cold (Cannon and Nedergaard, 2010).
Besides the free fatty acids released from triglycerides by lipases
via β-oxidation in BAT, β 3-adrenergic receptors (β 3-AR) present
in brown adipocytes increase the expression of thermogenic marker
Uncoupling protein 1 (UCP-1) protein via protein kinase A (Tan
et al., 2011). Upon activation, these UCP-1 proteins in the inner
mitochondrial membrane of brown and beige adipocytes translocate
protons (H+) from the intermembrane space into the mitochondrial
matrix. This increases the respiratory chain activity and diminishes
the proton motive force utilized by ATP synthase. Due to the
conversion of the available energy from substrate oxidation, heat
is created (Nicholls, 2006).

1.2 Major metabolic pathways in WAT
browning

A condition known as “white fat browning” occurs when specific
white adipose tissue drastically raise their gene expression and
production of proteins such as the UCP-1 protein, thus, giving
them the ability to burn fat and produce energy. White adipocyte
browning results in the formation of beige also known as brite
adipocytes that resemble the brown adipocyte phenotype but are
present within the WAT. The conversion of white adipocytes into
beige adipocytes may be caused by various stimuli (Bargut et al.,

2017). Subcutaneous adipocytes are more likely to undergo
browning than visceral adipocytes because they are
predominantly smaller and have a greater potential to
differentiate (Gustafson and Smith, 2015). UCP-1 protein has key
roles in thermogenesis, nonetheless, it depends on the tissue and the
type of stimulus. As reviewed previously, UCP-1 protein levels in
mitochondria isolated from the “white” adipose depot of cold-
induced adipocytes were nearly identical to those in brown-fat
mitochondria. The thermogenic function of UCP-1 protein was
evidenced by UCP-1-dependent thermogenesis with lipid or
carbohydrate substrates by increasing the canonical guanosine
diphosphate (GDP) sensitivity. The thermogenic density of WAT
measured by UCP-1-dependant oxygen consumption of WAT was
one-fifth that of brown adipose tissue, and the overall quantitative
contribution of all white-fat mitochondria was one-third that of
brown adipose tissue, indicating that the conventional brown
adipose tissue depots would still dominant in thermogenesis
(Shabalina et al., 2013; Ikeda and Yamada, 2020). Among the
widely studied pathways for stimulating the browning of white
adipocytes are the actions of norepinephrine, which is released
by sympathetic nerve terminals and binds with β-adrenergic
receptors mainly β 3-AR found on the surface of adipocytes to
carry out its functions (Otton et al., 2021).

Stimulation of β 3-AR causes the p38 mitogen-activated protein
kinase (p38 MAPK) to stimulate activating transcription factor 2
(ATF-2), thus leading to the transcription of peroxisome
proliferator-activated receptor gamma coactivator 1α (PGC-1α)
(Robidoux et al., 2005). Later, PGC-1α promotes two pathways
leading to the formation of brite adipocytes; mitochondrial
biogenesis and peroxisome proliferator-activated receptors
(PPAR) activation (Hondares et al., 2011). In mitochondrial
biogenesis, the PGC-1α activates nuclear respiratory factor 1
(NRF1), which links the nucleus with the mitochondrion and
generates mitochondrial replication through mitochondrial
transcription factor A (TFAM) activation (Piantadosi and
Suliman, 2006). Whereas the three isoforms of PPAR, α, β, and
γ, are involved in the transcription of UCP1 (Barbera et al., 2001).
This protein is present in the inner mitochondrial membrane as a
thermogenesis effector, indicating that mitochondrial biogenesis is
required for inducing brite adipocytes. It was found that
thermogenic-activated brite adipocytes have a considerable
number of mitochondria throughout their cytoplasm (Rossato
et al., 2014; Jeremic et al., 2017). Also, the PPARα and β release
fatty acids that have multiple roles such as activating UCP-1 and
acting as substrates for UCP-1-mediated thermogenesis (Cannon
and Nedergaard, 2004), as well as, modulating the transcriptional
control (Villarroya et al., 2007). PPARγ is important for adipocyte
differentiation (Wu et al., 1999a). It regulates adipogenesis and
genes that are involved in the uptake and storage of FAs in WAT
(Hansen and Kristiansen, 2006). Furthermore, PGC-1α is a cofactor
for the receptor PPARγ, which is required for adaptive
thermogenesis in response to decreasing temperatures and is
associated with tissue-specific metabolic pathways in the adaptive
response to nutritional and environmental stimuli (Ruschke et al.,
2010).

Moreover, the commonly agreed pathways that take part in
differentiating brite adipocytes from white adipocytes is by detecting
the expression of UCP-1 and PR domain containing 16 (PRDM16)
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(Spiegelman, 2013). It is worth noting that UCP-1 is the protein
responsible for thermogenesis, while PRDM16 acts as a stimulus
that maintains the brite adipocyte phenotype (Shabalina et al., 2013).
It has been shown that at low PRDM16 expression, the brite
adipocytes convert back to white adipocytes, thus, PRDM16 is an
important molecule for inducing browning and maintaining the
thermogenic activity of brite adipocytes (Cohen et al., 2014). The
importance of PRDM16 in the browning of subcutaneous white
adipocytes is shown by in vitro decreasing the amount of small
hairpin RNA expressed by PRDM16, which results in a decrease in
the expression of thermogenic genes and uncoupled respiration
(Seale et al., 2011). The PRDM16 is involved in both the induction of
BAT genes and the repression of WAT genes. The induction of
BAT-specific genes occurs when PRDM16 binds to the
transcriptional coactivators PGC-1α and PGC-1β. Contrarily, the
repression of WAT-specific genes is caused by the interaction of
PRDM16 with C-terminal binding protein (CtBP) 1 and 2 at the
promoter domains of WAT genes (Kajimura et al., 2008). In
response to cold, overfeeding in addition to chronic activation of
PPARγ, and PRDM16 facilitates the activation of PGC-1α and UCP-
1 in WAT by suppressing white fat genes (Seale et al., 2011)
(Figure 1).

SIRT1 is a crucial regulator involved in WAT browning (Qiang
et al., 2012) and it facilitates erythropoietin production to enhance
metabolic activity (Wang et al., 2013). SIRT1 suppresses WAT by
inhibiting the nuclear receptor PPARγ (Tamori et al., 2002). PPARγ
stimulates the binding of CCAAT/enhancer-binding protein (C/
EBPα) and CtBP (1 and 2) and inhibits transcription of WAT-
specific genes (Vernochet et al., 2009). It has been reported that
browning of subcutaneous WAT is promoted by SIRT1-dependent
PPARγ deacetylation via the regulation of ligand-dependent
coactivator or corepressor exchange at PPARγ transcriptional
complex. Additionally, SIRT1-dependent PPARγ deacetylation is
found to regulate energy homeostasis, and promote energy
expenditure from energy storage (Qiang et al., 2012). Other than
that, SIRT1 promotes threonine phosphorylation, which activates
the AMPK signaling pathway and AMPK is known to play a key role
in the initiation of adipocyte lipolysis. Besides, PPARα is activated by
AMPK via the PGC-1α ligand, which in turn upregulates the gene
expression of several key β-oxidation enzymes and promotes fatty
acid oxidation (Liu L. et al., 2020). Genes that are responsible for
thermogenesis such as UCP1 and PGC-1α, are found to be related by
AMPK activation, while SIRT1 was found to promote mitochondrial
biogenesis through the activation of PGC-1α (Wu et al., 1999b). In
conclusion, the upregulation of SIRT1 mRNA, which reduces
PPARγ, was linked to the downregulation of adipogenesis (Feng
et al., 2016).

2 Pharmacological treatment for
obesity

Individuals who are overweight or obese may benefit from
bariatric surgery, pharmaceutical treatment, behavioral
modifications, and dietary changes, among others. General
practitioners and multidisciplinary support teams are vital in
assisting patients in losing weight in a healthy, long-term
manner. Life expectancy drops by 1 year for every two

percentage points increase in its average BMI, accordingly to a
modeling study (Semlitsch et al., 2019). Therefore, structured
guidelines were developed to create a clinical pathway for the
management of overweight and obesity in primary care as
reviewed by (Semlitsch et al., 2019). Numerous drugs, such as
serotonin receptor agonists have been discovered to be useful in
weight loss. In the 1970s, it was revealed that serotonin or 5-
hydroxytryptamine (5-HT) possesses anorectic properties, as
heightened brain serotonin levels was associated with increased
satiety (Blundell, 1977). For instance, fenfluramine and
d-fenfluramine, which are the direct agonists of 5-HT receptors
exhibited anti-obesity properties by increasing the release of
serotonin in the synaptic cleft. Both compounds modify eating
behavior in a manner consistent with satiety (Halford et al.,
2005). However, these medications were taken off the market due
to arising valvular heart disease (Elliot and Chan, 1997). On the
other hand, selective serotonin reuptake inhibitors (SSRIs) could
also be administered to increase serotonin levels in obesity treatment
by blocking its reuptake into the nerve terminals (Leibowitz et al.,
1990). The SSRI fluoxetine decreases food intake and improves
satiety feeling (Halford et al., 1998), but it may induce adverse
symptoms such as headache, nausea, somnolence, asthenia,
diarrhea, sleeplessness, anxiety, sweating, and tremor (Wise,
1992). In addition, 30%–70% of individuals using fluoxetine
experienced sexual dysfunction, including erectile dysfunction,
anorgasmia, and diminished libido, resulting in non-compliance
with the treatment (Colman et al., 2012; Wenthur et al., 2014).
Another compound from this class with anti-obesity has been used
is sibutramine, which works similarly like fluoxetine as SSRI, but
sibutramine also blocks the reuptake of norepinephrine and partially
dopamine, both of which have been shown to have anorectic effects
in vivo (Balcioglu and Wurtman, 2000). However, sibutramine was
pull off the market due to the increased risk of cardiovascular disease
in obese patients (Czernichow and Batty, 2010).

Differently, rimonabant, a Cannabinoid receptor type 1
(CB1) antagonist has been used in the management of obesity.
In response to fasting, the two potent appetite-stimulating
hormones, cannabinoid and ghrelin, are known to rise in
concentration in the gastrointestinal tract. The administration
of CB1 receptor inverse agonist leads to decreased levels of these
two hormones, which subsequent resulting in decreased food
intake as observed in the 24-h food-starved rats and partially
satisfied rats (Gómez et al., 2002). Rimonabant also prevents fat
storage in adipocytes by regulating the level of adipose tissue
lipoprotein lipase, which is augmented by cannabinoid treatment
(Bensaid et al., 2003). Despite that, in Europe and India,
rimonabant was withdrawn from the market in 2007 owing to
its unwanted psychiatric side effects which included anxiety and
depression (Onakpoya et al., 2016).

At the time of writing, orlistat is the only anti-obesity medication
that functions independently of the central nervous system and does
not enter the bloodstream. In addition, it is the only pancreatic lipase
inhibitor treatment that is presently being used in clinical practice
(Ballinger and Peikin, 2002). In order to exert its therapeutic effect, it
forms a covalent connection with the active serine residue of gastric
and pancreatic lipases in the lumen of the digestive system. This
action then prevents the hydrolysis of dietary fat (in the form of
triglycerides) into absorbable free fatty acids and monoglycerols
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(Ransac et al., 1991). The side effects associated with orlistat
commonly emerge during the initial stages of therapy and tend
to attenuate with the progression of treatment. The gastrointestinal
tract is primarily affected by these side effects, which can include the
presence of oily stool (Liu T.-T. et al., 2020). Another anti-obesity
drug that is currently available is liraglutide, which is a glucagon-like
peptide-1 (GLP-1) receptor agonist. The weight reduction effects of
GLP-1 are assumed to be due to appetite suppression and delayed
stomach emptying (Jelsing et al., 2012). The common adverse events
of liraglutide involve the gastrointestinal tract such as nausea
(Burcelin and Gourdy, 2017). In clinical studies, gastrointestinal
intolerance was the most frequent reason for liraglutide
discontinuation in individuals reported adverse events (Mehta
et al., 2017). Meanwhile, exenatide, another GLP-1 agonist
approved for obesity treatment, showed a higher reduction in
body weight when lifestyle modifications were adopted
(Rosenstock et al., 2010).

3 Plant-derived natural products as
anti-obesogenic agents

Having seen the adverse effects caused by the bulk of the drugs
now used for the treatment of obesity, researchers are now turning to

natural resources in a quest of compounds with fewer side effects for
the management of obesity. Plant-derived natural products have
been demonstrated to have anti-obesity effects via a variety of
pathways, including metabolic and thermogenic stimulants,
appetite regulators, pancreatic lipase and amylase inhibitors,
insulin sensitivity enhancers, and adipogenesis inhibitors and
adipocytes apoptosis inducers.

3.1 Plant-derived natural products as
metabolic and thermogenic stimulants

Natural products such as caffeine, ephedrine, capsaicin, and
green tea have been suggested for obesity management since they
may increase energy expenditure and counterbalance the decrease in
metabolic rate that occurs with/after weight loss (Figure 2). Despite
being in the same category, the combination of caffeine and
ephedrine assists people to lose weight over the long run (Astrup
et al., 1992). This is likely due to the fact that two substances inhibit
different enzymes that may work synergistically, as the former exerts
its effect by inhibiting cAMP degradation caused by
phosphodiesterase, while the latter stimulates metabolism by
enhancing catecholamine release in the sympathetic nervous
system (Diepvens et al., 2007a).

FIGURE 1
Pathways involved in the browning of white adipose tissue and producing brite adipocytes. (A) stimulation of thermogenesis and adipose tissue
browning through PPARs andmitochondrial biogenesis. (B) SIRT1-AMPK pathway for lipolysis and fatty acid oxidation. (C) PRDM16-CtBP1/2 and -PGC-1α
and β pathways for suppressing WAT genes and activating BAT genes. ATGL: adipose triglyceride lipase.
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3.1.1 Caffeine from Coffea arabica
Caffeine is the most consumed stimulant worldwide due to its

various effects and mechanisms of action (Ferreira et al., 2019). In
fact, the two most used coffee beans in the genus Coffea are Coffea
arabica L. and Coffea canephora Pierre. Caffeine has been explored
as a possible thermogenic agent for body weight reduction and it
may alter thermogenesis by preventing the phosphodiesterase-
induced degradation of intracellular cyclic AMP (cAMP)
(Diepvens et al., 2007b). In the liver, one of the enzymes under
the cytochrome P450 oxidase enzyme family, CYP1A2 metabolizes
caffeine into three primary metabolites: paraxanthine (84%),
theobromine (12%) and theophylline (4%) (Schwarzschild et al.,
2003). Due to the structural similarity, the primary pharmacological
action of caffeine is to antagonize adenosine receptors and modulate
the purinergic system (Van Dam et al., 2020). There are four types of
adenosine receptors highly expressed in the human body, namely,
A1, A2A, A2B and A3. A1 and A3 receptors inhibits adenylate
cyclase by binding to Gi proteins, whereas A2A and A2B stimulates
cAMP production by binding Gs protein (Ortweiler et al., 1985).
These receptors have been linked to numerous physiological and
pathological processes, including heart rhythm and circulation,
lipolysis, renal blood flow, immunological function, sleep
regulation, angiogenesis, inflammatory diseases, ischemia-
reperfusion, and neurodegenerative disorders (Chen et al., 2013).

3.1.2 Ephedrine from Ephedra sinica
Ephedrine is one of the four isomers contained in the shrub

known as Ephedra sinica which is native to China and Mongolia
(Saper et al., 2004). It is a phenylpropylamine protoalkaloid and
a sympathomimetic agent that functions as a stimulant and a
thermogenic agent (Stohs and Badmaev, 2016). Ephedrine

increases energy expenditure and promotes weight loss, as
reported in several human studies (Astrup, 2000). The main
thermogenic effect of ephedrine is mediated by increasing the
sympathetic neuronal release of norepinephrine (NE) and
epinephrine (Dulloo, 1993). By inhibiting monoamine
oxidase, ephedrine also decreases the breakdown of
norepinephrine. The interaction of ephedrine with β-3
adrenergic receptors is implicated in the induction of
thermogenesis that promotes breakdown of fats and glucose
metabolism modulation (Carey et al., 2015). Similarly, the
interactions of ephedrine with β-1 and β-2 adrenergic
receptors have also been shown to contribute to some of its
thermogenic effects (Liu et al., 1995).

3.1.3 Capsaicinoids from Capsicum annuum
Hot red peppers of the species Capsicum annuum L. (Capsicum

frutescens), contain a group of pungent chemicals known as
capsaicinoids with capsaicin being the primary pungent
component (Barceloux, 2009). According to studies conducted by
Reinbach et al. (2010) and Ludy et al. (2012), capsaicin has been
found to increase the production of catecholamines,
norepinephrine, and epinephrine from the adrenal medulla,
which in turn stimulates thermogenesis by acting on adrenergic
receptors (Reinbach et al., 2010; Ludy et al., 2012). However,
capsaicinoids also have the capacity to modify metabolism
through the activation of transient receptor potential vanilloid 1
(TRVP1) receptors, where they are similarly thought to be able to
enhance energy expenditure and reduce body fat by boosting
catabolic processes in adipose tissues (Yoneshiro and Saito,
2013). Numerous studies in small mice have shown that
capsaicin and capsinoids stimulate sympathetically-mediated BAT

FIGURE 2
The effects of several NPs on diverse physiological pathways as metabolic and thermogenic stimulants. AC: Adenylyl cyclase; AR: Adenosine
receptor; DA: Dopamine; DR: Dopamine receptors; MAO: Monoamine oxidase; PDE: Phosphodiesterase; TAPV1: Transient receptor potential vanilloid-1;
NE: Norepinephrine; EN: Epinephrine; COMT: Catechol-O-methyltransferase.

Frontiers in Pharmacology frontiersin.org06

Shaik Mohamed Sayed et al. 10.3389/fphar.2023.1182937

128

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1182937


thermogenesis and decrease body fatness (Saito, 2015). Notably, it
has been found that a single intraperitoneal or intragastric dose of
capsaicin or capsinoids can increase the whole-body energy
expenditure, activates the adreno-sympathetic nervous system,
increases BAT temperature, and increase the core temperature
which is all produced in hours (Kawada et al., 1986; Ono et al.,
2011). Most of these reactions are significantly diminished in mice
lacking TRPV1 or by β-adrenergic inhibition (Kawabata et al., 2009).
In one study, it was found that red pepper-containing meals resulted
in a greater increase in energy expenditure than control meals
(Yoshioka et al., 1995). Additionally, research in both human and
non-human animals revealed that an increase in thermogenesis is
disrupted when a β-adrenergic blocker like propranolol is
administered (Kawada et al., 1986), suggesting that capsaicin-
induced thermogenesis is probably based on β-adrenergic
activation. Capsaicin administration leads to a rise in lipid
mobilization and a fall in adipose tissue bulk (Kawada et al.,
1986). It is also found to cause WAT browning by activating
SIRT’s CaMKII/AMPK-dependent phosphorylation, which
stimulates SIRT1. This led to the deacetylation and interaction of
proteins to stimulate the browning of WAT in the mouse model
(Baskaran et al., 2016).

3.1.4 Forskolin from Coleus barbatus
Forskolin is a labdane diterpene isolated from the roots of the

Coleus forskohlii Briq, belonging to the Labiatae family
(Lamiaceae), which is native to India, while Plectranthus
barbatus and Coleus forskalaei (Lamiaceae) thought to be the
most prevalent species contains forskolin. (Astell et al., 2013).
Forskolin acts directly on adenylate cyclase enzyme, which
increases cAMP level and eventually drives the lipolysis or the
breakdown of fat in adipose tissues (Litosch et al., 1982).
Subsequently, fatty acids released from adipose tissue depot
also trigger thermogenesis and an increase in the lean tissue.
Overall, forskolin may result in a fat reduction without loss of
muscle mass (Godard et al., 2005).

3.1.5 Green tea extracts from Camellia sinensis
As the most consumed beverage in Southeast Asia, green tea

is the decoction of the plant Camellia sinensis L. (belonging to the
family Theaceae) (Thitimuta et al., 2017). Consuming green tea
and green tea extracts have been shown in several studies to
improve thermogenesis and fat oxidation (Dulloo et al., 2000;
Diepvens et al., 2007b; Westerterp-Plantenga, 2010a; Türközü
and Tek, 2017). The composition of green tea extract responsible
for the thermogenic effect includes catechins such as epicatechin,
epicatechin gallate, epigallocatechin, and epigallocatechin gallate
(EGCG); among which, EGCG is the most prevalent catechins,
ranges from 50% to 80% of total catechins (Stohs and Badmaev,
2016). It is hypothesized that catechins, especially EGCG, directly
inhibit catechol-O-methyltransferase, an enzyme that breaks
down norepinephrine, in order to enhance fat oxidation
(Borchardt and Huber, 1975). This transient rise in
sympathetic nervous system activity results in elevated
catecholamine levels, which may enhance fatty acid
mobilization and oxidation (Figure 1). Despite the frequent
implications of this mechanism in previous studies, there is no
clear evidence to support this theory (Jeukendrup and Randell,

2011). Nonetheless, green tea may regulate the PPAR/FGF21/
AMPK/UCP1 pathway, which then enhance thermogenic cells
induction by reprogramming the first phase of adipocyte
differentiation (Bolin et al., 2020). Furthermore, green tea
aqueous extract is shown to promote browning markers in
inguinal WAT (Li et al., 2021). In line with this, the aqueous
extract of green tea markedly increased PGC-1α activation. This
transcriptional activation controls the UCP-1 promoter’s activity
which increases thermogenesis, fat consumption, and basal
metabolic rate (Boström et al., 2012). It was revealed that
EGCG-induced adipogenesis suppression could involve the
mitogen-activated protein (MAP) kinase, specifically the
extracellular signal-regulated kinases (ERKs) which are
activated by growth-related signals (Lin et al., 2005).

3.2 Plant-derived natural products as
appetite regulators

Food intake is influenced by hunger, satiety, and the
physiological mechanisms that balance eating with internal
caloric supplies and stable body weight (Sayan and Soumya,
2017). Indeed, anorexic or anorectic agents suppress appetite and
reduce body weight, via acting on the satiety centre in the central
nervous system, hypothalamus and altering crucial pathways in the
neuroendocrine system as well as the brain-gut connection. Various
anti-obesity medications including anorexic substances were sold in
the past; however, they have all been discontinued due to serious side
effects. For instance, the widely used appetite suppressant,
sibutramine, was prohibited as anti-obesity agent by Food and
Drug Administration and European Medicines Agency due to
adverse cardiovascular effects and was discontinued in many
countries (James et al., 2010). For further understanding of the
mechanism of appetite regulation of pharmacological medicines, it
has been found that mild stimulants, such as diethylpropion,
phentermine, and bupropion, suppressed food intake, caused
weight loss, and modulated neural activity in the nucleus
accumbens shell (NAcSh) (Perez et al., 2019), a brain area with
strong dopaminergic innervation involved in feeding, sleep, and
locomotor behavior (Tellez et al., 2012). It was shown that D1-and
D2-like Dopamine (DA) receptor antagonists significantly
decreased their anorectic and weight loss effects, contradicting
the assumption that they primarily function via norepinephrine
and serotonin neurotransmitters (Kalyanasundar et al., 2015).
Nonetheless, these drugs are too present some side effects with
contraindications for individuals with heart diseases, diabetes,
pregnancy, seizure, uncontrolled hypertension, opioid or
monoamine oxidase inhibitor use, and may cause vomiting,
constipation, dry mouth, or suicidal thoughts (Grunvald et al.,
2022). Various phytochemicals aid in inhibiting appetite, with
some appetite suppressants having additional benefits such as the
browning of WAT that boosts its weight loss efficiency with fewer
adverse events encountered as found with the pharmacological
intervention (Figure 3).

3.2.1 Khat extracts from Catha edulis
Resembling the effect of amphetamine, Khat is a naturally

occurring stimulant that is derived from the leaves or young
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shoots of a flowering plant, Catha edulis which is grown in East
Africa and the Arabian Peninsula. Although the appetite-
suppressing properties of the synthetic amphetamine class
stimulants such as pure amphetamine (AMPH) are well known,
studies have implicated possibility of the malnutrition and low body
mass index due to consumption of these stimulants (Lemieux et al.,
2015). To date, very little is known regarding their natural
counterpart “khat”. Nevertheless, cultural chewing practice using
the leaves of the Khat plant has been known to have appetite-
suppressing effects for many years (Halbach, 1972; Zelger and
Carlini, 1980). The main active components of C. edulis are
cathine (D-nor-pseudoephedrine) (NPE) and cathinone (1-
aminopropiophenone) (Tucci, 2010). A recent study has
supported the idea that NPE-induced food suppression were
mediated by dopamine receptors (Fernandes et al., 2020). In
another words, NPE has been suggested to have similar anorectic
effects as other phenethylamine derivatives like diethylpropion,
phentermine, bupropion, and cathinone. This is to no one’s
surprise, given that these drugs are all structurally linked to
amphetamine and predicted to exert their effects via similar
pathways (Khan et al., 2012).

3.2.2 Extracts from Hoodia gordonii
One of the most is Hoodia gordonii, commonly known as

Bushman’s hat or Kalahari cactus is a popular dietary
supplement which is used extensively naturally derived appetite
suppressants (Jain and Singh, 2013). It is a succulent plant that is
native to Namibia and South Africa and is a member of the

Apocynaceae family (Bruyns, 2005). According to a study by
Shukla and team, H. gordonii contains large amounts of
pregnane, oxypregnane, and steroidal glycosides (Shukla et al.,
2009). Numerous oxypregnane glycosides were retrieved from H.
gordonii, such as P57AS3, also known as P57, which is notable for its
common aglycone Hoodigogenin A (12-O-tigloyl-3, 14-dihydroxy-
pregn-5-ene-20-one). Hoodigogenin A is suggested to be the
substance that actively suppresses appetite and raises the amount
of adenosine triphosphate ATP in hypothalamic neurons that
control food intake (MacLean and Luo, 2004; Geoffroy et al.,
2011). While consuming H. gordonii in powder supplements, tea,
and energy bars appears to have the intended impact on appetite and
weight loss, this effect may at least in part be a secondary effect of the
substantial side effects linked to ingesting the large dosages
necessary to reach therapeutic clinical benefit (Smith and
Krygsman, 2014).

3.2.3 Extracts from Caralluma fimbriata
Caralluma adscendens var. Fimbriata (Wall.), also commonly

known as Caralluma fimbriata (C. fimbriata) is well spread in the
dry regions of Asia (Dutt et al., 2012). It is an edible succulent cactus
that naturally grows throughout India and is a well-known famine
food, hunger suppressant, and thirst quencher (Kuriyan et al., 2007).
According to a study, pregnane glycosides, flavone glycosides,
megastigmane glycosides, bitter principles, saponins, and
numerous other flavonoids are the main phytochemical
components of C. fimbriata. Pregnane glycosides (Bader et al.,
2003). In reality, these compounds are abundant in plants of the

FIGURE 3
Mechanism of action(s) involved in reducing appetite and/or inducing the feeling of satiety exerted by selected plants and their main chemical
constituents. ARC; The arcuate nucleus of the hypothalamus; GLP-1: Glucagon-like peptide-1; CCK: Cholecystokinin.
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Asclepiadaceae family and may account for Caralluma’s appetite-
suppressing effects (Schneider et al., 1993). Downregulation of
ghrelin production in the stomach and neuropeptide Y (NPY) in
the hypothalamus is associated with the appetite reduction effects of
C. fimbriata extract (CFE), however the precise mechanism of action
is yet to be understood fully (Gardiner et al., 2005; Komarnytsky
et al., 2013). A clinical study was conducted in 140 overweight adults
between 20 and 50 years of age to examine the effects of C. fimbriata
extract on biomarkers of satiety and body composition (Rao et al.,
2021a). There was a significant difference in plasma leptin
concentration change between subjects who took the extract and
those who did not at week 16. Also, subjects received the treatment
had significantly reduced calorie intake from baseline, and
consequently a lower waist circumference compared to the
placebo group. Furthermore, an increased weight, fat mass,
android fat mass, BMI, along with higher level of leptin were
reported in the placebo group (when compared to baseline), but
not those who undergone extract treatment.

3.2.4 Nut oil from pinus koraiensis
Korean pine nuts have a long history of consumption,

notably in the Mediterranean and Asia. Fat constitutes over
60% of Pinus Koraiensis oil (PNO). The major constituents of
PNO includes triglycerides, poly- and monounsaturated fatty
acids (PUFAs and MUFAs), such as 4% palmitic acid, 28% oleic
acid, 47% linoleic acid, and 14% pinolenic acid) (Wolff et al.,
2000). Consumption of Korean pine nut-free fatty acids (FFA)
promotes release of the satiety hormone, cholecystokinin
(CCK) (Pasman et al., 2008). CCK causes a delay in stomach
emptying, which results in an enhanced sensation of fullness
and a decrease in appetite. Long-chain fatty acids are more
potent than medium-chain fatty acids at triggering the release
of the satiety hormone, and PUFAs are more potent than
MUFAs (McLaughlin et al., 1998). According to a study,
CCK-8 and glucagon-like peptide-1 (GLP-1) levels have been
demonstrated to rise after overweight postmenopausal women
were given pine nut-free fatty acids (Tucci, 2010). In clinical
investigations, Korean PNO reduced caloric consumption in
overweight women (Hughes et al., 2008), enhanced the release
of satiety hormones, and lowered appetite in post-menopausal
overweight women (Pasman et al., 2008).

3.2.5 Hydroxycitric acid from Garcenia cambogia
Hydroxycitric acid (HCA), a popular natural weight loss

drug derived from the dried fruit rind of the Southeast Asian
tree Garcinia cambogia (family Guttiferae) (Ohia et al., 2002).
The dried fruit rind is also referred to as Malabar tamarind, and
it is widely utilized for culinary uses in southern India (Sergio,
1988). HCA is a competitive inhibitor of ATP citrate lyase that
catalyzes the additional mitochondrial cleavage of citrate to
oxaloacetate and acetyl-CoA (Ohia et al., 2002). Recent studies
have shown that oral HCA supplementation (as Super
CitriMaxTM, a calcium/potassium salt of 60% HCA that is
tasteless, odorless, and extremely water soluble, HCA-SX) is
highly bioavailable in human plasma, as determined by a gas
chromatography-mass spectrometric approach (Loe et al.,
2001). Additionally, HCA (as Super CitriMaxTM, HCA-SX)
enhances the release of 5-HT from rat brain cortex slices

in vitro, allowing researchers to elucidate how HCA might
reduce hunger (Ohia et al., 2001). By altering the neuronal
absorption of this monoamine, HCA-SX is thought to enhance
the release and accessibility of [3H]-5-HT from neuronal
serotonergic nerve terminals. These results clearly imply that
the influence on 5-HT might be the mechanism underlying the
appetite reduction and food intake produced by HCA-SX since
elevated brain levels of 5-HT are implicated in regulating sleep,
mood changes, and appetite suppression (Ohia et al., 2002).
This finally leads to weight reduction due to reduced food
intake in addition to other mechanisms such as reduction in
body fat percentage, triglycerides, cholesterol and glucose
levels, and lipogenesis rate.

3.3 Plant-derived natural products as
pancreatic lipase and amylase inhibitors

α-amylase is one of the digestive enzymes secreted by the pancreas
and salivary glands. It is engaged in vital biological functions such as
carbohydrate digestion, whereas its activity is inhibited bymany crude
drugs (Kobayashi et al., 2000). It has been shown that natural α-
amylase inhibitors are beneficial in lowering post-prandial
hyperglycemia by delaying the breakdown of carbohydrates and, as
a result, reducing the absorption of glucose. Reducing post-prandial
hyperglycemia inhibits the formation and storage of triacylglycerol by
preventing glucose absorption into adipose tissue (Maury et al., 1993).
On the other hand, it is generally recognized that pancreatic lipase
must first be used to break down dietary fat before it can be directly
absorbed from the intestine. Fatty acid and 2-monoacylglycerol are
the two primary by-products of pancreatic lipase hydrolysis (Rani
et al., 2012a). Based on these facts, it can be a useful strategy to block
these digestive enzymes for treating obesity. Notably, there are
numerous digestive enzyme inhibitors isolated from plants that
have been reported in the literature, including crude saponins
from Platycodi radix (Han L. K. et al., 2002), tea saponin (Han
et al., 2001), licochalcone A from Glycyrrhiza uralensis roots
(WonLicochalcone et al., 2007), dioscin from Dioscorea nipponica
(Kwon C. S. et al., 2003) and the leaves of Nelumbo nucifera
containing phenolic components (Ono et al., 2006a).

3.3.1 Extracts from Stellaria media
Commonly referred to as “Chickweed,” Stellaria medium

(Linn.) Vill. (Caryophylaceae) is a favorite salad herb that is
found all across the Himalayas up to an altitude of 4,300 m
(Sharma, 2003). It is an edible medicinal species that are high in
β-carotenes, γ-linolenic acid, phenols, vitamins, and minerals.
This species shows dose-dependent inhibitory action against
pancreatic α-amylase and lipase. However, lipase was more
strongly inhibited by Stellaria media than α–amylase (Rani
et al., 2012a). Generally, S. media may reduce the buildup of
fat in adipose tissue caused by a high-fat diet by preventing the
intestinal absorption of dietary fat and carbohydrates through
the inhibition of both enzymes (Rani et al., 2012a).

3.3.2 Extracts from Achyranthes aspera
Achyranthes aspera Linn (Amaranthaceae), commonly known

as apamarga, is an herb that grows abundantly in India on roadsides
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and waste places. Traditionally, this plant is used as an antimalarial,
antileprotic, purgative, diuretic, emmenagogue, oestrogenic,
antiarthritic, antispasmodic, cardiotonic, antibacterial, and
antiviral agent (Goyal et al., 2007). Oleanane-type triterpenoid
saponins have been reportedly found in the extracts of A. aspera
(EAA) seeds (Hariharan and Rangaswami, 1970) that have
elucidated anti-microbial (Peter Amaladhas et al., 2013), wound-
healing and anti-inflammatory activities (Hareshbhai, 2021). A
study conducted by Rani et al. (2012) showed the effect of
phenols, flavonoids, and saponins of A. aspera in reducing
weight by inhibiting lipases and amylases. The in vitro assays
employing EAA showed dose-dependent inhibition of lipase and
α-amylase activity. EAA inhibited lipase more potently than α-
amylase, with an IC50 value of 2.34 mg/mL and 3.83 mg/mL
respectively. Latha et al. evaluated the hypolipidemic activity of
the saponin extract of EAA at 1,200 mg/kg body weight in male
Wister rats fed on a high-fat diet for 8 weeks (Latha, 2011). The
result demonstrated that when comparing EAA-treated rats to HF
diet-only fed rats, a significant reduction was seen in the food
efficiency ratio, body weight gain, visceral organ weight indices,
serum total cholesterol, triglycerides, very low-density lipoproteins,
low-density lipoproteins, atherogenic index, and hepatic total
cholesterol and triglyceride levels. When compared to the HF
diet alone fed group, the EAA-treated group showed a significant
increase in blood high density lipoproteins, fecal total cholesterol,
and triglyceride levels. Comparatively, another study administered
EAA to mice at a dosage of 900 mg/kg body weight following an oral
administration of olive oil, which dramatically reduced postprandial
lipid levels at 3 and 4 h (Rani et al., 2012b). When EAA was fed to
mice over an extended period of 6 weeks, the blood parameters
significantly changed, with lower levels of total cholesterol, total
triglycerides, and LDL cholesterol, but higher levels of HDL
cholesterol (Rani et al., 2012b). In both of the aforementioned
studies, 5-weeks old male Swiss albino mice were employed for
the in vivo models to determine the pancreatic amylase and lipase
inhibitory activity in using similar experiments. In other words, the
anti-obesity effects of A. aspera were most likely attributed to the
anti-oxidant power delivered by saponins and more studies would
be helpful to understand other phytochemicals extracted in different
parts of this plant.

3.3.3 Extracts from Nelumbo nucifera
Nelumbo nucifera Gaertn. Is a traditional Chinese herb

commonly called lotus, that is widely distributed throughout
Eastern Asia. Interestingly, all its plant parts including its fruits,
leaves, rhizomes, and seeds are edible and have been used for
different purposes including obesity management (Mukherjee
et al., 2009). Diverse phytochemical groups were isolated from N.
nucifera such as alkaloids, flavonoids, megastigmanes, vitamins, and
elemanolide sesquiterpenes. Two main actions were inhibited by
using N. nucifera leaves: a) pancreatic lipases and b) T3-L1
preadipocytes differentiation. The inhibition of pancreatic lipases
seems to be mediated by benzylisoquinoline alkaloids, such as trans-
N-coumaroyltyramine and trans-N-feruloyltyramine. Besides that,
T3-L1 preadipocytes differentiation was strongly inhibited by
alkaloids like roemerine oxide, and liriodenine. Other
megastigmanes and flavonoids have also been described to
significantly reduce fat accumulation but with lower efficacy

compared to the above-mentioned ones. On the other hand, due
to the presence of an epoxy moiety in their structures, the two
compounds; 5,6-epoxy-3-hydroxy-7-megastigmen-9-one and
annuionone D strongly suppressed adipocyte differentiation,
indicating the significance of the epoxy moiety for the
antiadipogenic activity of megastigmanes (Ahn et al., 2013).

3.3.4 Extracts from Dioscorea nipponica makino
Dioscorea nipponicaMakino is a perennial herb belonging to the

Dioscoreaceae family that is mostly found in northeastern, northern,
eastern, and central China. The Miao and Meng ethnic groups of
China have traditionally used this herb’s rhizome to treat pain.
Saponin and sapogenins in addition to the phenanthrenes that were
extracted from the aerial parts are mainly responsible for most of the
pharmacological effects of this plant (Ou-Yang et al., 2018).
Saponins glycone and aglycone, namely, dioscin and diosgenin,
were isolated from D. nipponica. Both compounds suppressed the
increase in blood triacylglycerol level in a time-dependent manner
when orally injected with corn oil to mice, demonstrating their
inhibitory potential against fat absorption. Additionally, during an
8-week study, Sprague-Dawley rats fed a high-fat diet that also
contained 40% beef tallow and 5% D. nipponicaMakino grew much
less body weight and adipose tissue than the control animals (Kwon
C.-S. et al., 2003).

3.3.5 Extracts from Platycodi Radix
The root of Platycodon grandiflorum known as Platycodi Radix

is a rich source of saponins (platycosides) which exhibits potent
biological activities. It has been used as a traditional oriental
medicine and many biological benefits were attributed to the
Platycodi Radix extracts (Ha et al., 2006). Example use of
Platycodi Radix as a food and a folk remedy includes bronchitis,
asthma and pulmonary tuberculosis, hyperlipidemia, diabetes and
inflammatory diseases. The saponins extracted from Platycodi Radix
was employed in preventing hypercholesterolemia and
hyperlipidemia (Lee and Jeong, 2002). Han et al. (Han L.-K.
et al., 2002) discussed the effects of crude saponins isolated from
Platycodi Radix on fat storage induced in mice by feeding a high fat
diet. A high fat diet supplemented with 10 or 30 g/kg crude saponins
reduced adipose tissue gain and hepatic steatosis. However, the oral
administration of 375 mg/kg saponins in a lipid emulsion inhibited
the increases in triacylglycerol blood levels in rats compared with
that of rats which did not receive the saponin extracts.
Consequently, it was determined that the anti-obesity effect of
the crude saponins in mice fed a high fat diet including the
reduction of blood triacylglycerol may be due to the inhibition of
intestinal absorption of dietary fat by platycodin D. In a different
study, 10 known triterpenoidal saponins were purified from
Platycodi Radix, among them; platycodin A, C, D, and
deapioplatycodin D, as all of them showed intestinal absorption
inhibition of dietary fats mediated by pancreatic lipase inhibition
(Xu et al., 2005).

3.3.6 Licochalcone A from Glycyrrhiza uralensis
Glycyrrhiza uralensis (Fisher) belongs to the family

Leguminosae and is widely prized for its therapeutic
capabilities, which include antiviral and anti-tumor benefits.
These effects are typically attributed to its main bioactive
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component, glycyrrhizin. In addition, other phytochemical
classes isolated from the roots of this plant such as
polysaccharides, triterpenes, and flavonoids were reported
have anti-inflammatory, anticancer, and antioxidant activities
(Afreen et al., 2006; Aipire et al., 2020). In 2007, Won and team
purified Licochalcone A from the ethyl acetate/n-hexane fraction
of the ethyl acetate extract of G. uralensis roots
(WonLicochalcone et al., 2007). The team subsequently
uncovered that licochalcone A inhibited pancreatic lipase
activity reversibly and non-competitively with a Ki value of
11.2 μg/mL (32.8 μM). The same study has also reported
pancreatic lipase inhibition mediated the production of oleic
acid with both artificial substrate 2,4-dinitrophenyl butyrate and
the natural substrate triolein. Intriguingly, licochalcone A
extracted from G. uralensis increased the browning of inguinal
white adipose tissue population in obese mice in addition to
inducing the expression of UCP-1 in 3T3-L1 adipocytes (Lee
et al., 2018). Figure 4.

3.4 Plant-derived natural products improve
insulin sensitivity and induce hypoglycemia

Insulin resistance is directly associated with obesity and
physical inactivity (Ginsberg, 2000). Adipose tissue is a highly
insulin-responsive organ that significantly affects both glucose
and lipid metabolism (Luo and Liu, 2016). Furthermore, the
adipose tissue of people with obesity and insulin resistance is
characterized by a progressive infiltration of macrophages,

which may increase the secretion of proinflammatory
adipokines, resulting in a progressive failure of adipocyte
function, the emergence of insulin resistance and eventually
T2DM (Goossens, 2008). There are several studies demonstrated
the effects of natural products in diabetes management by
improving insulin sensitivity and reducing its resistance. The
hypothesis postulated to interpret insulin resistance that
eventually leads to diabetes is related to inflammation,
mitochondrial dysfunction, and hyperinsulinemia. Other
active factors in this mechanism are oxidative stress,
endoplasmic reticulum stress, genetic factors, aging, and fatty
liver. A more plausible interpretation is cell energy surplus
signaled by the adenosine monophosphate-activated protein
kinase (AMPK) signaling pathway that indicates high ATP
production inside cells. Consequently, effective therapies for
reducing obesity-associated insulin resistance pass through one
of the following approaches: suppressing ATP production or
stimulating their utilization, which can be achieved by
restricting calories and exercising. Also, medicines and
natural products that sensitize cells eventually inhibit ATP
production in mitochondria (Ye, 2013). These products
sensitize cells to insulin, mainly targeting PPARγ, which
controls several genes that affect the metabolism of glucose
and lipids. Those agents improve insulin resistance in
humans, specifically by boosting the disposal of insulin-
stimulated glucose from skeletal muscle. Besides, individuals
with T2DM have illustrated an increase in insulin-stimulated
(insulin-resistant substrate) IRS-1-associated PI3K and Akt
activity in their skeletal muscle (Choi and Kim, 2010).

FIGURE 4
Examples of few plant species with the main phytochemicals and/or groups that inhibit lipases and amylases. MG: monoglycerols, FFA: free fatty
acids.
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3.4.1 Extracts from Trigonella foenum-graecum
Fenugreek Trigonella foenum-graecum L. originated in India and

North America and was also reported in ancient Egypt and Rome for
embalming mummies and facilitating labor and delivery (Smith
et al., 2003). The chemical constituents extracted from fenugreek
include steroidal sapogenins such as diosgenin, furostanol
glycosides, alkaloids such as trigocoumarin, nicotinic acid,
trimethyl coumarin, and trigonelline (Wani and Kumar, 2018).
In diabetic patients, fenugreek extract has reduced insulin
resistance and improved blood glucose management (Gupta
et al., 2001). Its anti-hyperglycemic actions have been linked to
potentiating insulin release and improving insulin sensitivity (Puri
et al., 2002), in addition to preventing intestinal carbohydrate
digestion and absorption (Hannan et al., 2007). The anti-
hyperglycemic properties are thought to be caused by steroids,
saponins, alkaloids, and fiber in the fenugreek seeds (Snehlata
and Payal, 2012). According to a clinical study on 18 individuals,
fenugreek seed soaked in hot water significantly lowered fasting
blood glucose, triglycerides, and very low-density lipoprotein
cholesterol (VLDL-C) levels (Kassaian et al., 2009). In another
study, when total fenugreek saponins and sulfonylureas were
used together as a therapy, 46 patients with type II diabetes
witnessed an improvement in clinical symptoms as compared to
23 controls. The combined treatment reduced blood sugar levels (Lu
et al., 2008). Besides, trigonelline displayed great potential in treating
obesity as it is involved in the browning of 3T3-L1 white adipocytes.
The administration of trigonelline resulted in a considerable
upregulation of the expression of BAT signature proteins,
including PGC-1α, PRDM16, and UCP1 as well as the genes that
encode these proteins (Ppargc1α, Prdm16, and Ucp1) in 3T3-L1
white adipocytes (Choi et al., 2021).

3.4.2 Extracts from Allium sativum
Garlic (Allium sativum) belongs to the Liliaceae family and

contains a variety of chemicals, such as organic sulfur compounds,
amino acids, vitamins, and minerals. Some organosulfur garlic
components are allicin which is very unstable and rapidly
decomposes into other sulfur compounds, including ajoene,
dithiins, allyl methyl trisulfide, diallyl sulfide, diallyl disulfide, and
diallyl trisulfide (Zhang Y. et al., 2020). S-allyl cysteine and diallyl
disulfide may have therapeutic benefits on blood glucose, lipid
profile, and insulin levels (Agarwal, 1996). The effects of garlic in
treating hyperglycemia are investigated by conducting different
studies; where in one study, the results showed that garlic
decreased serum fructosamine, triglycerides, and fasting blood
glucose levels in a 4-week double-blinded placebo-controlled
study with 60 T2DM patients (Sobenin et al., 2008). In another
study, it was found that in T2DM patients, garlic showed anti-
hyperglycemic and anti-hyperlipidemic properties (Ashraf et al.,
2005). The mechanisms of garlic are thought to improve
hyperglycemia by increasing insulin secretion and enhancing
insulin sensitivity (Liu et al., 2005). A randomized study
demonstrated that aged garlic extract plus supplement (AGE-S)
decreased homocysteine white epicardial adipose tissue (EAT).
AGE-S was also found to increase brown EAT and the ratio of
brown EAT to white EAT, which was related to the increases in
vascular function measured by temperature rebound (Ahmadi et al.,
2013). Balogun et al. studied the effect of garlic scape extract in

regulating adipogenesis and lipogenesis in white adipose tissue. On
themolecular and genetic level, 3T3-L1 cells treated with the extracts
exhibited reduced PPAR-γ, CCAAT/enhancer-binding protein a
and b, acetyl-CoA carboxylase, fatty acid synthase, sterol
regulatory element binding protein 1c, diacylglycerol
acyltransferase 1, and perilipin-1 genes. Furthermore, it was also
found that lipid accumulation significantly decreased in cells treated
during pre-adipogenesis and post-differentiation but less so in cells
treated during adipogenesis and differentiation. Additionally, when
cells were exposed to garlic scape extract during differentiation,
phosphorylation on AMPK and its downstream proteins increased
along with elevated levels of carnitine palmitoyl transferase-1α and
hormone-sensitive lipase (Balogun and Kang, 2022). In parallel, the
β-carboline alkaloid; (1R,3S)-1-methyl-1,2,3,4-tetrahydro-β-
carboline-3-carboxylic acid, was the active compound isolated
from garlic has suppressed the differentiation of adipocytes in the
3T3-L1 preadipocytes by preventing the remodeling of cytoskeleton,
which is required for adipogenesis to take place (Baek et al., 2019).

3.4.3 Extracts from Hypericum perforatum L.
Hypericum perforatum L., also known as St. John’s wort, has

been used for many purposes by the public to treat anxiety,
depression, insomnia, gastritis, hemorrhoids, wounds, and burns.
(Tokgöz and Altan, 2020). The main bioactive compounds in
Hypericum perforatum L. are hypericin, hyperforin, and
adhyperforin (Gray et al., 2000). It was demonstrated that H.
perforatum L. extract (EHP) inhibited the protein tyrosine
phosphatase 1B (PTP1B) by reducing the gene expression and
the catalytic activity of the enzyme (Tian et al., 2015). Insulin
resistance and lipid metabolic disorders have been linked to
PTP1B, the enzyme that negatively regulates the insulin and
leptin signaling pathways (Sun et al., 2007; Basavarajappa et al.,
2012). PTP1B inhibitors increase insulin sensitivity by increasing
the activity of insulin and leptin receptors (Picardi et al., 2008).
Thus, it was found that the treatment with EHP improves
hyperinsulinemia, hyperglycemia, insulin tolerance, and
glucose infusion rate in the hyperinsulinemic-euglycemic
clamp test (Tian et al., 2015).

3.4.4 Extracts from Zingiber officinale
Ginger is the subterranean stem of Zingiber officinale

Roscoe, which belongs to Zingiberaceae and most likely
originated from Southern China. The primary bioactive
ingredients are found to be phenolic and terpene compounds
such as gingerols that, under heat and prolonged storage
converted to shogaols which are transformed by
hydrogenation to paradols (Stoner, 2013; Khandouzi et al.,
2015). Gingerol treatment enhanced the adipocyte
differentiation in mice and improved insulin sensitivity and
glucose uptake; thus, it is anticipated that this may also help the
diabetic condition (Sekiya et al., 2004). In an in vivo study,
animals fed a high-fat diet who had their diets enriched with 2%
ginger had considerably higher blood insulin concentrations
and greater glucose tolerance (Islam and Choi, 2008). Moreover,
ginger nanoparticles were fed with HFD for a year to the mice to
examine their power to prevent insulin resistance by restoring
homeostasis of the transcription factor Foxa2 in the gut
epithelia (Kumar et al., 2022). The ginger nanoparticle
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feeding boosted Foxa2 protein expression and protected it from
Akt-1-mediated phosphorylation and the subsequent
inactivation of Foxa2, opposite to HFD, that suppressed its
expression. Furthermore, compared to gingerols and 6-shogaol,
gingerenone A had a stronger inhibitory effect on adipogenesis
and lipid accumulation in 3T3-L1 preadipocyte cells.
Additionally, gingerenone A may alter fatty acid metabolism
in vivo by activating AMPK, that minimize diet-induced
obesity. The peroxisome proliferator-activated receptor δ
(PPAR-δ)-dependent gene expression in cultured skeletal
muscle myotubes was increased by 6-shogaol and 6-gingerol,
which enhanced cellular fatty acid catabolism. Also, a
randomized, double-blind, placebo-controlled study showed a
reduction in BMI among female participants when they took 2 g
of ginger powder daily (Mao et al., 2019).

3.4.5 Extracts from Crocus sativus
Crocus sativus Linn is a member of the Iridaceae family, and its

dry stigmas have traditionally been used as a spice or culinary
ingredient (Kang et al., 2012). Saffron has a long history of
traditional use as a medicinal agent in addition to being a food
coloring and aromatic spice. It appeared in ancient writings of
prominent scientists like Avicenna as he noted its significant
therapeutic effects (Javadi et al., 2013). Saffron extracts include
several potent carotenoids, including crocin, and its aglycone
crocetin, the monoterpene glycoside picrocrocin, and safranal,
which give them pharmacological activities on a diverse range of
diseases (Rios et al., 1996). A randomized, double-blind, placebo-
controlled clinical trial supported the idea of saffron in treating
diabetes, in which it was found that type II diabetes patients who
took 100 mg/day of saffron powder for 8 weeks lowered the fasting
blood glucose and TNF-α serum levels, along with downregulation
of TNF-α and IL-6 mRNA expression (Mobasseri et al., 2020a).
Additionally, Milajerdi and team conducted a randomized, triple-
blind study involving 54 T2DM patients, and discovered that saffron
supplementation daily for 8 weeks significantly lowered the
individuals’ fasting blood glucose levels (Milajerdi et al., 2018).
Similarly, another placebo-controlled randomized clinical study
by Sepaphi found that daily 15 mg of oral crocin administration
significantly decreased HbA1C in diabetic patients compared to the
control placebo groups (Sepahi et al., 2018). The underlying
mechanisms of action of saffron in diabetes treatment are
believed to be insulin sensitivity enhancement, stimulation of
insulin signaling pathways, improvement of β-cell activities,
promotion of glucose transporter type 4 (GLUT-4) expression,
regulation of oxidative stress, repression of inflammatory
pathways (Mobasseri et al., 2020b).

3.4.6 Extracts from the genus Panax
There are several different species of ginseng, all of which are

members of the Aaraliaceae plant family. Ginseng from Korea,
Japan, and North America belong to the genus Eleutherococcus,
while Siberian ginseng belongs to the genus Panax (Vogler et al.,
1999). Ginsenosides, a broad group of steroidal saponins, are
primary ingredients in ginseng that target a wide range of tissues
and elicit various pharmacological effects. Their capacity to
separately target multireceptor systems at the plasma membrane
and activate intracellular steroid receptors may explain some of their

complex pharmacological effects (Attele et al., 1999). In several
animal models of T2DM, different parts of ginseng (e.g., roots,
stems, leaves, and berries) have displayed substantial
antihyperglycemic effects. Clinical investigations suggested that
ginseng arises as an alternative treatment for T2DM (Vuksan
et al., 2000) as it can effectively reduce insulin resistance and
fasting blood glucose (Ma et al., 2008). Ginseng possibly reduces
blood glucose by increasing insulin production, preserving
pancreatic islets, increasing insulin sensitivity, and stimulating
glucose uptake (Xie et al., 2011). In particular, by promoting the
AMPK pathway, ginseng and ginsenosides decrease energy intake
while increasing energy expenditure. Moreover, a study found that
black ginseng significantly elevated the expression of brown
adipocyte markers (UCP1, PRDM16, and PGC-1) in both types
of adipocytes, 3T3-L1 cells and primary white adipocytes. In the
same study, administration of the ginsenoside Rb1 enhanced the
expression of the brown adipocyte markers in a dose-dependent way
in 3T3-L1 cells and primary white adipocytes (Park S. J. et al., 2019).
Finally, improving insulin sensitivity and browning the WAT by
ginseng chemical constituents can increase the capabilities to reduce
weight and prevent obesity.

3.4.7 Essential oils from the genus Cinnamomum
Cinnamon is a spice from the Lauraceae family made of the bark

of plants from the genus Cinnamomum including Cinnamomum
zeylanicum and Cinnamomum cassia. The main active ingredients
of cinnamon are the volatile oils extracted from C. zeylanicum, and
C. cassia’s bark, leaves, and roots. Due to the different chemical
compositions of distinct plant parts, the pharmacological effects of
these volatile oils also vary. Even so, there are few common
monoterpene hydrocarbons present in these oils across the three
plant parts (i.e., bark, leaves and roots) but in various ratios. The
predominant component of the root-bark oil is camphor, while
eugenol and cinnamaldehyde present in the leaf oil and bark oil,
respectively. Particularly, four oils were extracted from the dried
stem bark of C. cassia; cinnamaldehyde, cinnamic acid, cinnamyl
alcohol, and coumarin (Jayaprakasha and Rao, 2011).

In addition to its traditional and culinary uses, cinnamon has
anti-inflammatory, antibacterial, antioxidant, and anticancer
properties (Cao et al., 2008; Hariri and Ghiasvand, 2016).
Cinnamon enhances insulin sensitivity and has advantageous
effects on metabolism (Couturier et al., 2010). In a randomized,
controlled clinical trial, cinnamon decreased hemoglobin A1c
(HbA1C) by 0.83% compared to conventional therapy alone,
which decreased HbA1C by 0.37% in individuals with T2DM
(Crawford, 2009). Furthermore, cinnamon is also described to
promote the browning of white adipose tissue by Kwan and team
when they observed that subcutaneous adipocytes derived from
obese mice models underwent browning post-cinnamon extract
treatment. The WAT browning mechanism was marked by an
increase in the expression of UCP1 and other brown adipocyte
markers in 3T3-L1 adipocytes as well as subcutaneous adipocytes.
Additionally, the cinnamon extract treatment increased
mitochondrial protein biogenesis (Kwan et al., 2017).

3.4.8 Capsaicin from Capsicum annuum
The active ingredient in chili peppers, capsaicin, is often taken as

a spice. It acts as an agonist on vanilloid channel 1’s transient
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receptor potential (TRPV1) (Saito, 2015). The receptor plays a
significant role in the modulation of metabolic syndrome, where
insulin resistance and obesity are present and increase the risk of
developing cardiovascular disease, T2DM, and non-alcoholic fatty
liver disease (Panchal et al., 2018). In vitro and pre-clinical studies
have shown low-dose dietary capsaicin to be useful in reducing
metabolic problems. Capsaicin’s activation of TRPV1 protein
receptor can subsequently regulate adipocyte thermogenesis, and
the activation of metabolic modulators such as AMP-activated
protein kinase (AMPK), PPARα, UCP1, and GLP-1 (Panchal
et al., 2018). Capsaicin enhances insulin sensitivity, increases fat
oxidation and reduces body fat; all of which are known to be
beneficial for liver and heart health. It was also reported to be
effective in diabetic neuropathy and has anti-inflammatory and anti-
diabetic properties (Aryaeian et al., 2017) (Figure 5). Capsaicin was
also found to decrease lipid accumulation by decreasing PPARγ,
C/EBPα, and leptin protein expression, but increased adiponectin
expression in 3T3-L1 adipocytes (Hsu and Yen, 2007).

3.4.9 Ursolic acid
The well-known pentacyclic triterpene ursolic acid (3β-

hydroxy-12-urs-12-en-28-oic acid) is frequently utilized in
traditional Chinese medicine (Bacanli et al., 2019). The primary
sources of ursolic acid include Malus pumila, Ocimum basilicum,
Vaccinium spp., Vaccinium macrocarpon, Olea europaea, Origanum
vulgare, Rosmarinus officinalis, Salvia officinalis, and Thymus
vulgaris (Ikeda et al., 2008). In diabetic rats, it was demonstrated
that ursolic acid (0.05% w/w) altered blood glucose levels and
enhanced insulin sensitivity and glucose intolerance. It has also
been proposed to preserve pancreatic β-cells and thus increase
insulin levels (Jang et al., 2009). Ursolic acid inhibits protein
tyrosine phosphatase 1B (PTP1B), an enzyme linked to the
downregulation of the insulin receptor, hence increasing the

number of insulin receptors and the number of active receptors;
it is the mechanism presented in an in vitro study, explaining the
hypoglycemic activity of ursolic acid (Jung et al., 2007).

3.4.10 Cinnamic acid
The most common sources of cinnamic acid are cinnamon

(C. cassia L.) J. Presl, citrus fruits, grapes (Vitis vinifera L.), tea
(Camellia sinensis L.) Kuntze, chocolate (Theobroma cacao L.),
spinach (Spinacia oleracea L.), celery (Apium graveolens L.), and
brassica vegetables (Adisakwattana, 2017). Cinnamic acid (3-
phenyl-2-propenoic acid) is an antioxidant phenolic molecule
(Bacanli et al., 2019). Cinnamic acid and its derivatives effectively
treat diabetes and its complications, among other biological
activities. In particular, the impact of cinnamon bark extract
on diabetic mice was investigated by Kim et al. (Kim and Choung,
2010). Through the regulation of PPAR-mediated glucose and
lipid metabolism, cinnamon extract has been proposed to
improve hyperglycemia and hyperlipidemia, increase insulin
sensitivity, and lower blood and hepatic lipids. The objective
of Lee et al. (Lee et al., 2022) study was to assess the impact of
cinnamic acid on obesity, along with its effects on peripheral and
hypothalamic inflammation, metabolic profiles, and
macrophage-related inflammatory responses in mice fed a
high-fat diet (HFD). Results indicated that cinnamic acid-
supplement feed reduced obesity and its associated symptoms,
such as epididymal fat accumulation, insulin resistance, glucose
intolerance, and dyslipidemia, without causing hepatic or renal
damage. Additionally, cinnamic acid reduced HFD-induced fat
deposition, tumor necrosis factor-α, and macrophage infiltration
in the liver and adipose tissue. Moreover, Ly6chigh monocytes,
M1 adipose tissue macrophages, and hypothalamus microglial
activation were all reduced by cinnamic acid. These findings
imply that cinnamic acid inhibits the peripheral and

FIGURE 5
Natural products/plant species that enhance insulin resistance and reduce obesity. IR: insulin receptor; IRS-1: insulin receptor subunit-1; Glut4:
Glucose transporter type 4; DGAT: Diglyceride acyltransferase; CCAATa/b: CCAAT/enhancer-binding protein a and b; FAS: Fatty acid synthase; Thick
green arrow: increase; Thick red inhibition arrow (ꓕ): inhibition.
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hypothalamus inflammatory monocyte/macrophage system and
improves metabolic problems associated with obesity.

3.4.11 Resveratrol
Resveratrol (3,4,5-trihydroxystilbene), a polyphenolic compound

renowned for its antioxidant and anti-inflammatory attributes, has
been identified in several plant species, such as Polygonum
cuspidatum, Veratrum grandiflorum, V. vinifera, Arachis hypogaea,
andVaccinium oxycoccos, among others (Bishayee et al., 2010). Due to
its multifaceted mechanisms of action, encompassing enhancements
in insulin sensitivity, promotion of GLUT4 translocation, mitigation
of oxidative stress, regulation of carbohydrate metabolizing enzymes,
activation of crucial signaling pathways mediated by SIRT1 and
AMPK, and potential downregulation of adipogenic genes,
resveratrol exhibits considerable promise as a therapeutic agent for
the treatment of diabetes and other severe diseases (Bagul and
Banerjee, 2015). Particularly, through the activation of
mitochondrial sirtuin proteins, resveratrol controls blood sugar
levels. These proteins regulate the metabolism of sugar and fat;
therefore, they significantly impact the body’s ability to produce
energy at various levels. This is achieved by enhancing the
thermogenesis processes, which increase energy expenditure by
burning more adipose tissue (Moshawih et al., 2019).
Consequently, resveratrol has the potential to decrease target organ
failure and comorbidities that are related to diabetes (Figure 5).

3.4.12 Procyanidins
Procyanidins are the primary flavonoids, also known as flavan-

3-ols or flavanols, under proanthocyanidins or condensed tannins
family (Aron and Kennedy, 2008). They are oligomeric structures
formed by polymerizing 2 to 10 subunits of the monomeric flavanols
catechin and epicatechin. Procyanidins are available in different
fruits, vegetables, legumes, grains, and nuts such as Prunus
domestica, Prunus salicina, Malus domestica, V. vinifera, Prunus
amygdalus, Cicer arietinum, among others (Rue et al., 2018; Bahrin
et al., 2022). Few studies have shown the effects of different
procyanidins forms on GLP-1. For instance, after being
consumed simultaneously with sucrose, berry puree high in
proanthocyanidins increased the active GLP-1 levels in healthy
adults, leading to a significant decrease in blood glucose levels.
Moreover, the administration of another procyanidins derivative,
cinnamtannnin A2 increases insulin and active GLP-1 secretion in
fasting healthy mice. It was previously described that the L-cells
found in the intestine, specifically the ileum and large intestine, and
the release of GLP-1 (Törrönen et al., 2012; Yamashita et al., 2013).
This hormone is important for controlling glucose homeostasis
since its major job is to improve the β-cells’ responsiveness to
glucose. It also increases β-cell mass by encouraging proliferation,
lowering apoptosis, and boosting β-cell differentiation. It is also that
has been found that enteroendocrine cells such as L-cells is a possible
target for procyanidin. They have also been reported to reduce the
damage caused by the diet, hence enhancing glycemic status and
insulin sensitivity in fructose or high-fat-induced insulin resistant
models (González-Abuín et al., 2015).

3.4.13 Mangiferin
Mangiferin (MF) is a glucosylxanthone that is present in the

mango tree (Mangifera indica), the rhizomes of Anemarrhena

asphodeloides (Miura et al., 2001), and the leaves of Bombax
ceiba. It is proven to have anti-diabetic, cancer-fighting, antiviral,
anti-aging, and antioxidant properties (Dar et al., 2005). Studies
revealed that MF increased the AMP-activated protein kinase
(AMPK) phosphorylation in 3T3-L1 cells, pancreatic β-cell mass,
and the amount of glucose and insulin absorption (Han et al., 2015).
To elucidate the mechanism of mangiferin in reducing insulin
resistance, Qiao Zhang and team induced lipid accumulation in
HepG2 and C2C12 cell lines by using palmitic acid and treated them
with various concentrations of MF (Zhang et al., 2019). The
outcomes demonstrated that MF significantly increased insulin-
stimulated glucose uptake and markedly decreased glucose
content in HepG2 and C2C12 cells, as a result of phosphorylated
protein kinase B (AKT), GLUT2, and GLUT4 protein expressions.
MF also significantly reduced intracellular FFA and triglyceride
accumulations and boosted FFA uptake. In HepG2 and
C2C12 cells, MF increased the fatty acid oxidation rate
corresponding to FFA metabolism, and augmented the activity of
PPAR protein and its downstream proteins involved in fatty acid
translocase (CD36) and carnitine palmitoyltransferase 1 (CPT1). In
vitro, oral treatment of mangiferin at a dosage of 20 mg/kg improved
insulin sensitivity in Streptozotocin-induced diabetic rats, altered
lipid profiles, and reduced the amount of adipokine, and
consequently, reduced the inflammation and metabolic syndrome
development (Saleh et al., 2014).

3.4.14 Amorfrutins
Amorfrutins are non-toxic components of the fruits of Amorpha

fruticosa, and the edible roots of licorice, Glycyrrhiza foetida
(Weidner et al., 2012). The plant A. fruticosa, in which the
molecules were first discovered, is where the term “amorfrutin”
originated. The small, lipophilic amorfrutin class contains the 2-
hydroxybenzoic acid as the core structure, and it is surrounded by
phenyl and isoprenyl moieties (de Groot et al., 2013). They are a
class of natural compounds that have recently been discovered to be
PPARγ agonists with selective peroxisome proliferator-activated
receptor [γ] modulator (SPPARγMs)-like properties (Lefebvre
and Staels, 2012). Amorfrutins are found to be potent PPARγ
agonists with a binding affinity range from 236 to 354 nM, in
addition to a micromolar affinity for PPARα and PPARβ/δ. It
was reported that the affinity of amorfrutin B to the PPARγ
receptors is twice as strong as the synthetic anti-diabetic drug
pioglitazone (Weidner et al., 2012). The widely targeted type II
diabetes protein, PPARγ, is a sensor and regulator that
predominates lipid and glucose metabolism and adipose cell
differentiation. PPARγ receptor improves insulin sensitivity via
various metabolic actions, including adipokines regulation
(Malapaka et al., 2012).

3.5 Plant-derived natural products inhibiting
adipogenesis and inducing adipocytes
apoptosis

Adipogenesis is described as transforming preadipocytes into
adipocytes by arresting preadipocyte development, accumulating
lipid droplets, and producing mature adipocytes with certain
morphological and biochemical features (Ghaben and Scherer,
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2019; Zhang K. et al., 2020). The initial sign of adipogenesis is a
change in cell shape, accompanied by modifications in the type and
level of expression of cytoskeletal and extracellular matrix
components (Gregoire et al., 1998). These events give rise to the
production of two categories of transcriptional factors involved in
adipogenesis, namely, C/EBP and PPAR. The main transcriptional
regulators of adipogenesis are C/EBPα and PPARγ, which are
necessary for producing numerous functional proteins in
adipocytes. The terminally differentiated adipocyte phenotype
appears predominantly activated and maintained by C/EBPα. At
the onset of differentiation, C/EBPβ and C/EBPδ are expressed and
thought to control C/EBPα synthesis. The PPARs are part of the
nuclear hormone receptor superfamily, which contains retinoid,
thyroid, and steroid hormone receptors. For example, activation of
PPARα in the liver causes peroxisomes and related enzymes to
proliferate, resulting in long-chain fatty acid metabolism via the β-
oxidation cycle. Because it is expressed most abundantly in adipose
tissue and is activated during the early phase of differentiation of
both 3T3-L1 and 3T3-F442A preadipocytes, PPARγ is thought to
play a significant role in controlling adipogenesis (Wu et al., 1996).

On the other hand, inducing apoptosis is a viable method of
removing adipocytes in obese people, which can be achieved
through suppressing adipogenesis, obstructing fat accumulation,
and deleting adipocytes. Notably, adipokines are the hormones
that signal changes in fatty-tissue mass and energy balance to
regulate energy consumption. They are secreted from the adipose
tissue to control fat weight and homeostasis (Muoio and
Newgard, 2005). The two most prominent adipokines that can
be considered an excellent strategy to be targeted by natural
products are leptin and TNF-α. Leptin is produced and secreted
by adipocytes to regulate thermogenesis and food intake through
both central and peripheral pathways to increase adipose tissue
mass. According to a recent study, adipose tissue in rats that had
received leptin by intra-cerebroventricular injection decreased
quickly and showed signs of apoptosis. Furthermore, the effect of
leptin on peripheral tissue was as efficacious as the centrally
administered dose (Zhang and Huang, 2012). To further clarify
the mechanism, it has been known that leptin can stimulate the
production of angiopoietin-2 in the adipose tissue, which also

leads to the development of apoptosis in the cells without
increasing the vascular endothelial growth factor. To
understand the role of the PPAR-γ in this process, Qian and
others analyzed its mRNA levels after intra-cerebrovascular
administration. They found that the protein levels increased
significantly after leptin treatment, which may indicate its
involvement in the mechanism (Qian et al., 1998). TNF-α is
the second adipokine generated and produced by adipocytes and
plays a vital role in regulating and controlling adipocyte mass and
number via apoptotic mechanisms. It has been reported that the
P55 TNF-α receptor subtype is responsible for the induction of
apoptosis of the differentiated brown fat cells when bound with
its substrate, TNF-α. According to a recent study, TNF-α
decreases the number of mature adipocytes but not
preadipocytes by inducing apoptosis, through C/EBP and
PPARγ-mediated inhibition of NF-kB. Moreover, β-catenin
pathway was also found to be involved in the TNF-α regulated
3T3-L1 preadipocyte apoptosis (Cawthorn et al., 2007; Tamai
et al., 2010). In short, adipogenesis is tightly regulated by
neuroendocrine system. At any rate, natural products and
phytochemical affecting enzymes or pathways that are related
to hunger or satiety can have the potential to indirectly affects
adipogenesis and apoptosis induction, and eventually lead to
obesity reduction. The following section further explores
additional phytochemicals that exert its anti-obesity effects via
inhibiting adipogenesis or inducing apoptosis of adipocytes.
Figure 6.

Natural substances, including EGCG, genistein, esculetin,
berberine, resveratrol, capsaicin, baicalein, and procyanidins,
have been shown to inhibit adipogenesis in several studies. In
adipocytes treated with genistein, berberine, and rhein, the
protein expression of PPAR and C/EBP was lowered
(Rayalam et al., 2008). The isoflavone, genistein was first
discovered and isolated from the plant Genista tinctoria, or
dyer’s broom (Mukund et al., 2017), has been demonstrated to
reduce PPARγ expression by activating the Wnt/β-catenin
pathway and inhibiting C/EBPβ, while it also regulates
PPARγ transcriptional activity by activating AMPK during
adipogenesis. This shows that genistein may be a potent anti-

FIGURE 6
The major molecular pathways in adipocytes’ apoptosis and adipogenesis.
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obesity agent. Differently, berberine (BBR) is the primary
component in Cortidis rhizome and has an anti-bacterial
activity utilized in Chinese medicine. The mechanism of BBR
shows that it suppresses 3T3-L1 adipocyte differentiation,
proliferation, and lipid buildup. These effects may occur due
to a variety of molecular targets and intricate pathways, such as
suppressing PPARγ and PPARα transactivations and inhibiting
the mRNA and protein of early transcription factors C/EBPβ,
PPARγ, and PPARα. (Huang et al., 2006). BBR also activates
AMPK and stimulates PGC-1α to cause browning-related
UCP1 expression (Zhang et al., 2014).

Moreover, Esculetin is a naturally occurring
dihydroxycoumarin primarily obtained from the trunk bark
and twig skin of the Chinese plant Fraxinus rhynchophylla
Hance (Zhang et al., 2022). Esculetin (6,7-dihydroxy-2H-1-
benzopyran-2-one) exerts its actions by inhibiting cell
proliferation, inducing apoptosis in both preadipocytes and
mature adipocytes, in addition to inhibiting adipogenesis of
3T3- L1 preadipocytes. A study found that esculetin inhibited
3T3- L1 adipocyte differentiation by suppressing the
accumulation of lipids in a dose-dependent manner (Yang
et al., 2006). Similarly, delphinidin, an anthocyanin present
in pigmented fruits and vegetables, inhibits adipogenesis by
suppressing adipogenesis and lipogenesis markers, inhibiting
lipid accumulation, and increasing the expression of fatty acid
metabolism genes as illustrated in vitro by Park M et al. (Park M.
et al., 2019). Furthermore, baicalein, one of the primary
flavonoids found in Scutellaria baicalensis (Chinese
Skullcap), has been linked to many biological activities. The
capacity of baicalein to increase the expression of
cyclooxygenase-2 (COX-2), which is generally downregulated
during adipogenesis, may explain its anti-adipogenic activity
(Cha et al., 2006).

The perennial herb Alchemilla monticola Opiz (ALM) has
been traditionally used to treat inflammatory diseases, wounds,
and burns (Tasić-Kostov et al., 2019). Alchemilla species are
recognized chemically for their flavonoids, flavonoid glycosides,
phenolic acids, and tannins (Choi et al., 2018). Remarkably, it
was demonstrated that ALM extracts inhibited adipogenesis by
interfering with the PI3K/AKT signaling pathway, thereby
inhibiting the adipogenic markers PPARγ, C/EBPα and
adiponectin (Mladenova et al., 2021). Another naturally
occurring anthraquinone with a wide range of beneficial
pharmacological applications is Rhein (Wu et al., 1996). It is
isolated from rhizomes of medicinal plants such as Rheum
undulatum, Rheum palmatum, as well as in Cassia reticulata
(Huang et al., 2021). In 3T3-L1 cells, PPARγ and C/EBPα
protein and mRNA levels produced by differentiation
medium were found to be dramatically downregulated by
rhein (Liu et al., 2011). In a recent study, rhein treatment in
the mitotic clonal expansion stage has slowed down 3T3-L1
differentiation with much fewer lipid droplets accumulation
and adipocyte gene expression (Huang et al., 2021). It was also
found that Rhein suppresses 3T3-L1 adipocyte development in a
dose- and time-dependent way.

Furthermore, turmeric as a commonly used spice in Asian
cuisines (Curcuma longa Linn.), contains curcumin (also known
as diferuloylmethane). Curcumin suppresses adipogenesis and

downregulates the expression of PPARγ in 3T3-L1 adipocytes
by activating AMPK (Lee et al., 2009). Curcumin decreased the
activation of MAPK signalling pathways (including ERK, JNK,
and p38), which prevented the differentiation of 3T3-L1 cells
into adipocytes. Curcumin also restored nuclear translocation
of the essential Wnt signaling component β-catenin during
differentiation in a dose-dependent manner. The
differentiation-stimulated production of CK1α, GSK-3β, and
Axin, was inhibited by curcumin, all of which are components of
the destruction complex that targets β-catenin; consequently, it
blocks adipogenesis in 3T3-L1 adipocytes (Ahn et al., 2010). In
another study, it was found that in inguinal WAT, curcumin
increased the plasma norepinephrine levels and the expression
of the β3AR gene (Wang S. et al., 2015). Both the rapid
stimulation of already-existing beige adipocytes and the
differentiation of beige adipocytes from their precursors
depend on the release of norepinephrine at sympathetic
terminals in the adrenal medulla and WAT (Bartelt and
Heeren, 2014). Norepinephrine is the primary regulator of
adaptive thermogenesis in brown and beige adipose tissues
by upregulating PGC-1α and UCP1 expression through β-
adrenergic (mainly β3) and cAMP-dependent pathways
(Nedergaard and Cannon, 2014). Thus, curcumin has the
potential to induce WAT browning through the
norepinephrine- β3AR pathway. For a complete summary for
the Plant-derived active compounds, source, and mechanism of
phytochemicals responsible for obesity management, see
Table 1.

4 Safety considerations and limitations
of natural products for weight
management

Despite the previously demonstrated benefits of plant-derived
natural products in weight management with minimal side effects, it
is important to acknowledge that isolated phytochemicals and plant
extracts can occasionally impose a potential risk on human health.
While these substances hold promise as therapeutic agents, their
inherent complexity and diverse chemical composition may give rise
to unintended consequences when administered in concentrated
forms. For instance, despite the short-term increase in
thermogenesis associated with caffeine consumption, long-term
studies involving obese subjects have shown that it does not lead
to greater weight loss compared to a placebo. Interestingly, when a
group with habitual high caffeine intake (approximately 300 mg/
day) received a combination of green tea and caffeine, there was no
significant improvement in body weight maintenance after weight
loss, suggesting a potential loss of sensitivity to caffeine over time
(Westerterp-Plantenga, 2010b). While caffeine has been extensively
studied, there is limited research focusing specifically on its long-
term effects as an anti-obesity treatment. Most studies have
primarily explored short-term effects or specific metabolic
changes. Therefore, the efficacy and safety of using caffeine as a
long-term anti-obesity strategy remain uncertain. Ephedrine, is
another stimulant utilized as an anti-obesity agent for its
metabolism-enhancing properties, is accompanied by various
limitations and concerns. Its administration can lead to
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TABLE 1 Plant-derived active compounds, source, and effects of phytochemicals responsible for obesity management.

Active compound Source (plant
species)

Effects/Mechanism of
action

IC50 value Dosages employed Study type

Caffeine C. arabica L. and C.
canephora Pierre
(Ferreira et al., 2019)

- Metabolic stimulant - 100 mg/day of caffeine Clinical trial (Dulloo
et al., 1989)

- Thermogenic agent
(Diepvens et al., 2007b)

Ephedrine Ephedra sinica (Saper
et al., 2004)

-Metabolic stimulant - 1.5 mg/kg/day of ephedrine Clinical trial (Carey et al.,
2015)

- Thermogenic agent (Stohs
and Badmaev, 2016)

Epigallocatechin gallate
(EGCG)

Camellia sinensis L.
(Thitimuta et al., 2017)

- Enhance fatty acid
mobilization and oxidation
(Jeukendrup and Randell,
2011)

0.45 mg/mL
(Lipase Inhibition)
(Jamous et al.,
2018)

576 mg/day of catechins Clinical trial (Matsuyama
et al., 2008)

- Promote browning markers
(Li et al., 2021

- Inhibit adipogenesis (Lin
et al., 2005)

Capsaicin Capsicum annuum L.
(Barceloux, 2009)

-Stimulates thermogenesis
Reinbach et al. (2010)

- 1 g/day of red peppers
containing 1995 µg
capsaicin, 247 µg
nordihydrocapsaicin and
1,350 µg dihydrocapsaicin

Clinical trial (Ludy and
Mattes, 2011) (Dömötör
et al., 2006)

- Enhance insulin sensitivity,
and increase fat oxidation
(Aryaeian et al., 2017)

- 400 µg/day of capsaicin

-Decreases PPARγ, C/EBPα
and leptin protein expression
in 3T3-L1 adipocytes (Hsu
and Yen, 2007)

Korean pine nut-free fatty
acids (FFA)

Pinus Koraiensis (Wolff
et al., 2000)

-Releases cholecystokinin
(CCK), thus, enhancing
satiety and reducing appetite
(Pasman et al., 2008)

- 3 g of Korean pine nut FFA. Clinical trial (Pasman
et al., 2008)

Hydroxycitric acid (HCA) Garcinia cambogia (S. E
Ohia et al., 2002)

Enhances 5-HT release (Ohia
et al., 2001)

- 2800 mg/day of HCA. Clinical trial (Preuss et al.,
2004)

Cathine
(D-nor-pseudoephedrine) and
cathinone
(1-aminopropiophenone)

Catha edulis (Lemieux
et al., 2015)

Increases dopamine in the
brain by acting on the
catecholaminergic synapses
(Patel, 2000)

- - 20 mg/kg/day of khat
extract

- In vivo trial (Hesham
et al., 2011)

−200 and 400 g of fresh
khat chewed for 4 h

- Clinical trial (Walid
et al., 2006)

P57 molecule (oxypregnane
steroidal glycoside)

Hoodia gordonii (Jain
and Singh, 2013)

Increases ATP in
hypothalamic neurons
(MacLean and Luo, 2004)

- 100–150 mg/kg/day of
Hoodia gordonii extract

In vivo trial (Jain and
Singh, 2013)

Pregnane glycosides (Schneider
et al., 1993)

Caralluma adscendens
var. Fimbriata (Wall.)
Gravely & Mayur (Dutt
et al., 2012)

Downregulation of ghrelin
production and neuropeptide
Y (NPY) (Gardiner et al.,
2005; Komarnytsky et al.,
2013)

- 1 g/day of C. Fimbriata
extract

Clinical trial (Rao et al.,
2021b)

Forskolin Coleus forskohlii Briq
(Astell et al., 2013)

Increase thermogenesis and
lipogenesis (Godard et al.,
2005)

- 250 mg of 10% forskolin
extract twice a day

Clinical trial (Godard
et al., 2005)

Beta-carotenes, γ-linolenic acid,
and phenols

Stellaria medium (Linn.)
Vill. (Sharma, 2003)

Inhibits pancreatic α-amylase
and lipase. (Rani et al., 2012a)

−3.71 mg/mL
(Lipase inhibition)

900 mg/kg/day of Stellaria
medium extract

In vivo trial (Rani et al.,
2012a)

−4.53 mg/mL (α-
amylase inhibition)

Saponins, flavonoids, and
phenols

Inhibits lipase and α-amylase
activity (Rani et al., 2012b)

−2.34 mg/mL
(lipase inhibition)

900 mg/kg/day of
Achyranthes aspera extract

In vivo trial (Rani et al.,
2012b)

(Continued on following page)
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TABLE 1 (Continued) Plant-derived active compounds, source, and effects of phytochemicals responsible for obesity management.

Active compound Source (plant
species)

Effects/Mechanism of
action

IC50 value Dosages employed Study type

Achyranthes aspera
(Hariharan and
Rangaswami, 1970)

−3.83 mg/mL (α
-amylase
inhibition)

Megastigmanes and alkaloids
such as trans-
N-coumaroyltyramine, trans-
N-feruloyltyramine, roemerine
oxide, liriodenine, and
annuionone D

Nelumbo nucifera
Gaertn

-Inhibits lipase and α-
amylase activity

−0.46 mg/mL
(Lipase inhibition)

20 g (i.e., 10% yield) of a
dark brown, Nelumbo
nucifera leaves extract in
high fat diet per day

In vivo and In vitro trial
(Ono et al., 2006b)

-Suppresses adipocyte
differentiation (Ahn et al.,
2013)

−0.82 mg/mL (α-
amylase inhibition)

Saponin, sapogenins and
Phenanthrenes such as dioscin
and diosgenin

Dioscorea nipponica
Makino

-Suppressed blood
triacylglycerol level

5–10 μg/mL
(Lipase inhibition)

20–50 g/kg/day of
methanol extract of
Dioscorea nipponica
Makino powder (DP)

In vivo trial (Kwon et al.,
2003a)

-Inhibits fat absorption
(Kwon et al., 2003a)

Saponins known as platycosides
such as platycodin A, C, D, and
deapioplatycodin D

Platycodon
grandiflorum

-Reduces hyperlipidemia,
diabetes and inflammatory
diseases

- −500 μg/mL/day of total
saponin

In vitro trial (Xu et al.,
2005)

-Suppresses
hypercholesterolemia and
hyperlipidemia by inhibiting
intestinal absorption of
dietary fats mediated by
pancreatic lipase inhibition.
(Xu et al., 2005)

−500 μg/mL/day of
platicodin

Licochalcone A and
Glycyrrhizin

Glycyrrhiza uralensis - Inhibits pancreatic lipase
activity (WonLicochalcone
et al., 2007)

35 μg/mL 2, 4, and 6 mg/ml/day of
licochalcone A

In vitro trial
(WonLicochalcone et al.,
2007)

- Contributes in browning of
inguinal white adipose tissue
(Lee et al., 2018)

Ursolic acid (Bacanli et al.,
2019)

Malus pumila, Ocimum
basilicum, Vaccinium
macrocarpon, Olea
europaea, Origanum
vulgare, Rosmarinus
officinalis, Salvia, and
Thymus (Ikeda et al.,
2008)

-Enhances insulin sensitivity
and glucose intolerance (Jang
et al., 2009)

- 0.5 g/kg/day of ursolic acid In vivo (Jang et al., 2009)

Cinnamic acid Cinnamomum cassia L.)
J.Presl, Vitis vinifera L.,
Camellia sinensis L.)
Kuntze, Theobroma
cacao L., Spinacia
oleracea L., Apium
graveolens L. (Guzman,
2014)

-Improves hyperglycemia
and hyperlipidemia.
-Increases insulin sensitivity,
and lowers blood and hepatic
lipids (Kim and Choung,
2010)

- 200 mg/kg/day after of
cinnamon extract

In vivo (Kim and Choung,
2010)

Resveratrol Polygonum cuspidatum,
Veratrum grandiflorum,
Vitis vinifera, Arachis
hypogaea, and
Vaccinium oxycoccos

-Improve insulin sensitivity - 250 mg/day of resveratrol Clinical trial (Bhatt et al.,
2012)

-Enhance
GLUT4 translocation

-Reduce oxidative stress

-Regulate carbohydrate
metabolizing enzymes

-Activate SIRT1 and AMPK

-Reduce adipogenic genes.
(Bagul and Banerjee, 2015)

Procyanidins Prunus domestica,
Prunus salicina, Malus

-Enhances Insulin sensitivity - 850 mg flavan-3-ols and
100 mg isoflavones per day

Clinical trial (Curtis et al.,
2012)

(Continued on following page)
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TABLE 1 (Continued) Plant-derived active compounds, source, and effects of phytochemicals responsible for obesity management.

Active compound Source (plant
species)

Effects/Mechanism of
action

IC50 value Dosages employed Study type

domestica, Vitis vinifera,
Prunus amygdalus, and
Cicer arietinum

-Increases the active
GLP-1 levels and controls
glucose homeostasis.
(González-Abuín et al., 2015)

Mangiferin (xanthonoid) Mango and rhizomes of
Anemarrhena
asphodeloides (Miura
et al., 2001)

-Improve insulin sensitivity - 20 mg/kg/day of
mangiferin

In vitro (Saleh et al., 2014)

-Altered lipid profiles

-Reduce the number of
adipokines. (Saleh et al.,
2014)

Ginger extracts such as
gingerols, shogaols, paradols,
and gingerenone A

Zingiber Officinale
(Khandouzi et al., 2015)

-Improve insulin sensitivity
and glucose uptake (Sekiya
et al., 2004)

- - 30–1,000 µM/day of
6-gingerol (insulin
sensitivity)

-In vitro (Sekiya et al.,
2004)

-6-gingerol decreases
PPARγ, C/EBPα, and
FABP4 expression and
increases adiponectin
expression (Cheng et al.,
2022)

−25 mg/kg/day of
6-gingerol (increases
adiponectic expression)

-In vivo (Cheng et al.,
2022)

Saffron extracts including;
carotenoids, crocin, and its
aglycone crocetin, picrocrocin,
and safranal

Crocus sativus Linn.
(Kang et al., 2012)

-Insulin sensitivity
enhancement

- 2.5 μg/ml/day of 47% (w/w)
of saffron stigma extract

In vitro (Kang et al., 2012)

-Stimulation of insulin
signaling pathways

-Improvement of β-cell
activities

-Promotion of glucose
transporter type 4 (GLUT-4)
expression

-Regulation of oxidative
stress

-Repression of inflammatory
pathways (Mobasseri et al.,
2020b)

Amorfrutin derivatives Fruits of Amorpha
fruticosa, and the edible
roots of Glycyrrhiza
foetida (Weidner et al.,
2012)

-Lipid and glucose
metabolism

51 nM 100 mg/kg/day of
amorfrutin 1

In vivo (Weidner et al.,
2012)

-Improve insulin sensitivity

-They are potent PPARγ
agonists

-Improve insulin sensitivity
and regulate adipokines
regulation. (Malapaka et al.,
2012)

Steroidal saponins called
Ginsenosides

Genus Eleutherococcus
and genus Panax
(Vogler et al., 1999)

-Increase insulin production - 6 g/day of Panax ginseng
extract

Clinical trial (Vuksan
et al., 2008)

-Preserve pancreatic islets

-Increase insulin sensitivity

-Stimulate glucose uptake
(Xie et al., 2011)

-Elevate the UCP1, PRDM16,
and PGC-1 in 3T3-L1 cells
and primary white adipocytes

Steroidal sapogenins such as
diosgenin, furostanol glycosides,
alkaloids such as trigocoumarin,

Trigonella
foenum-graecum L.
(Gupta et al., 2001)

-Increase insulin release - 50 mg/kg/day of active
hypoglycemic principle
isolated from water extract

In vivo (Puri et al., 2002)

(Continued on following page)
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TABLE 1 (Continued) Plant-derived active compounds, source, and effects of phytochemicals responsible for obesity management.

Active compound Source (plant
species)

Effects/Mechanism of
action

IC50 value Dosages employed Study type

nicotinic acid, trimethyl
coumarin, and trigonelline

of seeds of Trigonella
foenum graecum

-Improve insulin sensitivity
(Puri et al., 2002)

- Increase the expression of
BAT signature proteins
including PGC-1α, PRDM16,
and UCP1 in 3T3-L1 white
adipocytes (Choi et al., 2021)

Allicin, ajoene, dithiins, allyl
methyl trisulfide, diallyl sulfide,
diallyl disulfide, diallyl trisulfide,
and β-carolide alkaloids

Allium Sativa -Increase insulin secretion
and enhance insulin
sensitivity (Liu et al., 2005)

- −100 mg/kg every other
day of gavage garlic oil

In vivo (Liu et al., 2005)

-Increased phosphorylation
on AMPK and its
downstream proteins

−40 mg/kg every other day
of diallyl trisulfide

-β-carboline alkaloid
suppressed the
differentiation of adipocytes

Camphor, eugenol,
cinnamaldehyde, cinnamic acid,
cinnamyl alcohol, and coumarin

Cinnamomum
zeylanicum and
Cinnamon cassia (Hariri
and Ghiasvand, 2016)

-Increase insulin sensitivity
(Couturier et al., 2010)

- −20 g/kg/day of Cinnamon
cassia powder (Improve
insulin sensitivity)

In vivo trial (Couturier
et al., 2010)

- Increase the expression of
UCP1 and other brown
adipocyte markers in
3T3-L1 adipocytes and
subcutaneous adipocytes

−80 μg/ml/day of
cinnamon extract (increase
brown adipocyte markers

-In vivo, ex vivo, in vitro
trial (Kwan et al., 2017)

-Increase the biogenesis of
mitochondrial protein (Kwan
et al., 2017)

Hypericin, hyperforin, and
adhyperforin (Gray et al., 2000)

Hypericum perforatum
L. (Tokgöz and Altan,
2020)

-Improves hyperinsulinemia,
hyperglycemia, insulin
tolerance, and glucose
infusion rate (GIR) (Tian
et al., 2015)

- 50 mg/kg/day and
200 mg/kg/day ofH.
perforatum L. extracts

In vitro trial (Tian et al.,
2015)

Rhein (anthraquinone) Rheum undulatum,
Rheum palmatum, and
Cassia reticulata (Huang
et al., 2021)

Decrease in PPARγ, C/EBPα
protein and mRNA levels in
3T3-L1 cells (Liu et al., 2011)

- 2.5, 5, and 10 µM/day of
rhein

In vitro trial (Liu et al.,
2011)

Genistein Genista tinctoria
(Mukund et al., 2017)

Reduces PPARγ and
downregulated adipogenesis
(Feng et al., 2016)

- 100 µM/day of genistein In vitro trial (Harmon
et al., 2002)

Esculetin Fraxinus rhynchophylla
Hance (Zhang et al.,
2022)

-Inhibits cell proliferation - 100 and 200 µM/day of
esculetin

In vitro trial (Yang et al.,
2006)

-Induces apoptosis in
preadipocytes and mature
adipocytes

-Inhibits adipogenesis in
3T3-L1 preadipocytes. (Yang
et al., 2006)

Berberine Cortidis rhizome
(Huang et al., 2006)

-Suppresses the
3T3-L1 adipocyte
differentiation, proliferation,
and lipid buildup (Huang
et al., 2006)

- 1.25, 2.5, and 5 μM/day of
berberine (Inhibit
3T3-L1 adipocyte
differenciation)

In vitro trial (Huang et al.,
2006)

- Increases the expression of
browning-related UCP1
(Zhang et al., 2014)

Baicalein Scutellaria baicalensis
(Cha et al., 2006)

Increase the expression of
COX-2 (Cha et al., 2006)

- 100, 150 and 200 μM/day of
baicalein

In vitro trial (Cha et al.,
2006)

(Continued on following page)
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noteworthy cardiovascular side effects, such as elevated heart rate
and blood pressure, and has been linked to an augmented risk of
heart attack, stroke, and withdrawal symptoms upon abrupt
cessation. Consequently, due to these safety concerns, the
utilization of ephedrine as a weight loss aid is not recommended,
resulting in its prohibition or restriction in numerous countries
(Gadde and Atkins, 2020). Additionally, a notable limitation linked
to capsaicin is the difficulty of achieving a significant weight loss
effect solely through dietary intake, due to the challenge of attaining
an adequate dosage. Furthermore, at anti-obesity doses, capsaicin
possesses the potential to cause gastrointestinal discomfort in
specific individuals, thereby limiting its practical utilization (Li
et al., 2020).

Differently, appetite suppressants also show limitations on the
long-run use. Although khat usage is prevalent, psychosis cases were
reported. However, it has been revealed about some cases of
psychotic reactions in Somalian males, emphasizing the
significance of recognizing the medical and psychiatric
complications of khat abuse. Notably, the side effects of khat,
such as gastrointestinal discomfort, and its potential involvement
in forensic cases of homicide and combined homicide-suicide,
warrant concern. Cultural dislocation may further amplify the
adverse effects of khat consumption. Similar to other well-known
amphetamine-type stimulants, chronic use of synthetic cathinone
compounds can significantly impact the central nervous system,
leading to acute psychosis, hypomania, paranoid ideation, and
delusions (Pantelis et al., 1989; Weinstein et al., 2017). Despite its
limited availability and high public demand, Hoodia gordonii has
been associated with potential side effects including skin reactions,
elevated heart rate, and high blood pressure. However, the main
focus of scientific studies has been on quality control due to the
scarcity of H. gordonii plant material resulting from its sparse
geographical distribution, slow maturation rate, and the
requirement of permits for cultivation and export. The high

demand has led to a significant risk of product adulteration
(Vermaak et al., 2011).

Both garlic and fenugreek have a history of safe medicinal use for
most individuals. Potential side effects of garlic include
gastrointestinal discomfort, sweating, dizziness, allergic reactions
such as (allergic contact dermatitis, generalized urticaria,
angiedema, pemphigus, anaphylaxis and photoallergy), and
bleeding (Borrelli et al., 2007), whereas anecdotal reports suggest
less serious side effects such as diarrhea and indigestion for
fenugreek. Additionally, the aqueous extract of fenugreek has
been shown to inhibit the coagulation process in vitro, resulting
in a significant prolongation of prothrombin time and inhibition of
clot formation (Taj Eldin et al., 2013). Thus, combining both plants
and/or extract for the purpose of reducing overweight could pose a
bleeding adverse reaction. On the same context, clinical and
experimental studies provide evidence supporting the
antidepressant-like effects of St. John’s Wort due to a non-
selective blockade of the reuptake of serotonin, noradrenaline
and dopamine. However, it is important to acknowledge the side
effects associated with its use, including nausea, rash, fatigue,
restlessness, photosensitivity, acute neuropathy, and even
episodes of mania and serotonergic syndrome when used
concurrently with other antidepressant drugs. These side effects
indicate that H. perforatum extracts may possess significant
pharmacological activity by targeting various neurotransmission
systems involved in depression. Nevertheless, there is limited
information available regarding the safety of H. perforatum,
including potential interactions with other medications
(Rodríguez-Landa and Contreras, 2003).

Cumulative evidence suggests that under specific conditions,
ursolic acid may exhibit adverse reactions, including cytotoxicity.
Furthermore, the therapeutic application of ursolic acid is
significantly hindered by its poor solubility in aqueous medium
and limited bioavailability in vivo. Notably, ursolic acid has been

TABLE 1 (Continued) Plant-derived active compounds, source, and effects of phytochemicals responsible for obesity management.

Active compound Source (plant
species)

Effects/Mechanism of
action

IC50 value Dosages employed Study type

Flavonoids, glycosides, phenolic
acids, and tannins (Choi et al.,
2018)

Alchemilla monticola
Opiz. (ALM) (Tasić-
Kostov et al., 2019)

Inhibits the adipogenic
markers PPARγ, C/EBPα,
and adiponectin (Mladenova
et al., 2021)

- 5, 10 and 25 μg/ml/day of
A. monticola extract

In vitro trial (Mladenova
et al., 2021)

Delphinidin Pigmented fruits and
vegetables

-Inhibit the production of
adipogenesis and lipogenesis
markers

- 25, 50 and 100 µM of
Delphinidin-3-O-β-
Glucoside

In vitro trial (Park et al.,
2019b)

- Increase the expression of
fatty acid metabolism genes
in 3T3-L1 adipocytes. (Park
et al., 2019b)

Curcumin Turmeric (Curcuma
longa Linn) (Lee et al.,
2009)

-Activate the AMP-activated
protein kinase (AMPK) in
3T3-L1 cells (Lee et al., 2009)

- −10–50 µM/day of
curcumin (Activate AMPK
in 3T3-L1 cells)

- In vitro trial (Lee et al.,
2009)

-Increases the plasma
norepinephrine levels and the
expression of the β3AR gene
(Wang et al., 2015b)

- 50 or 100 mg/kg/day of
curcumin (Increase plasma
NE levels)

-In vivo trial (Wang et al.,
2015b)
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observed to induce inflammation by enhancing the production of
nitric oxide and TNF-α in resting macrophages through NF-κB
transactivation, and upregulates IL-1β, an important pro-
inflammatory mediator. In the context of male rat
spermatogenesis, the extract of ursolic acid was found to impede
the physiological maturation of sperm, evident by decreased sperm
count and motility, potentially attributed to the depletion of
testosterone at the target level (Sun et al., 2020). Finally, obesity
is a multifactorial condition that requires a comprehensive approach
for effective management. Relying solely on single plant extract or
one phytochemical component without addressing multi-
approaches, such as appetite suppression, lipases inhibition,
insulin sensitivity enhancement, in addition to other
mechanisms, is unlikely to lead to sustainable weight loss. For
instance, the weight-loss supplement Buginawa (Bugi) contains
twelve different medicinal herbs in a novel water extract
combination that improves insulin sensitivity, decreases PPARγ,
and C/EBPα, and inhibits adipogenesis (Park Y.-J. et al., 2019).

5 Conclusion

Recently, obesity affects much more than just physical
appearance and is now recognized as a medical condition that
should be treated to minimize the risk of developing other
metabolic diseases like diabetes. The mechanisms exploited by
marketed anti-obesity medicines are appetite suppression by
increasing norepinephrine, dopamine, and serotonin in the
synaptic clefts, pancreatic lipase, and amylase inhibition, and
gastric emptying slowing. However, the occurrence of unwanted,
adverse effects affecting cardiovascular, psychological, and
gastrointestinal systems urge for more effective treatment plans
with minimal risk/complications. Phytochemicals derived from
plants seems as a promising source of anti-obesity drugs as
majority of them confer benefits via the same mechanisms with
fewer adverse events. Exceptionally, some natural products also
display other important features that could be essential as anti-
obesity drugs, especially WAT browning, thermogenesis and
adipocyte apoptosis induction, and adipogenesis inhibition. At
least so far, those mechanisms have not been shown by any
synthetic anti-obesity agents. Mechanisms explored in natural
products are; metabolic and thermogenic stimulation, appetite
regulation, pancreatic lipase and amylase inhibition, insulin
sensitivity enhancement, and adipogenesis inhibition and

adipocyte apoptosis induction. The phytochemicals involved in
fighting obesity usually affect more than one specific mechanism
since the fat storage and energy expenditure processes are
complicated and intricate. Uncoupling protein UCP-1, PR
domain containing 16 (PRDM16), and peroxisome proliferator-
activated receptor (PPAR)-γ have a role in the browning of WAT
and consequently reducing lipid accumulation. Most plant extracts/
isolated compounds have been found to affect more than one of
these thermogenic transcriptional factors. Moreover, SIRT1 and
AMPK are controlled by phytochemicals and exert their actions
on the above-mentioned transcriptional factors through the
induction of the β3 adrenergic receptor that finally induces
mitochondrial biogenesis. The strategy that can effectively reduce
obesity is to inhibit/activate more than one mechanism with
different pathways, can be more effective in addressing obesity.
Furthermore, a holistic approach that combines a balanced diet,
regular exercise, behavior modifications, and medical guidance, if
necessary, is essential for long-term success in weight management.
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Background: Sarcocephalus pobeguinii (Hua ex Pobég) is used in folkmedicine to
treat oxidative-stress related diseases, thereby warranting the investigation of its
anticancer and anti-inflammatory properties. In our previous study, the leaf extract
of S. pobeguinii induced significant cytotoxic effect against several cancerous cells
with high selectivity indexes towards non-cancerous cells.

Aim: The current study aims to isolate natural compounds from S. pobeguinii, and
to evaluate their cytotoxicity, selectivity and anti-inflammatory effects as well as
searching for potential target proteins of bioactive compounds.

Methods: Natural compounds were isolated from leaf, fruit and bark extracts of S.
pobeguinii and their chemical structures were elucidated using appropriate
spectroscopic methods. The antiproliferative effect of isolated compounds was
determined on four human cancerous cells (MCF-7, HepG2, Caco-2 and
A549 cells) and non-cancerous Vero cells. Additionally, the anti-inflammatory
activity of these compounds was determined by evaluating the nitric oxide (NO)
production inhibitory potential and the 15-lipoxygenase (15-LOX) inhibitory
activity. Furthermore, molecular docking studies were carried out on six
putative target proteins found in common signaling pathways of inflammation
and cancer.

Results: Hederagenin (2), quinovic acid 3-O-[α-D-quinovopyranoside] (6) and
quinovic acid 3-O-[β-D-quinovopyranoside] (9) exhibited significant cytotoxic
effect against all cancerous cells, and they induced apoptosis in MCF-7 cells by
increasing caspase-3/-7 activity. (6) showed the highest efficacy against all
cancerous cells with poor selectivity (except for A549 cells) towards non-
cancerous Vero cells; while (2) showed the highest selectivity warranting its
potential safety as a chemotherapeutic agent. Moreover, (6) and (9)
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significantly inhibited NO production in LPS-stimulated RAW 264.7 cells which
could mainly be attributed to their high cytotoxic effect. Besides, the mixture
nauclealatifoline G and naucleofficine D (1), hederagenin (2) and chletric acid (3)
were active against 15-LOX as compared to quercetin. Docking results showed that
JAK2 and COX-2, with the highest binding scores, are the potential molecular
targets involved in the antiproliferative and anti-inflammatory effects of bioactive
compounds.

Conclusion: Overall, hederagenin (2), which selectively killed cancer cells with
additional anti-inflammatory effect, is the most prominent lead compound which
may be further investigated as a drug candidate to tackle cancer progression.

KEYWORDS

Sarcocephalus pobeguinii, hederagenin, inflammation, cancer, cytotoxicity, selective
index, apoptosis, docking score

1 Introduction

Cancer is one of the leading causes of death worldwide,
accounting 19.3 million new cancer cases and about 10 million
deaths in 2020 (Sung et al., 2021). This chronic disease is
characterized by abnormal and uncontrolled proliferation of
cancer cells which later invades normal tissues and organs, and
eventually spreading throughout the body. Several reports have
proven the cross-talk between inflammation and cancer due to
the fact that common signaling pathways are modulated in both
deleterious ailments (Hibino et al., 2021; Zhao et al., 2021).
Regardless to the cancer type, inflammation conditions have been
considered as one of the key factors that promotes all stages of
tumorigenesis. Inflammation also helps the survival of malignant
cells, therefore impeding the immune surveillance or altering the
efficacy of chemotherapeutic agents (Mantovani et al., 2008; Peczek
et al., 2022). As one of the most important cancer treatment
strategies, chemotherapy uses powerful drugs to kill fast-growing
cells, but it induces substantial side effects due to the fact that normal
cells are also affected (Amjad et al., 2022). To date, great progress has
been made for the discovery and development of effective and safe
chemotherapeutic agents, however the number of cancer-related
deaths increases every day. This situation urgently requires the
search of alternative treatments to improve the quality of life of
patients. Natural therapies including medicinal plants constitute a
reservoir for the discovery of new anticancer lead compounds.
Additionally, as above-mentioned, chronic inflammation
accelerates cancer progression, and it has been proven that some
anti-inflammatory drugs such as aspirin, celecoxib, diclofenac, etc.
are being used against cancer (Rayburn et al., 2009; Zappavigna
et al., 2020; Lai et al., 2022). As such, controlling inflammation may
represent a valid strategy for cancer prevention and therapy. Thus,
developing anticancer agents with additional anti-inflammatory
effect is the best approach to tackle cancer progression.

Cameroon has a rich biodiversity, with about 8,620 plants
species which are used by local population for the treatment of
several ailments (Kuete and Efferth, 2010; Ntie-Kang et al., 2013).
Among these plants, Sarcocephalus pobeguinii (Hua ex Pobég)
(synonym of Nauclea pobeguinii (Hua ex Pobég) Merr.) is used
as infusion or decoction in the treatment of fever, malaria, stomach-
ache, sexual and reproductive dysfunctions, epilepsy, diabetes
mellitus, hypertension, infectious diseases and jaundice (Mesia

et al., 2005; Jiofack et al., 2009; Karou et al., 2011; Kuete et al.,
2015; Haudecoeur et al., 2018). In a study investigating the
cytotoxicity of selected Cameroonian medicinal plants, the bark
extract of S. pobeguinii and its isolated compounds (resveratrol and a
glucoside derivative) exhibited antiproliferative potential against
multi-factorial drug-resistant cancer cell lines (Kuete et al., 2015).
In our previous study, the antiproliferative effect of different plant
parts (leaf, fruit, bark and root) extracts of S. pobeguinii were
evaluated on several human cancer cell lines, and leaf extract
induced significant cytotoxic effect with high selectivity indexes
(Mfotie Njoya et al., 2017). So far, phytochemical investigations
carried out on bark and root extracts of S. pobeguinii have resulted in
the isolation and characterization of compounds such as
strictosamide, 5-carboxystrictosidine, methylangustoline, 3-O-β-
D-fucosyl-quinovic-acid, 3-keto-quinovic-acid; 19-O-
methylangustoline, 3-acetoxy-11-oxo-urs-12-ene, p-coumaric acid,
citric acid trimethyl ester, resveratrol, resveratrol β-D-
glucopyranoside (Karou et al., 2011; Kuete et al., 2015; Yu€ce
et al., 2019). Despite the use of leaves and fruits of S. pobeguinii
in traditional medicine, the isolation of compounds from these plant
parts as well as their biological effects have not yet been investigated
to the best of our knowledge. Moreover, the use of leaves and fruits
for medicinal purposes instead of roots and barks is advantageous
for the conservation and sustainable maintenance of medicinal
plants. Therefore, the current work aims to find bioactive
compounds from leaf and fruit extracts of S. pobeguinii and to
evaluate their efficacy, selectivity and anti-inflammatory effects. In
addition, this study has been also extended to the isolation of active
constituents from roots of S. pobeguiniiwhich might also yield to the
discovery of new anticancer lead compounds.

2 Materials and methods

2.1 Plant material

Different parts (leaves, fruits, and barks) of S. pobeguinii were
harvested in Ezezan (Nyom II), a neighbouring locality situated at
40 km from Yaoundé (Cameroon). A voucher specimen was
prepared and the authentication was done by Mr. Ngansop Eric,
a plant taxonomist, after comparison with the specimen number
N°32,567 BRF/CAM already available in the library of the National
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Herbarium of Cameroon. Our plant material was then registered
under the number Letouzey R.12493 (YA).

2.2 Preparation of extracts and isolation of
compounds

The powder (907 g) obtained from the air dried and grounded
fruits of S. pobeguinii was macerated in the mixture of methanol and
methylene chloride (1:1) at room temperature for 48 h with
occasional stirring, and the crude extract was obtained after
filtration with Whatman N⁰1, followed by evaporation of the
solvent to dryness in vacuo. The dried extract (76.5 g) was re-
dissolved in MeOH and partitioned with ethyl acetate (EtOAc) to
yield the EtOAc fraction (10.2 g) and the MeOH residue (54.7 g).
The MeOH soluble fraction was then subjected to silica gel column
chromatography (CC) eluted with a gradient mixture of n-hexane-
EtOAc (9:1; 7:3; 6:4; 0:1). The collected sub-fractions were pooled
based on their thin layer chromatography (TLC) profiles and yielded
six sub-fractions (F1-F6) after evaporation. Sub-fraction F3 (8 g) was
submitted to silica gel CC, and eluted with the mixture of n-hexane-
EtOAc (2:1) to yield the following compounds: (1) (6 mg) identified
as a mixture of nauclealatifoline G and naucleofficine D (Agomuoh
et al., 2013); (2) (7 mg) known as hederagenin (Joshi et al., 1999);
and (3) (6 mg) characterized as chletric acid (Takahashi and Takani,
1978).

The powder of air-dried leaves of S. pobeguinii (1 kg) was
extracted in MeOH and heated at 40°C–50°C for 2 h. The
methanolic extract was concentrated in vacuo to yield a dark
greenish mass (66 g) which was partitioned with n-hexane. The
n-hexane soluble part and the methanolic residue were evaporated
under pressure to obtain respectively a black residue (26.5 g) and a
greenish brown extract (37.3 g). The latter was subjected to silica gel
flash chromatography, and eluted respectively with CH2Cl2;
CH2Cl2/MeOH (1:1) and MeOH. The n-hexane soluble part and
the CH2Cl2 fraction were mixed due to their similar TLC profiles,
and this mixed fraction was submitted to silica gel CC eluted with
the gradient mixture of n-hexane and EtOAc (9:1; 3:1; 3:2; 1:1; 1:3) to
afford compound (4) (5 mg) identified as taraxerol (Yen et al., 2013)
collected in n-hexane/EtOAc (3:1); compound (5) (4 mg) known as
α-amyrin (3β-hydroxy-urs-12-en-3-ol) (Viet et al., 2021) collected
in n-hexane/EtOAc (1:1); and (6) (6 mg) known as quinovic acid 3-
O-[α-D-quinovopyranoside] (Mohamed, 1999) collected in
n-hexane/EtOAc (1:3).

The powder of dried bark of S. pobeguinii (1 kg) was extracted in
MeOH and heated at 40°C–50°C for 2 h. The crude extract was
obtained after filtration with Whatman N⁰1, followed by
evaporation under reduced pressure to obtain a yellow gummy
residue (77 g). This methanolic extract was partitioned with
n-hexane to yield the n-hexane fraction (15 g) and a residual
MeOH fraction (54 g). The MeOH fraction was then subjected to
silica gel CC, and eluted with a gradient of n-hexane/EtOAc yielding
the following compounds: (7) (4 mg) identified as erythrodiol and
(8) (8 mg) known as quinovic acid (Fatima et al., 2002; Aktar et al.,
2009) both collected in the n-hexane/EtOAc (9:1); then compound
(9) (8 mg) characterized as quinovic acid 3-O-[β-D-
quinovopyranoside] (Yepez et al., 1991) collected in n-hexane/
EtOAc (3:1); and finally compound (10) (4 mg) identified as

latifoliamide C (Agomuoh et al., 2013) collected in n-hexane/
EtOAc (1:9).

2.3 Characterization and structural
elucidation of isolated compounds

The chemical constituents of S. pobeguinii were purified using
open silica gel column chromatography (Merck, [Darmstadt,
Germany]). TLC was done on Alu g R; SIL G/UV254 silica gel
plates (Merck, [Darmstadt, Germany]), and visualization of the
spots on TLC plates was achieved either by exposure to iodine
vapour, UV light or by spraying sulphuric acid and heating the plate
at 75°C. Melting points were recorded on a Buchi B-54 apparatus. 1H
and 13C NMR spectra as well as 2D NMR experiments (see
Supplementary Material, Supplementary Figures S1–S22) were
recorded in CDCl3, MeOH-d4, DMSO-d6 and pyridine-d5 in a
JEOL ECX 500 spectrometer (Akishima, Japan) and on a Bruker
ARX 400. Chemical shifts were expressed in part per million δ)
relative to tetramethylsilane as internal standard. The spectroscopy
data recorded were compared with data from literature, for the
characterization of the chemical structures of isolated compounds
which are presented in Figure 1.

2.4 Cell culture

Cancerous cell lines (MCF-7: human breast adenocarcinoma
cells; HepG2: human hepatocellular carcinoma cells; Caco-2: human
epithelial colorectal adenocarcinoma cells; A549: human epithelial
lung adenocarcinoma cells), obtained from the American Type
Culture Collection (ATCC) (Rockville, MD, United States of
America), were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) high glucose (4.5 g/L) containing L-glutamine (4 mM) and
sodium-pyruvate (Hyclone™) supplemented with 10% (v/v) fetal
bovine serum (FBS) (Capricorn Scientific GmbH, South America),
and incubated at 37°C with 5% CO2 in a humidified environment.
African green monkey (Vero) kidney cells (also obtained from
ATCC), a non-cancerous cell line, were grown in DMEM high
glucose (4.5 g/L) containing L-glutamine (Lonza, Belgium) and
supplemented with 5% FBS (Capricorn Scientific GmbH, South
America) and 1% gentamicin (Virbac, RSA) in the same
environment as cancer cells. The RAW 264.7 murine
macrophage cells (obtained from ATCC) were cultured in
DMEM high glucose (4.5 g/L) containing L-glutamine (Lonza,
Belgium), supplemented with 10% FBS (Capricorn Scientific
GmbH, South America) and 1% penicillin/streptomycin/
fungizone (PSF) solution, and kept at 37°C in a 5% CO2

humidified environment.

2.5 Antiproliferation assay

The cancerous and non-cancerous cells were seeded at a density
of 104 cells per well in 96-well microtiter plates, and they were
incubated overnight at 37°C with 5% CO2 in a 5% CO2 humidified
environment in order to allow the attachment of cells at the bottom
of the plates. Then, the cells were exposed to increasing
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concentrations of compounds (100, 50, 25, 10 and 5 μg/mL)
dissolved in dimethyl sulfoxide (DMSO) and further diluted in
fresh culture medium. In this assay, the final concentration of
DMSO in the culture medium was 0.5% used as negative control
while doxorubicin hydrochloride (Pfizer, United States of America)
was used as a positive control. The culture plates were incubated for
48 h at 37°C in a 5% CO2 humidified environment, after which the
culture medium was discarded, and replaced by 200 µL of fresh
culture medium with 30 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) (5 mg/mL) dissolved in
phosphate buffered saline (Mosmann, 1983). After 4 h of
incubation, the medium was gently removed, and the formazan
crystals were solubilized in 50 µL of DMSO. The absorbance was
measured at 570 nm after shaking for 1 min on a microplate reader
(Synergy Multi-Mode Reader, BioTek, Winooski, United States of
America).

The cell viability rate was determined at each concentration of
the compound as a percentage of cells treated with DMSO at 0.5%
used as negative control. The 50% inhibitory concentrations (IC50)
were determined by using the non-linear regression graphical
analysis of cell viability rate against the logarithm (log10) of
compound concentrations with the software GraphPad Prism 6.0

(GraphPad software Inc., United States of America). The selectivity
index (Supporting Material) values were calculated for each
compound by dividing the IC50 of non-cancerous cells by the
IC50 of cancerous cells in the same units (Mfotie Njoya et al.,
2018; Mfotie Njoya et al., 2020).

2.6 Caspase-3/-7 luminescence assay

The effect of the most bioactive compounds (2), (6) and (9) were
used for the analysis of caspase-3 and caspase-7 activities on MCF-7
cells by using the Caspase-Glo® 3/7 kit (Promega, Germany). In fact,
MCF-7 cells were seeded at a density of 104 cells per well on 96-well
microtiter plates, and the plates were incubated overnight at 37 °C in
a 5% CO2 humidified environment. Then, the cells were exposed to
the active compounds at different concentrations (½×IC50, IC50 and
2×IC50) or DMSO (0.5%) used as negative control, and further
incubated for 18 h at 37°C in a 5% CO2 humidified environment.
Thereafter, 100 µL of Caspase-Glo® 3/7 reagent was added to each
well, mixed and incubated in the dark for 1 h at room temperature.
The luminescence was then measured on a microplate reader
(Synergy Multi-Mode Reader, BioTek, Winooski, United States of

FIGURE 1
Chemical structures of isolated compounds: Mixture of Nauclealatifoline G (C20H22N2O3, 338.40 g/mol) and naucleofficine D (C20H22N2O3,
338.40 g/mol) (1), hederagenin (C30H48O4, 472.73 g/mol) (2) and chletric acid (C30H46O8, 534.69 g/mol) (3) were isolated from fruit extract of S.
pobeguinii. Taraxerol (C30H50O, 426.73 g/mol) (4), α-amyrin (3β-hydroxy-urs-12-en-3-ol) (C30H50O, 426.73 g/mol) (5) and quinovic acid 3-O-[α-D-
quinovopyranoside] (C36H56O9, 632.84 g/mol) (6) were isolated from leaf extract of S. pobeguinii. Erythrodiol (C30H50O2, 442.73 g/mol) (7),
quinovic acid (C30H46O5, 486.69 g/mol) (8), quinovic acid 3-O-[β-D-quinovopyranoside] (C36H56O9, 632.84 g/mol) (9) and latifoliamide C
(C19H20N2O2, 308.38 g/mol) (10) were isolated from bark extract of S. pobeguinii.
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America). The caspase-3/-7 activity was expressed as fold change of
cells treated with 0.5% DMSO (control).

2.7 Anti-inflammatory assays

2.7.1 Nitric oxide production inhibitory assay
Nitric oxide (NO) production was evaluated in

lipopolysaccharide (LPS)-stimulated RAW 264.7 cells by
measuring the influence of tested compounds on the
accumulation of nitrite, an indicator of NO in the cell
supernatant, which can be detected with Griess reagent (Merck,
Darmstadt, Germany). Briefly, the RAW 264.7 cells at their
exponential growth phase were seeded at a density of 2×104 cells
per well in 96 well-microtiter plates, and they were incubated
overnight at 37°C in a 5% CO2 humidified environment to allow
attachment. The cells were pre-treated with tested compounds
(100 μg/mL) or DMSO 0.5% (negative control) and incubated for
1 h at 37°C in a 5% CO2 humidified environment. Then, culture
medium containing LPS (2 μg/mL) was added to each well and
further incubated for 24 h at 37°C in a 5% CO2 humidified
environment. Thereafter, 100 μL of cell supernatant from each
well were transferred into a new 96-well microtiter plate and an
equal volume of Griess reagent was added according to protocol
described by the manufacturer. The microtiter plate was incubated
for 10 min in the dark at room temperature, and the absorbance of
the mixture was measured at 550 nm on a microplate reader
(Synergy Multi-Mode Reader, BioTek, Winooski, United States of
America). The quantity of nitrite was determined from a sodium
nitrite standard curve, and the percentage of NO production was
calculated based on the ability of each tested sample to inhibit nitric
oxide production by LPS-stimulated RAW 264.7 cells compared to
the control (cells treated with LPS without samples which was
considered as 100% NO production). Additionally, the cell
viability of treated cells was determined by using the MTT assay
as previously described (Mosmann, 1983). The whole experiment
was repeated at different concentrations (100, 50, 25, 10 and 5 μg/
mL) only for tested compounds that were able to inhibit at 50% of
NO production, and the IC50 values was calculated as previously
described (Mfotie Njoya et al., 2023).

2.7.2 Soybean 15-LOX inhibitory assay
This assay is based on the formation of the Fe3+/xylenol orange

(FOX) complex with maximal absorption at 560 nm (Pinto et al.,
2007). Forty microliters of 15-LOX (final concentration: 200 UI/mL)
from Glycine max (Merck, Darmstadt, Germany) was incubated
with 20 µL of tested samples (100, 50, 25, 10, and 5 μg/mL) at 25°C
for 5 min, with DMSO at 10% (v/v) being used as negative control.
Thereafter, 40 µL of linoleic acid (final concentration, 140 μM)
prepared in Tris-HCl buffer (50 mM, pH 7.4) was added, and the
plates were further incubated at 25°C for 20 min in the dark. The
assay was terminated by adding 100 μL of FOX reagent [sulfuric acid
(30 mM), xylenol orange (100 μM), ferrous II) sulfate (100 μM),
dissolved in methanol/water (9:1)], followed by the incubation of the
plates at 25°C for 30 min in the dark. Finally, the absorbance was
measured at 560 nm on a microplate reader (Epoch, BioTek,
Winooski, United States of America). The blanks were made in
the same way as tested samples except that the substrate was added

after the FOX reagent. The 15-LOX inhibitory activity was
calculated by using the following formula:

15 − LOX inhibitory activity  %( )

� 100 − Abs  sample( ) − Abs  blank( )
Abs  negative control( ) − Abs  blank( ) × 100[ ] (1)

Abs: absorbance.

2.8 Statistical analysis

All experiments were performed in triplicate, and the results are
presented as mean ± standard deviation (SD) values. The statistical
analysis was done with the software GraphPad Prism 6.0 (GraphPad
software Inc., United States of America) on which one-way analysis
of variance (ANOVA) and Student–Newman–Keuls or Dunnett’s
tests were used for the comparison of data among tested samples
and/or controls. Results were considered significantly different when
the p-value was greater than 0.05.

2.9 Molecular docking study

The X-ray crystal structures of putative target proteins in complex
with inhibitors were retrieved from Protein Data Bank (https://www.
rcsb.org/, accessed on 14 March 2023): Cyclooxygenase-2: COX-2
(PDB ID: 5KIR); Nuclear factor NF-kappa-B (p65 subunit): NFKB-
p65 (PDB ID: 2RAM); Janus kinase 2: JAK2 (PDB ID: 6BBV); Signal
transducer and activator of transcription 3: STAT3 (PDB ID: 6TLC);
CASPASE-3 (PDB ID: 3DEI), CASPASE-7 (PDB ID: 1SHJ). PyMol v
2.0.7, was used to prepare the proteins for simulation by removing the
inhibitors, water molecules, multi-chains and heteroatoms.
MarvinSketch was used to draw the chemical structures of the
ligands, and the Merck Molecular Force Field (MMFF94) as
provided by MarvinSketch was used for energy minimization on
the ligands (compounds) (Novichikhina et al., 2020). The energy
minimization was carried out to make the ligands more stable near
their initial states during molecular docking process. AutoDock Vina
v 1.5.6 was used to add hydrogen atoms and Gasteiger charges
accordingly to the ligands prior to molecular docking (Trott and
Olson, 2010). The active sites of the target proteins were identified
using CASTp 2.0 web-based tool (Tian et al., 2018). Further,
AutoDock Vina v 1.5.6 was used to create a grid box around the
identified active sites of the target proteins. Thereafter, standard
precision ligand docking was performed using the same software.
The best of nine binding poses based on the docking scores were
visualized and captured in BIOVIA Discovery Studio Visualizer 2021
(Mfotie Njoya et al., 2023).

3 Results and discussion

3.1 Cytotoxic effect of isolated compounds
and selectivity towards non-cancerous cells

The growth inhibitory effect of natural compounds isolated from
leaf, fruits and bark of Sarcocephalus pobeguinii (Rubiaceae) against four
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cancerous cells (MCF-7, HepG2, Caco-2 and A549) and non-
cancerous Vero cells was expressed as percentage of respective
cells treated with DMSO (0.5%) used as negative controls. Based
on the results obtained for each compound tested at different
concentrations, the 50% inhibitory concentrations (IC50) were
determined and presented in Table 1. It was observed that
hederagenin (2), quinovic acid 3-O-[α-D-quinovopyranoside]
(6) and quinovic acid 3-O-[β-D-quinovopyranoside] (9)
exhibited significant (p < 0.05) antiproliferative effect against
all cancerous cells, especially for (6) which showed the highest
cytotoxic effect on A549 cells with IC50 of 1.96 μg/mL
(3.08 µM). Additionally, (6) was also toxic to the non-
cancerous Vero cells with IC50 of 6.21 μg/mL (9.81 µM). By
calculating the selectivity indexes (SI) as presented in Table 2,
we found that (6), isolated from leaves of S. pobeguinii, had a
poor selectivity (SI ≤ 1) (except for A549 cells) towards non-
cancerous Vero cells where SI was 3.17. Similarly, (9), isolated
from bark of S. pobeguinii, also had poor selectivity (SI ≤ 1) for
all cancer types. On the other hand, (2), isolated from fruits of
S. pobeguinii, was the only compound which had acceptable

TABLE 1 Cytotoxic effects (IC50 values) of natural compounds isolated from roots, fruits, bark and leaves of Sarcocephalus pobeguinii and reference drug
(doxorubicin) against cancer cell lines and non-cancerous Vero cells.

IC50 (µg/mL/µM)

Compounds Vero MCF-7 HepG2 Caco-2 A549

µg/mL µM µg/mL µM µg/mL µM µg/mL µM µg/mL µM

1 85.74 ±
1.64a

126.68 ±
2.42a

77.96 ±
2.79a

115.19 ±
4.51a

63.00 ± 1.29a 93.08 ± 1.91a >100 >147.75 56.40 ±
3.79a

83.33 ±
5.07a

2 45.54 ±
2.34b

96.34 ± 4.95b 8.92 ±
1.12b

18.87 ±
2.37b

24.88 ±
1.75b

52.63 ±
3.70b

36.69 ±
2.19a

77.61 ±
4.63a

18.96 ±
0.96b

40.11 ±
2.03b

3 >100 >187.02 >100 >187.02 80.02 ± 1.71c 149.66 ±
3.20c

>100 >187.02 >100 >187.02

4 >100 >234.34 81.35 ±
1.48a

190.64 ±
3.47c

54.20 ±
1.64d

127.01 ±
3.84d

>100 >234.34 75.63 ±
3.74c

177.23 ±
5.16c

5 >100 >234.34 82.80 ±
1.35a

194.03 ±
3.16c

84.53 ± 1.45c 198.08 ±
3.40e

>100 >234.34 92.70 ±
3.73d

217.23 ±
5.77d

6 6.21 ±
0.56c

9.81 ± 0.79c 5.96 ±
1.53c

9.42 ± 2.41d 41.94 ±
1.71e

66.27 ±
2.70f

7.41 ± 1.68b 11.71 ±
2.65b

1.96 ± 0.21e 3.08 ± 0.33e

7 84.02 ±
3.27a

189.77 ±
5.68d

>100 >225.87 73.94 ± 4.22c 167.01 ±
6.05c

>100 >225.87 >100 >225.87

8 >100 >205.47 97.96 ±
5.72a

201.28 ±
8.02c

100.00 ±
3.82f

205.47 ±
5.84e

81.60 ±
3.88c

167.66 ±
5.97c

99.46 ±
3.85d

204.36 ±
5.01d

9 47.07 ±
3.66b

74.38 ± 5.78e 51.50 ±
4.93d

81.38 ± 5.96d 47.22 ±
4.09e

74.62 ±
6.62f

53.67 ±
4.97d

84.81 ± 5.85a 44.22 ±
2.04f

69.87 ±
3.96e

10 65.81 ±
2.29d

213.41 ±
4.12d

32.88 ±
3.78e

106.62 ±
2.25a

54.55 ±
3.51d

176.89 ±
4.35c

63.24 ±
4.04d

205.07 ±
3.10d

44.23 ±
4.59a

143.43 ±
6.61f

Doxorubicin (µM) 4.85 ± 0.51f 1.09 ± 0.06e 0.56 ± 0.05g 4.97 ± 0.74e 0.71 ± 0.05g

Data are presented as means of triplicate measurements ± standard deviation. Superscript letters a–g represent statistical difference between data obtained, and for each column of the above

table, data with same letters are statistically not different while data with different letters are significantly different at p < 0.05. IC50: concentration which inhibit 50% of cell growth compared to

cells treated with DMSO (0.5%) used as negative control. Mixture of nauclealatifoline G and naucleofficine D (1), hederagenin (2) and chletric acid (3) were isolated from CH2Cl2/MeOH (1:2)

fruit extract of S. pobeguinii. Taraxerol (4), α-amyrin(3β-hydroxy-urs-12-en-3-ol) (5) and quinovic acid 3-O-[α-D-quinovopyranoside] (6) were isolated from methanol leaf extract of S.

pobeguinii. Erythrodiol (7), quinovic acid (8), quinovic acid 3-O-[β-D-quinovopyranoside] (9) and latifoliamide C (10) were isolated from the methanol bark extract of S. pobeguinii.

Bold values mean compounds significantly active in the assay.

FIGURE 2
Time-dependent cytotoxic effect of hederagenin (2) at 10 μg/mL
on different cancer cells (MCF-7, HepG2, Caco-2 and A549) and non-
cancerous Vero cells. Data are presented as mean ± standard
deviation of three independent experiments.
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selectivity (1.24 ≤ SI ≤ 5.11) for all cancer cells towards non-
cancerous Vero cells thereby suggesting that this compound can
selectively kill cancer cells at the IC50 without causing harmful
effects on non-cancerous cells. Therefore, regarding the fact
that hederagenin (2) exhibited good selectivity, this compound
was tested at 10 μg/mL on all cancer cells and non-cancerous
cells for 12, 24 and 48 h in order to evaluate the time-dependent
cytotoxic effect on cell growth. It was observed that (2) induced
the growth inhibition of different cancer cells in a time-
dependent manner, and the cytotoxic effect was more

pronounced on cancer cells compared to non-cancerous cells
(Figure 2). In fact, the MCF-7 cells followed by A549 cells were
the most sensitive to the cytotoxic effect of hederagenin (2)
which was less toxic to non-cancerous Vero cells. Interestingly,
hederagenin, isolated from several plants, has been previously
reported to potentially inhibit the proliferation of human lung
cancer cells A549 (IC50 values of 26.3 and 39 μM) (Gauthier
et al., 2009; Gao et al., 2016). In the current study, hederagenin
inhibits A549 growth with an IC50 of 40.11 µM which is
comparable to results obtained from previous works.

TABLE 2 Selectivity index (SI) values of natural compounds.

Compounds SI values

MCF7 HepG2 Caco-2 A549

1 1.10 1.36 nd 1.52

2 5.11 1.83 1.24 2.40

3 nd nd nd nd

4 nd nd nd nd

5 nd nd nd nd

6 1.04 0.14 0.83 3.17

7 nd 1.13 nd nd

8 nd nd nd nd

9 0.91 0.99 0.88 1.06

10 2.01 1.20 1.04 1.49

Doxorubicin 4.45 8.66 0.98 6.83

Mixture of nauclealatifoline G and naucleofficine D (1), hederagenin (2) and chletric acid (3) were isolated from CH2Cl2/MeOH (1:2) fruit extract of S. pobeguinii. Taraxerol (4), α-amyrin(3β-
hydroxy-urs-12-en-3-ol) (5) and quinovic acid 3-O-[α-D-quinovopyranoside] (6) were isolated from methanol leaf extract of S. pobeguinii. Erythrodiol (7), quinovic acid (8), quinovic acid 3-

O-[β-D-quinovopyranoside] (9) and latifoliamide C (10) were isolated from the methanol bark extract of S. pobeguinii. nd: not determined.

Bold values mean compounds with good selectivity index.

FIGURE 3
Fold change in the enzymatic activity of caspase-3/-7 expressed as percentage of control (cells treated with DMSO 0.5%) on MCF-7 cells treated
with hederagenin (2), quinovic acid 3-O-[α-D-quinovopyranoside] (6) and quinovic acid 3-O-[β-D-quinovopyranoside] (9), respectively. Data are
presented asmean ± SD of three independent experiments. *p < 0.05 indicate the significant difference compared to the control using the Dunnett’s test.
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Additionally, hederagenin was found to be less cytotoxic to
human normal skin fibroblasts (WS1) cell lines (IC50 of 77 μM)
(Gauthier et al., 2009) which also confirms the fact that this compound
selectively kills cancer cells with least toxic effect to normal cells.
Further, hederagenin, extracted in high quantities from the fruits of
Sapindus saponaria L., (Sapindaceae), has been reported to be cytotoxic

to different cancer cells, and structural modifications resulted to the
development of potent anti-tumour compounds (Rodriguez-
Hernandez et al., 2015; Rodriguez-Hernandez et al., 2016). Overall,
hederagenin was isolated for the first time from fruits of S. pobeguinii
(Rubiaceae), and our data corroborates its use as a potential candidate
for the development of anticancer agents.

FIGURE 4
Nitric oxide production inhibition by natural compounds in LPS-stimulated RAW 264.7 cells (A) and their respective percentage of cell viability (B).
The NO production inhibition was determined based on the efficacy of tested samples to reduce NO release by LPS- stimulated RAW 264.7 cells
compared with the negative control (RAW 264.7 cells treated with LPS and DMSO at 0.5% without test samples), which was considered to be 100% of NO
production. Quercetin was used as a positive control. Data represent the mean ± standard deviation of three independent experiments; (*) means a
statistical difference (p < 0.05) between the tested samples versus the negative control (Crtl).

TABLE 3 Anti-inflammatory effect (IC50 values) of natural compounds isolated from fruits, leaves and bark of Sarcocephalus pobeguinii.

IC50 values

Compounds NO 15-LOX

µg/mL µM µg/mL µM

1 94.92 ± 4.66a 140.25 ± 5.89a 11.17 ± 0.96a 16.51 ± 1.42a

2 65.13 ± 1.23b 137.78 ± 2.17a 13.43 ± 1.59a 28.20 ± 3.71b

3 >100 >187.02 22.01 ± 1.39b 41.17 ± 2.61c

4 >100 >234.34 >100 >234.34

5 >100 >234.34 >100 >234.34

6 18.17 ± 1.26c 28.71 ± 1.99b >100 >158.02

7 95.63 ± 4.95a 216.00 ± 6.18c 65.23 ± 4.45c 147.33 ± 6.07d

8 86.02 ± 2.09d 176.74 ± 4.29d 34.97 ± 2.68d 71.86 ± 4.67e

9 48.96 ± 4.92e 77.36 ± 5.77e 74.81 ± 2.19e 118.22 ± 3.46f

10 >100 >324.27 78.09 ± 4.13e 253.22 ± 7.40g

Quercetin 12.85 ± 1.59f 42.52 ± 4.99f 18.72 ± 2.72b 61.94 ± 4.51h

Data are presented as means of triplicate measurements ±standard deviation. Superscript letters a–h represent statistical difference between data obtained, and for each column of the above

table, data with same letters are statistically not different while data with different letters are significantly different at p < 0.05. IC50: concentration of the tested samples which inhibit 50% of

biological effect. Mixture of nauclealatifoline G and naucleofficine D (1), hederagenin (2) and chletric acid (3) were isolated from CH2Cl2/MeOH (1:2) fruit extract of S. pobeguinii. Taraxerol

(4), α-amyrin(3β-hydroxy-urs-12-en-3-ol) (5) and quinovic acid 3-O-[α-D-quinovopyranoside] (6) were isolated frommethanol leaf extract of S. pobeguinii. Erythrodiol (7), quinovic acid (8),

quinovic acid 3-O-[β-D-quinovopyranoside] (9) and latifoliamide C (10) were isolated from the methanol bark extract of S. pobeguinii.

Bold values mean compounds significantly active in the assay.
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3.2 Structure–activity relationship

Three triterpenoids including two saponins isolated from S.
pobeguinii were cytotoxic to cancer cells, and their efficacy varied
according to their structural configuration or the presence of some
functional groups. When compared to other triterpenoids, the
cytotoxic effect of the two bioactive saponins, namely, quinovic
acid 3-O-[α-D-quinovopyranoside] (6) and quinovic acid 3-O-[β-
D-quinovopyranoside] (9) can be attributed to the presence of a
pyranose moiety attached at position C-3. Moreover, the α anomer
(6) is highly cytotoxic compared to the β anomer (9) which suggests
that the configuration of the glycosidic bond (C-O-sugar bond) has
an impact on the cytotoxic effect. According to several reports, the
anticancer activity of triterpenoid saponins is strongly linked to the
presence of functional carboxylic and hydroxyl groups on the
aglycone chain, the stereo-selectivity and the type of sugar
molecule attached (Nag et al., 2012; Xu et al., 2013; Elekofehinti
et al., 2021; Podolak et al., 2023). In contrast, we observed from our
study that despite the presence carboxylic and hydroxyl groups,
other triterpenoids (3), (4), (5), (7) and (8) were less cytotoxic or
inactive compared to hederagenin (2) which strongly inhibit the
growth of several cancer cells. We therefore suggest that the efficacy
of hederagenin might be attributed to the asymmetric carbon at

position C-4 which yield a different conformation due to irregular
spatial arrangements of chemical groups. This conformation might
ease the interaction with molecular targets involved in the activation
of cancer cell death pathways. Further, the solubility of hederagenin
in culture media may also be responsible for its efficacy on cancer
cells.

3.3 Caspase-dependent activation by
bioactive compounds

The potential mechanism of action of bioactive compounds
on cellular viability was explored by quantifying the caspase-3/-
7 activity in MCF-7 cells. It was found that the caspase-3/-
7 activity was significantly (p < 0.05) induced in a
concentration-dependent manner compared to control cells
treated with DMSO 0.5% (Figure 3). Additionally, the optimal
effect was observed with hederagenin (2) and quinovic acid 3-O-
[α-D-quinovopyranoside] (6) tested at 2×IC50 where an
induction up to 2-fold change in the activation of caspase-3/-
7 activity was recorded. Caspases 3 and 7 are known as
“executioners” of apoptosis, and the combined role of both
caspases is crucial for the activation of apoptotic pathways

TABLE 4 Molecular docking score (kcal/mol) and interacting residues of the most bioactive compounds against six putative target proteins based on the best
protein-ligand binding pose.

Compounds Putative
targets

Docking score values
(kcal/mol)

Interacting residues

Hederagenin

COX-2 −6.1 B chain: THR94, GLY354, HIS351

NFκB-p65 −5.7 A chain: ARG236, SER240, PHE239

STAT3 −5.3 A chain: VAL537,ILE522, ALA505, LEU525,TRP501

JAK2 −6.8 A chain: SER1025, SER1029, ILE1018, SER1074

CASPASE-3 −4.3 C chain: LEU168, PHE256, ALA254

CASPASE-7 −4.4 A chain: ARG87, CYS186

Quinovic acid 3-O-[α-D-
quinovopyranoside]

COX-2 −6.7 B chain: LYS468, LYS473, PRO474

NFκB-p65 −5.2 B chain: ARG236, PRO256, PHE239

STAT3 5.0 B chain: THR526, LUE525, ALA505

JAK2 −6.4 A chain: LYS1030, ARG1034, ARG1117

CASPASE-3 −4.9 C chain: LEU168, PHE246, ALA254

CASPASE-7 −5.3 A chain: TRP 240, VAL220, HIS144

Quinovic acid 3-O-[β-D-
quinovopyranoside]

COX-2 −6.5 B chain: GLN192, PHE580, SER581, SER579, VAL582

NFκB-p65 −5.0 B chain: ASP53,LYS28, ARG30

STAT3 5.8 B chain: SER399, LEU260, CYS259, PRO256, ILE258, ALA250, CYS257,
ARG325, PRO366

JAK2 −6.8 A chain: SER1029, SER1025, GLU1012, TYR1021, LEU1026, VAL1025,
PRO1013, ILE1018, ILE1074, PHE1019

CASPASE-3 −5.3 A chain: THR62, THR166, MET61, PHE128, GLY122, C chain: THR166,
LEU168

CASPASE-7 −5.7 A chain: ARG236, SER240, PHE239

Frontiers in Pharmacology frontiersin.org09

Mfotie Njoya et al. 10.3389/fphar.2023.1205414

161

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1205414


(Olsson and Zhivotovsky, 2011). In fact, caspase 3 controls DNA
fragmentation and morphologic changes of apoptosis, while
caspase 7 is more important for the loss of cellular viability
(Lakhani et al., 2006). Therefore, the induction of caspase-3/-
7 activity after treatment with bioactive compounds implied that
the activation of apoptotic pathways is involved in the
mechanism of induced cell death in MCF-7 cells.

3.4 Anti-inflammatory effect of isolated
compounds

Cancer development is known as a multistep process during
which inflammation is one of the factors contributing to the
promotion of cell proliferation, invasion, angiogenesis, and
metastasis. Moreover, it has been proven that patients on
Nonsteroidal anti-inflammatory drugs (NSAIDs) are at reduced
risk of cancer development (Singh et al., 2019). One of the
possible reasons is that anti-inflammatory drugs might also
interfere with signaling pathways modulated in both
inflammation and cancer. Therefore, we decided to investigate

the anti-inflammatory effect of compounds isolated from S.
pobeguinii on two experimental models. We found that all
compounds (tested at 100 μg/mL) inhibited the NO production
in LPS-stimulated RAW 264.7 cells, with the mixture
nauclealatifoline G and naucleofficine D (1), hederagenin (2),
quinovic acid 3-O-[α-D-quinovopyranoside] (6) and quinovic
acid 3-O-[β-D-quinovopyranoside] (9) being the most active by
reducing at least 50% of NO production (Figure 4A). However, the
NO production inhibitory effect of compounds (1), (2), (6) and
(9) might be attributed to their cytotoxic effect on LPS-stimulated
RAW 264.7 cells as it was observed that these compounds
significantly (p < 0.05) reduced the cell viability (Figure 4B).
Besides, by determining the IC50 values as presented in Table 3,
we found that (6) and (9) strongly inhibits NO production in a
concentration-dependent manner with IC50 values of 28.71 and
77.36 µM, respectively. On the other hand, we examined the
inhibitory effect of isolated compounds on the activity of 15-
LOX, an enzyme which regulate the inflammatory responses via
the generation of pro-inflammatory mediators known as
leukotrienes. It resulted that the mixture of nauclealatifoline G
and naucleofficine D (1), hederagenin (2) and chletric acid (3)

FIGURE 5
Visualization of binding interactions by using BIOVIA Discovery Studio Visualizer 2021 software; (A) protein-ligand interactions between JAK2 and
hederagenin (−6.8 kcal/mol); (B) protein-ligand interactions between JAK2 and quinovic acid 3-O-[α-D-quinovopyranoside] (−6.4 kcal/mol); (C)
protein-ligand interactions between COX-2 and hederagenin (−6.1 kcal/mol); (D) protein-ligand interactions between COX-2 and quinovic acid 3-O-[α-
D-quinovopyranoside] (−6.7 kcal/mol).
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strongly inhibited the activity of 15-LOX with IC50 values of 16.51,
28.20 and 41.17 µM, respectively (see Table 3). These compounds
were even more active than quercetin, which had an IC50 value of
61.94 µM. Based on the fact that 15-LOX and NO are among the
mediators involved in the progression of various inflammation-
related diseases including cancer (Zhao et al., 2021), our study
therefore identified compounds which can be considered as
potential anticancer agents with additional anti-inflammatory
effect for the effective management of both diseases.

3.5 Binding efficacy of bioactive compounds
against putative molecular targets

Six putative proteins, namely, COX-2, NFκB-p65, JAK2, STAT3,
CASPASE-3 and CASPASE-7 were chosen for molecular docking
based on the fact that they are frequently used as therapeutic targets
to regulate inflammatory signaling pathways in cancer treatment
(Jha et al., 2022). As presented in Table 4, the docking score (kcal/
mol) of the best binding pose was determined for each ligand against
the selected proteins. According to these results, hederagenin (2),
quinovic acid 3-O-[α-D-quinovopyranoside] (6) and quinovic acid
3-O-[β-D-quinovopyranoside] (9) exhibited activity within the
range of −4.3 to −6.8 kcal/mol, where −6.8 kcal/mol was the most
effective interaction between JAK2 and (9), and −4.3 kcal/mol was
the lowest binding score between CASPASE-3 and (2). Taken
individually, each of the three bioactive compounds exhibited the
greatest binding efficacy (binding score above −6 kcal/mol) against
JAK2 and COX-2 which suggests that these proteins are the
potential molecular targets involved in their antiproliferative and
anti-inflammatory effects (Figure 5). In addition, STAT3 and
NFKB-p65 also interacted well with bioactive compounds.
According to the literature reports, the high activation of JAK2/
STAT3 signaling pathway, frequently detected in various tumors,
has recently emerged as a new site for the development of novel anti-
tumor agents, and these proteins (JAK2 and STAT3) are promising
therapeutic targets for the treatment of many solid tumors (Huang
et al., 2022; Mengie Ayele et al., 2022). Moreover, NFκB-p65 is
constitutively activated in many human cancers, where it
contributes to almost all steps of tumorigenesis including
sustained proliferation, cell death resistance, tumor-promoting
inflammation, tissue invasion, angiogenesis, and metastasis (Lin
et al., 2010). As such, the NF-κB pathway is an attractive therapeutic
target in a broad range of human cancers, as well as in numerous non-
malignant diseases. Furthermore, COX-2, an enzyme that catalyzes the
first step in the synthesis of prostanoids, is associated with inflammatory
diseases and carcinogenesis (Liu et al., 2015). An overexpression of COX-
2 is observed in cancers of the pancreas, breast, colorectal, stomach, and
lung carcinoma. Therefore, COX-2 is considered as a significant target for
the development of new anticancer agents (Mohsin et al., 2022). Among
the bioactive compounds investigated, the mechanism of action of
hederagenin has been extensively studied in several studies. In fact,
hederagenin has been reported to have anti-tumour and anti-
inflammatory effects by regulating the NFκB, PI3K/AKT and JAK2/
STAT3/MAPK signalling pathways, and by reducing the expression of
pro-inflammatory cytokines or enzyme production, including Tumor
Necrosis Factor- α (TNF-α), interleukin 6 (IL-6), NO, prostaglandin E2
(PGE2), inducible nitric oxide synthase (iNOS) and COX-2 (Zhang et al.,

2012; Lee et al., 2015; Kim et al., 2017; Yu et al., 2020; Shen et al., 2023).
Our results indicate the accordance between the molecular docking and
the previous studies thereby confirming the efficacy of hederagenin as a
prominent lead compound for the management of inflammation and
cancer development. Further investigations are required for quinovic acid
3-O-[α-D-quinovopyranoside] and quinovic acid 3-O-[β-D-
quinovopyranoside] which modes of action are still not experimentally
investigated.

4 Conclusion

This study reported the isolation of ten natural compounds from
leaf, fruit and bark of Sarcocephalus pobeguinii, and described their
antiproliferative and anti-inflammatory effects as well as exploration of
potential target proteins of bioactive compounds. Hederagenin (2),
quinovic acid 3-O-[α-D-quinovopyranoside] (6) and quinovic acid 3-
O-[β-D-quinovopyranoside] (9) exhibited antiproliferative effect
against all cancerous cells by inducing apoptosis via caspase-3/-
7 activation. Among these bioactive compounds, hederagenin,
isolated for the first time from the fruits of S. pobeguinii, selectively
kills cancer cells with additional anti-inflammatory potential, and it
interacts with JAK2 and COX-2 suggesting these proteins as its
potential molecular targets. The molecular docking results were in
agreement with previously reported experimental data thereby
confirming hederagenin as a prominent drug candidate to tackle
cancer progression. Furthermore, apart from hederagenin,
nauclealatifoline G and naucleofficine D (1), and chletric acid (3)
strongly inhibited the activity of 15-LOX as compared to quercetin,
which opens further research direction aiming to investigate
experimentally their mode of action on molecular targets of
inflammation.
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Berberine enhances the function
of db/db mice islet β cell through
GLP-1/GLP-1R/PKA signaling
pathway in intestinal L cell and
islet α cell
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Background: The evidence on berberine stimulating the secretion of GLP-1 in
intestinal L cell has been studied. However, few research has explored its role on
generating GLP-1 of islet α cell. Our experiment aims to clarify the mechanism of
berberine promoting the secretion of GLP-1 in intestinal L cell and islet α cell,
activating GLP-1R and its downstream molecules through endocrine and
paracrine ways, thus improving the function of islet β cell and treating T2DM.

Methods: After confirming that berberine can lower blood glucose and improve
insulin resistance in db/dbmice, the identitymaintenance, proliferation and apoptosis
of islet cells were detected by immunohistochemistry and immunofluorescence.
Then, the activation of berberine on GLP-1/GLP-1R/PKA signaling pathway was
evaluated by Elisa, Western blot and PCR. Finally, this mechanism was verified by
in vitro experiments on Min6 cells, STC-1 cells and aTC1/6 cells.

Results: Berberine ameliorates glucosemetabolism in db/dbmice. Additionally, it also
increases the number and enhances the function of islet β cell. This process is closely
related to improve the secretionof intestinal L cell and islet α cell, activateGLP-1R/PKA
signaling pathway through autocrine and paracrine, and increase the expression of its
related molecule such as GLP-1, GLP-1R, PC1/3, PC2, PKA, Pdx1. In vitro, the
phenomenon that berberine enhanced the GLP-1/GLP-1R/PKA signal pathway had
also been observed, which confirmed the results of animal experiments.

Conclusion: Berberine canmaintain the identity and normal function of islet β cell,
and its mechanism is related to the activation of GLP-1/GLP-1R/PKA signal
pathway in intestinal L cell and islet α cell.
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Introduction

Type 2 diabetes (T2DM) has become one of the biggest health
crises. Recent data reported by the International Diabetes Federation
(IDF) in 2021 have demonstrated that the global prevalence of
diabetes was estimated at 10.5% (approximately 537 million people)
(Sun H. et al., 2022). Patients with T2DM are usually older than
65 years old, with varying degrees of potential insulin resistance and
uncontrolled hyperglycemia (Perreault et al., 2021). T2DM is due to
insulin resistance and β cell dysfunction, gradually leading to
uncontrollable hyperglycemia (Rizza, 2010). In the T2DM
process, the compensatory high insulin secretion state of β cell
will lead to the dedifferentiation and transdifferentiation of β cell
(Hudish et al., 2019). As the duration of T2DM prolongs, the
dysfunction of β cell will also deepen (Sun et al., 2019).

Glucagon-like peptide-1 (GLP-1) is an insulin-promoting
hormone and can enhance glucose-dependent insulin secretion,
inhibit glucagon secretion and delay gastric emptying. In
addition, GLP-1 can also inhibit the identity loss and dysfunction
of pancreatic islets β cell (Muller et al., 2019). GLP-1 agonists are
widely used in the treatment of T2DM and have significant
therapeutic effects on patients with hyperglycemia, insulin
resistance, and β cell dysfunction (Lee et al., 2018). In the past, it
was recognized that it was produced by intestinal L cell, but now it is
found that pancreatic α cell can also secrete GLP-1. Functional
supplementation by islet derived GLP-1 when intestinal derived
GLP-1 secretion decreases (Marchetti et al., 2012). GLP-1 acts on
GLP-1R of pancreatic β cell through endocrine and paracrine ways
respectively (Huising, 2020). GLP-1R activates adenylate cyclase
(AC) to produce cAMP, which in turn activates protein kinase A
(PKA) (Que et al., 2019).

PC1/3 and PC2 are neuroendocrine specific endoproteases
belonging to the subtilisin-like serine protease family. They can
process peptide hormones into bioactive products (Smeekens et al.,
1992). Under their shearing action, proinsulin is converted into
insulin and glucagon and secreted into blood. At the same time,
PC1/3 has the effect of cutting glucagon to formGLP-1 (Muller et al.,
2019). Pdx1 is a major regulator of pancreatic organogenesis, β cell
maturation and identity preservation, and also has the function of
promoting normal insulin secretion (Ebrahim et al., 2022). Research
has found that after high glucose and high fat culture in vitro, the
expression of Pdx1 in primary pancreatic islets decreases,
intervention with liraglutide can significantly increase the
secretion of Pdx1, while GLP-1R inhibitors can counteract this
effect (Cataldo et al., 2021). The GLP-1/GLP-1R/PKA signaling
pathway can maintain the identity of islet β cell and promote
insulin secretion by promoting the expression of these molecules.

Berberine is a bioactive component of huanglian (Coptis
chinensis Franch.), which has extensive pharmacological effects
and is widely used in the treatment of digestive and endocrine
system diseases in clinical practice (Song et al., 2020). When
studying the mechanism of berberine in the treatment of
diabetes, a study has already pointed out that berberine can
promote insulin secretion, improve insulin resistance and inhibit
pancreatic islet β cell dysfunction (He Q. et al., 2022), Meanwhile, a
study has also confirmed that berberine promotes the secretion of
GLP-1 by L cell in intestinal tissue, while activating GLP-1R and the
phosphorylation of PKA through endocrine pathways (Sun S. et al.,

2022). However, there is relatively little or no research on the
protection of pancreatic islet cell identity and promotion of GLP-
1 parasecretion by berberine. Our study supplements the
mechanism by which berberine protects the identity and function
of pancreatic islet cells from the perspective of promoting GLP-1
paracrine secretion by islet α cell.

In this experiment, we used in vivo and in vitro experiments and
explored the process of berberine improving the function of islet β
cell by stimulating the endocrine and paracrine GLP-1 in intestinal L
cell and islet α cell and activating the GLP-1R/PKA signaling
pathway.

Materials and methods

Antibodies and reagents

PC2 antibody (D1E1S), t-PKA antibody (D38C6), p-PKA
antibody (D45D3), Pdx1 antibody (D59H3), GLP-1R antibody
(HA500204) and all secondary antibodies used in Western blot
were purchased from Cell Signaling Technology (Beverly, MA,
United States); PC1/3 antibody (ab220363) was obtained from
Abcam (Cambridge, United Kingdom); Ki67 antibody (A16919)
was obtained from Abclonal (Wuhan, China); GLP-1 antibody
(55292-1-AP), insulin antibody (66198-1-Ig) and glucagon
antibody (15954-1-AP) were bought from Proteintech (Wuhan,
China); β-actin antibody (20536-1-AP) was obtained from Santa
CruzBiotechnology (Santa Cruz, CA). Berberine, Palmitic acid (PA),
GLP-1 (9-36) amide were purchased from Sigma-Aldrich (MO,
United States). Other regular reagents were obtained from Wuhan
Gugeshengwu Technology Co., Ltd. unless otherwise specified.

Animal experiment

Male seven-week-old db/db and db/m mice were obtained from
Nanjing Biomedical Research Institute of Nanjing University. We
kept the animals in the animal experiment center (SPF-grade) of
Huazhong University of science and technology (22°C±2°C, 12 h
light/dark cycles, 40%–60% humidity). Db/m mice were set as the
Control group, and db/db mice were randomly divided into Model
group, Low group and High group. The Control group and Model
group were given distilled water by gavage, while the Low group and
High group were given 150 mg/kg and 300 mg/kg berberine by
gavage respectively. The experimental protocol is illustrated in
Figure 1A. After the experiment, 3% pentobarbital sodium
(45 mg/kg, intraperitoneal injection) was used for anesthesia. The
separated pancreas and ileum were partially fixed in
polyformaldehyde and partially placed in a refrigerator at −80°C.
The animal experiment was approved by the Animal Ethics
Committee of Tongji Medical College, Huazhong University of
Science and Technology (HUST) and its IACUC number is S2095.

Measurement of insulin and GLP-1

Insulin and GLP-1 was quantified by ELISA kits. We drew a
standard curve using the gradient dilution of the standard product as
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a template, added the sample, antibody and HRP aggregation
reagent, and put it in a 37°C water bath, then washed it five
times with a washing solution, we added the chromogenic
solution and reacted for 10 min, then detected the absorbance of
each hole at a wavelength of 450 nm.

Immunohistochemistry and
immunofluorescence staining

For immunohistochemistry, paraffin sections were dewaxed and
washed. Then, the slices were placed in the microwave to repair the
antigen. After cooling to room temperature, the chips were put into
3%H2O2 for 30 min. After washing with PBS, chips were sealed with
10% goat serum for 1 h. The first antibody was added and incubated
at 4°C for 14 h and the second antibody was added and incubated for

1 h. DAB is used for color development, and then hematoxylin is
used for nuclear staining.

For immunofluorescence, except for the need to block
endogenous peroxidase with H2O2, its process did not differ
from immunohistochemistry until the primary antibody was
incubated. After the primary antibody was incubated for 14 h,
the secondary antibody was added and incubated for 1 h. We
used DAPI to stain the nucleus.

Cell culture

The mouse pancreatic β-cell line, Min6, was cultured in DMEM
high glucose medium containing 10% fetal bovine serum. The
mouse intestinal L-cell line, STC-1, was cultured in 1648 medium
containing 10% fetal bovine serum. The mouse pancreatic α-cell

FIGURE 1
Berberine improved T2DM symptoms in db/dbmice. (A) Animal experimental protocol. (B) Bodyweight ofmicewas recordedweekly (n= 8). (C) The
bar graph represents the final body weight at the ending of experiment (n= 8). (D) Fasting blood glucose of mice was recorded weekly (n= 7). (E) For GTT,
mice were fasted overnight and intraperitoneally injected with glucose (i.p., 0.75 g/kg), blood glucose was measured at 0, 30, 60, and 120 min after
glucose adminis-tration (n = 7). (F) The bar graph represents average area under the GTT curve (n = 7). (G) For ITT, mice were fasted overnight and
intraperitoneally injected with insulin (i.p., 1.0 U/kg), blood glucose was measured at 0, 30, 60, and 120 min after insulin administration; the bar graph
represents average area under the curve (n= 7). (H) The bar graph represents average area under the ITT curve (n= 7). (I) Fasting insulin was determined at
the ending of experiment (n = 5). (J) HOMA-IR index was calculated according to standard formula: HOMA-IR = FBG (mM) × fasting insulin (mU/L)/22.5
(n = 8). All data are presented as means ± SEM. Compared to control group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared to model group, *p < 0.05,
**p < 0.01, ***p < 0.001.
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line, αTC1/6, was cultured in DMEM high glucose medium
containing 15% fetal bovine serum.

PA was used to construct T2DM model in cells, and berberine
was used to observe its therapeutic effect. GLP-1 (9-36) amide was a
competitive inhibitor of GLP-1R, and was used to observe the effect
of berberine on GLP-1/GLP-1R/PKA signal pathway.

After determining the appropriate drug concentration in each
cell with cck8, the three drugs were applied to the cell for 24 h. The
culture supernatants were collected for GLP-1 assays, and the cells
were lysed for protein or mRNA analysis.

Western blot analysis

Proteins were extracted from tissues and cells, and then
protein concentrations were quantified using a Bis-creatine
(BCA) kit. Samples were electrophoresed (80 V, 0.5 h, then
120 V, 1H) and transferred to polyvinylidene fluoride
membranes (280 mA, 1 kda/min). Bands were put into
blocking buffer for 1 h and incubated in primary antibody for
14 h. After cleaning, the secondary antibody was applied for 1 h.
After cleaning, the strips were sent for exposure.

Real-time quantitative polymerase chain
reaction (RT-qPCR)

The samples were added into Trizol for cracking, then
chloroform was added for centrifugation to obtain the upper
liquid phase, and isopropyl alcohol was added for centrifugation
to obtain the precipitate. The precipitate was washed with ethanol
and then dissolved with DEPC water. After reverse transcription,
reagents and sample cDNA were added according to PCR reaction
system and performed on LightCycler®96 system (Roche
Diagnostics, Mannheim, Germany). Sequences of the primers are
listed in Table 1.

Statistical analysis

Data are presented as mean ± SD. All data were tested for
normality using Shapiro wilk. When p < 0.05, we performed
Kruskal–Wallis analysis. When p > 0.05, we used one-way
ANOVA to compare differences between groups. Statistical
analysis was performed using GraphPad Prism software, and p <
0.05 was considered statistically significant.

Results

Berberine ameliorates diabetic conditions in
db/db mice

As a mature T2DM animal model, db/db mice were used to
explore the effect of berberine on their T2DM symptoms. We
recorded the weight of mice since the beginning of the
experiment and the differences in the last weight of each
group. Compared with the Model group, the Low group and the
High group had a clear weight loss effect (Figure 1B). We recorded
the changes of the fasting blood glucose level of mice every week. We
can see that the rate of fasting blood glucose decline in the Low
group is slightly slower than that in the High group, but it also
maintained at a lower level with the High group at the end of the
experiment (Figures 1C, D). After the administration of berberine,
we conducted glucose tolerance test (GTT) and insulin tolerance test
(ITT). Compared with db/db mice, the Low and High groups treated
with berberine had lower blood glucose levels after intraperitoneal
injection of glucose and insulin (Figures 1E, G). At the same time,
the area under the curve (AUC) of GTT and ITT in these two groups
was also lower (Figures 1F, H). In order to evaluate the effect of
berberine on insulin secretion, we measured the serum insulin level
at fasting. It can be found that compared with the Model group, the
Low group and High group secreted more insulin after berberine
treatment (Figure 1I), and calculated homeostatic model assessment
of insulin resistance (HOMA-IR) index according to the following
formula: HOMA-IR = FBG (mM) × Fasting insulin (mU/L)/22.5
(Figure 1J). These data suggested that berberine ameliorates diabetic
conditions in db/db mice.

Effect of berberine on islet cells of db/db
mice

We used H&E staining method to observe the shape of mouse
islets (Figure 2A). After comparing the shape, quantity and area of
islets, that there was no significant difference in these indicators
between groups (Figure 2B). We used glucagon and insulin to label α
cell and β cell for co-staining, and found that the ratio of α cell to β
cell in Model group increased observably, while the two groups
treated with berberine improved this trend (Figure 2C, D). Then we
used Tunel fluorescence staining to detect the apoptosis signal in
islet cells and immunofluorescence staining for the value-added
related antigen Ki67 (Figures 2E, F). However, the expression of
value-added and apoptosis-related signals between the groups was

TABLE 1 Primers used for RT-qPCR.

Gene Forward (5′–3′) Reverse (5′–3′)

GLP-1R CTCCGAGCACTGTCCGTCTT GATAACGAACAGCAGCGGAAC

PC1/3 GTACTGTTGGCTGAAAGGGAAAG CGCTTCTCCACAACATTCACC

PC2 TCTTGACCTACGGCATGATGAG CACTCCTAGCAGCAGGTTCTCAT

Pdx1 AGCTCGCTGGGATCACTGGA TGTAAGCACCTCCTGCCCACT

GAPDH CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT
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very little, and there was no significant difference. These data
indicate that berberine had no significant effect on the
morphology, quantity and proliferation apoptosis of islet cells,
but it inhibited db/db mice β cell transformation α cell process.
Therefore, we had further studied the signal pathway that maintains
the identity of β cell and inhibits β cell dysfunction.

Berberine increased the expression of GLP-1
and GLP-1R

The expression level of GLP-1 in pancreas and intestine was
measured by immunohistochemistry. The pancreas was
photographed under ×400 microscope and the intestine was
photographed under ×100 and ×400 microscope respectively
(Figures 3A, B). Through statistical analysis of GLP-1 positive
area, it can be seen that the expression of GLP-1 in the pancreas
and intestine of the Model group decreased compared with that of
the Control group, while the Low and High groups given berberine
reversed this trend (Figures 3C, D). In addition to GLP-1 in tissues,

we used ELISA to detect the level of GLP-1 in serum, and its trend
was also consistent with that of GLP-1 in pancreas and intestine
(Figure 3E). We observed GLP-1R in the pancreas
under ×400 microscope by immunohistochemistry, and found
that berberine reversed the downward trend of GLP-1R
expression in the Model group (Figures 3F, G). For the
expression of GLP-1R in the intestine, we used Western blot to
detect its protein content and PCR to detect its transcription level
(Figure 3H). Statistics showed that berberine increased the
expression of GLP-1R in db/db mice at the protein content and
mRNA level (Figures 3I, J). These data indicated that berberine can
activate the intestinal—islet GLP-1/GLP-1R/PKA signaling
pathway.

Berberine increased the expression of PKA,
PC1/3, PC2, and Pdx1

In the pancreas, we observed PC1/3 and PC2 under
X400 microscope by immunohistochemical method (Figures

FIGURE 2
Effect of berberine on islet cells of db/db rats. (A) Representative H&E staining in different groups of pancreas. Scale bar, 400 μm. (B) Representative
figure of islet number and islet area in different groups (n = 5). (C) Immunofluorescence images showing the glucagon (red) and insulin (green) expression
in different groups of pancreas. DAPI staining indicates the nuclei (blue). Scale bar, 400 μm. (D) Representative figure of the ratio of glucagon+ cells to
insulin+ cells in (n = 3). (E) Representative figures of TUNEL (green) immunofluorescence staining in different groups of pancreas. DAPI staining
indicates the nuclei (blue). Scale bar, 400 μm. (F) Immunofluorescence images showing the Ki67 (red) and insulin (green) expression in different groups of
pancreas. DAPI staining indicates the nuclei (blue). Scale bar, 400 μm. All data are presented as means ± SEM. Compared to control group, #p < 0.05,
##p < 0.01, ###p < 0.001; Compared to model group, *p < 0.05, **p < 0.01, ***p < 0.001.
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4A, B). Statistics showed that PC1/3 and PC2 in Model group was
significantly lower than that in Control group, and then increased
after berberine treatment (Figures 4C, D). We observed the
expression level of Pdx1 by immunofluorescence method and
found that it increased after berberine treatment (Figures 4E, F).
In the intestine, we detected the protein levels of PC1/3 and PKA
by Western blot (Figure 4G), and found that the expression of
PC1/3 and the phosphorylation level of PKA increased after the
treatment of berberine (Figures 4H, I). At the same time, we
detected the mRNA levels of PC1/3, PC2 and Pdx1. The
treatment of berberine promoted the transcription of these
molecules in the intestine (Figures 4J–L). These data indicated
that the status of β cell in pancreas and intestine is maintained
and the molecular expression level of β cell dysfunction is
increased after treatment.

Berberine activated GLP-1/GLP-1R/PKA
signaling pathway in Min6 cell

Min6 cell is a cell line established in insulinoma obtained by
targeted expression in transgenic mice, and retains the
physiological characteristics of normal β cell. We used the
method of CCK8 to determine the concentration of PA,
berberine and GLP-1 (9-36) amide in Min6 cell (Figure 5A).
Then, protein content of GLP-1R, PKA, PC1/3, PC2 and Pdx1 in
four groups of cells was detected using Western blot (Figure 5B).
After statistics, we found that the expression of these proteins
decreased after PA modeling, and increased after adding

berberine, while after giving GLP-1R inhibitor, this trend of
berberine was inhibited (Figures 5C–G). We measured mRNA
levels of GLP-1R, PC1/3, PC2 and Pdx1 in cells by PCR, and the
trend was also consistent with the trend of their protein
expression (Figures 5H–K). These data indicated that
berberine activated the GLP-1/GLP-1R/PKA signaling pathway
in Min6 cell.

Berberine activated GLP-1/GLP-1R/PKA
signaling pathway in STC-1 cell

STC-1 cell has many characteristics of natural intestinal
endocrine cells, and can express and secrete many intestinal
hormones such as GLP-1 (McCarthy et al., 2015). We used the
method of CCK8 to determine the concentration of PA, berberine
and GLP-1 (9-36) amide in STC-1 cells (Figure 6A). STC-1 is a cell
line that can secrete GLP-1. We extracted the culture medium after
cell culture for ELISA detection. We can see that the secretion of
GLP-1 increases after adding berberine (Figure 6B). We used
Western blot to detect the protein contents of GLP-1R, PKA,
PC1/3 and PC2 in STC-1 cells (Figure 6C). After statistics, we
found that proteins increased after the addition of berberine, but
after the administration of GLP-1R inhibitor, this trend of berberine
was inhibited (Figures 6D–G). We detected GLP-1R, PC1/3,
PC2 and Pdx1 in cells by PCR, and found that their mRNA
expression level increased after berberine administration (Figures
6H–K). These data indicated that berberine activated GLP-1/GLP-
1R/PKA signaling pathway in STC-1 cell.

FIGURE 3
Berberine increased the expression of GLP-1 andGLP-1R. (A) Representative immunohistochemical figures of GLP-1 in pancreas. Scale bar, 400 μm.
(B) Representative immunohistochemical figures of GLP-1 in intestine. Scale bar, 400 μm. (C) Representative figure of GLP-1 area in pancreas (n = 3). (D)
Representative figure of GLP-1 area in intestine (n= 5). (E) Representative figure of GLP-1 in blood serum (n= 5). (F) Representative immunohistochemical
figures of GLP-1R in intestine. Scale bar, 400 μm. (G) Representative figure of GLP-1 area in pancreas (n = 3). (H) Representative western blots for
immunoprecipitation of GLP-1R in intestine. (I) The quantification of GLP-1R immunoprecipitation in intestine (n = 4). (J) The mRNA levels of GLP-1R in
intestine of different groups (n = 4). All data are presented asmeans ± SEM. Compared to control group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared
to model group, *p < 0.05, **p < 0.01, ***p < 0.001.
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Berberine activated GLP-1/GLP-1R/PKA
signaling pathway in αTC1/6 cell

αTC1/6 cell has the physiological characteristics of islet α cell (Suga
et al., 2019). We used the method of CCK8 to determine the
concentration of PA, BBR and GLP-1 (9-36) amide in αTC1/6 cell
(Figure 7A). We extracted the culture medium after cell culture for
ELISA detection, and we can see that the secretion of GLP-1 increases
after adding berberine (Figure 7B). We detected the protein contents of
GLP-1R, PKA, and Pdx1 by Western blot method (Figure 7C). After
statistics, we found that the expression level of these proteins increased
after adding berberine, but after giving GLP-1R inhibitor, this trend of

berberine was inhibited (Figures 7D–F). We also detected PC1/3 and
PC2, but they were too low to be detected. We detected GLP-1R and
Pdx1 in cells by PCR, and the trendwas also consistent with the trend of
their protein expression (Figures 7G, H). These data indicated that
berberine activated GLP-1/GLP-1R/PKA signaling pathway in αTC1/
6 cell.

Discussion

In animal experiments, we verified the therapeutic effect of
berberine on T2DM and the function improvement of islet β cell.

FIGURE 4
Berberine increased the expression of PKA, PC1/3, PC2, and Pdx1. (A) Representative immunohistochemical figures of PC1/3 in pancreas. Scale bar,
400 μm. (B) Representative immunohistochemical figures of PC1/3 in pancreas. Scale bar, 400 μm. (C) Representative figure of PC1/3 area in pancreas
(n = 3). (D) Representative figure of PC2 area in pancreas (n = 3). (E) Immunofluorescence images showing the Pdx1 (red) and insulin (green) expression in
different groups of pancreas. DAPI staining indicates the nuclei (blue). Scale bar, 400 μm. (F) Representative figure of the ratio of Pdx1+ cells to
insulin+ cells in different groups of pancreas (n = 3). (G) Representative western blots for immunoprecipitation of PKA and PC1/3 in intestine. (H) The
quantification of PKA immunoprecipitation in intestine (n=4). (I) The quantification of PC1/3 immunoprecipitation in intestine (n= 4). (J) ThemRNA levels
of PC1/3 in intestine of different groups (n = 4). (K) ThemRNA levels of PC2 in intestine of different groups (n = 4). (L) ThemRNA levels of Pdx1 in intestine
of different groups (n=4). All data are presented asmeans ± SEM. Compared to control group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared tomodel
group, *p < 0.05, **p < 0.01, ***p < 0.001.
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Subsequently, we examined molecules of the GLP-1/GLP-1R/PKA
signaling pathway in pancreatic and intestinal tissues and found that
their expression was increased. Although previous studies on berberine
promoting GLP-1 have been performed, they are limited to the impact
on intestinal L cell. In our experiment, we took the function of α cell into
consideration and observed the effect of berberine on pancreatic islet α
cell, which made the evidence more convinced.

We focused on the effect of berberine on the islet cells of db/db
mice. In our immunofluorescence experiment with insulin labeled β
cell and glucagon labeled α cell, we found that after berberine
treatment, the ratio of β cell to α cell increased. From this, we
can conclude that berberine mainly affects the number and function
of β cell to treat T2DM. The study indicates that the process is due to
the transdifferentiation between islet cells, and the intestine-islet

FIGURE 5
Berberine activated GLP-1/GLP-1R/PKA signaling pathway in Min6 cells. (A) The cck8 representative figures of PA, BBR and GLP-1 (9-36) amide (n =
3). (B) Representative western blots for immunoprecipitation of GLP-1R, PKA, PC1/3, PC2 and Pdx1 in Min6. (C) The quantification of GLP-1R
immunoprecipitation in Min6 (n = 4). (D) The quantification of PKA immunoprecipitation in Min6 (n = 4). (E) The quantification of PC1/
3 immunoprecipitation in Min6 (n = 4). (F) The quantification of PC2 immunoprecipitation in Min6 (n = 4). (G) The quantification of
Pdx1 immunoprecipitation in Min6 (n = 4). (H) The mRNA levels of GLP-1R in Min6 of different groups (n = 3). (I) The mRNA levels of PC1/3 in Min6 of
different groups (n = 3). (J) The mRNA levels of PC2 in Min6 of different groups (n = 3). (K) The mRNA levels of Pdx1 in Min6 of different groups (n = 3). All
data are presented asmeans ± SEM. Compared to control group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared tomodel group, *p < 0.05, **p < 0.01,
***p < 0.001; Compared to BBR group, ~p < 0.05, ~~p < 0.01, ~~~p < 0.001.
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GLP-1/GLP-1R/PKA signal pathway is one of the important
pathways to produce this process (Baggio and Drucker, 2007;
Mayendraraj et al., 2022).

GLP-1 is one of the hormones responsible for the incretin effect,
and exerts a wide variety of actions such as potentiation of glucose-
stimulated insulin secretion, reduction of appetite, delay of gastric
emptying and inhibit β cell dysfunction (Rondas et al., 2013).

However, with the progress of research, it is found that GLP-1 is
produced jointly by intestinal L cell and islet α cell, and acts
cooperatively through endocrine and paracrine pathways, GLP-1
produced by islet α cell can act on islet β cell faster with paracrine
effect (Vilsbøll, 2009; Villalba et al., 2020). With the treatment of
berberine, like other studies, we have found an increase in GLP-1
secretion from intestinal L cell (Yu et al., 2015; Wang et al., 2021),

FIGURE 6
Berberine activated GLP-1/GLP-1R/PKA signaling pathway in STC-1 cells. (A) The cck8 representative figures of PA, BBR andGLP-1 (9-36) amide (n=
3). (B)Representative figure of GLP-1 in cell (n= 3). (C) Representativewestern blots for immunoprecipitation of GLP-1R, PKA, PC1/3 and PC2 in STC-1. (D)
The quantification of GLP-1R immunoprecipitation in STC-1 (n = 4). (E) The quantification of PKA immunoprecipitation in STC-1 (n = 4). (F) The
quantification of PC1/3 immunoprecipitation in STC-1 (n = 4). (G) The quantification of PC2 immunoprecipitation in STC-1 (n = 4). (H) The mRNA
levels of GLP-1R in STC-1 of different groups (n= 3). (I) ThemRNA levels of PC1/3 in STC-1 of different groups (n= 3). (J) ThemRNA levels of PC2 in STC-1
of different groups (n = 3). (K) The mRNA levels of Pdx1 in STC-1 of different groups (n = 3). All data are presented as means ± SEM. Compared to control
group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared to model group, *p < 0.05, **p < 0.01, ***p < 0.001; Compared to BBR group, ~p < 0.05, ~~p <
0.01, ~~~p < 0.001.
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but in addition, we have also noticed a significant increase in GLP-1
secretion in the pancreatic islets, which has been ignored in previous
studies. From this, we can prove that berberine not only activates
GLP-1R of islet β cell through the secretion of intestinal L cell, but
also promotes the function of GLP-1 secretion of islet α cell.

PC1/3 and PC2, as the important proteases of β cell, play an
important role in the process of transforming proinsulin into insulin
(Lafferty et al., 2021). Islet specific transcription factor Pdx1 has the
function of maintaining islets β cell identity, inhibiting the
transformation of β cell to α cell and promoting the secretion of
insulin by β cell (Ebrahim et al., 2022). We detected the expression
levels of these molecules in intestinal and pancreatic tissues, and the
results showed an increase in expression in both tissues. This also
indicates that berberine activates the GLP-1/GLP-1R/PKA signaling
pathway in intestinal and pancreatic tissues, which synergistically
improves the function of pancreatic β cell.

In order to have a further study about the effect of
berberine on GLP-1/GLP-1R/PKA signaling pathway, we

performed experiment in vitro. Min6 cell, a kind of islet β cell
line, has been used as a model for glucose metabolism in vitro
(Wang and Hu, 2021). In our experiment, berberine stimulation
increased the expression of related molecules in the GLP-1/GLP-
1R/PKA signaling pathway in MIN6 cells. STC-1 cell is an
intestinal L cell line and often used in GLP-1 related research
as a cell secreting GLP-1 (Wei et al., 2020). After we administered
berberine stimulation, we found an increase in GLP-1 secretion by
STC-1 cells, as well as an increase in the expression of molecules
such as GLP-1R, PC1/3, PC2, and Pdx1. However, the administration
of GLP-1R antagonists inhibited this phenomenon, demonstrating the
role of berberine in activating the GLP-1/GLP-1R/PKA signaling
pathway in STC-1 cell.

We investigated the effect of berberine stimulation on the
GLP-1/GLP-1R/PKA signaling pathway in αTC1/6 cell. With the
discovery of the endocrine function of islet α cell in recent years,
some people began to use it in some experiments (He Y. et al.,
2022). As a secretory cell of GLP-1, it was stimulated by berberine

FIGURE 7
Berberine activated α GLP-1/GLP-1R/PKA signaling pathway in αTC1/6 cells. (A) The cck8 representative figures of PA, BBR and GLP-1 (9-36) amide
(n = 3). (B) Representative figure of GLP-1 in cell (n = 3). (C) Representative western blots for immunoprecipitation of GLP-1R, PKA and Pdx1 in αTC1/6. (D)
The quantification of GLP-1R immunoprecipitation in αTC1/6 (n = 4). (E) The quantification of PKA immunoprecipitation in αTC1/6 (n = 4). (F) The
quantification of Pdx1 immunoprecipitation in αTC1/6 (n = 4). (G) The mRNA levels of GLP-1R in αTC1/6 of different groups (n = 3). (H) The mRNA
levels of Pdx1 in αTC1/6 of different groups (n = 3). All data are presented as means ± SEM. Compared to control group, #p < 0.05, ##p < 0.01, ###p <
0.001; Compared to model group, *p < 0.05, **p < 0.01, ***p < 0.001; Compared to BBR group, ~p < 0.05, ~~p < 0.01, ~~~p < 0.001.
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and showed the same phenomenon of increased GLP-1 secretion
as STC-1 cell, as well as increased expression of GLP-1R, p-PKA,
Pdx1 and other related molecules. But the difference is that we did
not observe a significant increase in PC1/3 and PC2 in it. A study
has shown that mature α cell only express low levels of PC1/3
(Kilimnik et al., 2010), and GLP-1R agonists increase α cell PC1/
3 expression through a β cell GLP-1R dependent manner (Garibay
et al., 2018; Saikia et al., 2021). From this, we speculate that the
significant increase in PC1/3 and PC2 that could not be detected
may due to we only studied the effect of berberine alone on αTC1/
6 cell. These results indicate that berberine can not only act on
intestinal cells, but also promote the secretion of GLP-1 by
pancreatic islet cells. The combined action of paracrine and
endocrine produced GLP-1 on the GLP-1R of β cell activates its
downstream signaling pathway.

Intestine-islet GLP-1/GLP-1R/PKA signaling pathway plays
an important role in maintaining the identity and function of β
cell. Although, there are some of studies related to the treatment of
T2DM by berberine in activating this signaling pathway in
intestine cell, it is few study about the paracrine effect of GLP-1
in α cell (Sandoval and D’Alessio, 2015). We consider that islet α
cell is also indispensable in the process of islet function
improvement. According to our research, it has been proved for
the first time that berberine can improve T2DM by promoting
the synergistic effect of intestinal-islet GLP-1/GLP-1R/PKA
signal pathway. At the same time, we also carried out cell
experiments to more clearly demonstrate that berberine
promotes GLP-1 secretion and GLP-1R and its downstream
molecules expression.

Conclusion

In conclusion, we confirmed in vivo that berberine has the
effect of treating T2DM and enhancing the function of islet β cell,
and then showed that this effect is produced by activating the
GLP-1/GLP-1R/PKA signal pathway in the intestine and islet.
Then we verified the effect of berberine on GLP-1/GLP-1R/PKA
signal pathway in related cells through in vitro experiments. This
experiment more comprehensively revealed the mechanism of
berberine acting on GLP-1/GLP-1R/PKA signal pathway, and
also showed that islet α cell probably play an important role in the
treatment of T2DM, providing some ideas for the follow-up study
of islet function.
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Introduction: This study aimed to investigate the chemical profile of GC-MS,
antioxidant, anti-diabetic, and anti-inflammatory activities of the ethyl acetate
fraction of Spilanthes filicaulis leaves (EFSFL) via experimental and computational
studies.

Methods: After inducing oxidative damage with FeSO4, we treated the tissues with
different concentrations of EFSFL. An in-vitro analysis of EFSFL was carried out to
determine its potential for antioxidant, anti-diabetic, and anti-inflammatory
activities. We also measured the levels of CAT, SOD, GSH, and MDA.

Results and discussion: EFSFL exhibited anti-inflammatory properties through
membrane stabilizing properties (IC50 = 572.79 μg/ml), proteinase inhibition
(IC50 = 319.90 μg/ml), and inhibition of protein denaturation (IC50 = 409.88 μg/
ml). Furthermore, EFSFL inhibited α-amylase (IC50 = 169.77 μg/ml), α-glucosidase
(IC50 = 293.12 μg/ml) and DPP-IV (IC50 = 380.94 μg/ml) activities, respectively.
Our results indicated that induction of tissue damage reduced the levels of GSH,
SOD, and CAT activities, and increased MDA levels. However, EFSFL treatment
restores these levels to near normal. GC-MS profiling shows that EFSFL contains
13 compounds, with piperine being the most abundant. In silico interaction of the
phytoconstituents using molecular and ensembled-based docking revealed
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strong binding tendencies of two hit compounds to DPP IV (alpha-caryophyllene
and piperine with a binding affinity of −7.8 and −7.8 Kcal/mol), α-glucosidase
(alpha-caryophyllene and piperine with a binding affinity of −9.6 and −8.9 Kcal/
mol), and to α-amylase (piperine and Benzocycloheptano[2,3,4-I,j]isoquinoline,
4,5,6,6a-tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-methyl with a binding
affinity of −7.8 and −7.9 Kcal/mol), respectively. These compounds also
presented druggable properties with favorable ADMET. Conclusively, the
antioxidant, antidiabetic, and anti-inflammatory activities of EFSFL could be due
to the presence of secondary metabolites.

KEYWORDS

Spilanthes filicaulis, antioxidant, antidiabetic, anti-inflammatory, GC-MS profiling,
molecular docking and dynamic simulations

1 Introduction

Researchers have explored various plants based on World
Health Organization (WHO) authorization (World Health
Organization, 1999). Researchers are using plants and their
extracts to treat disorders such as diabetes and inflammation-
related diseases (Andlib et al., 2023). Diabetes-related conditions
rank among the top ten killer diseases in the world (Rendra et al.,
2019). The symptoms of diabetes mellitus (DM) are caused by
cellular dysfunction resulting from an imbalance between the
antioxidant defense system and oxidative stress (Rendra et al.,
2019). This reactive oxygen species (ROS) bonds with available
proteins in a reactive process known as glycation. Diabetes is an
elevation of blood glucose concentrations in the body (Cole and
Florez, 2020). It is a form of the disease, that is, known to manifest
when there is a perpetual and continuous increase in concentration,
and it manifests in three major ways: first, this condition occurs
when the pancreas is dysfunctional or even destroyed, and this state
of condition is referred to as an “insulin-dependent condition”
(Bellary et al., 2021). Because the beta cells present in the islets
of Langerhans in the pancreas produce insulin. Second, this
condition is also manifested when the body’s system is not
responding to the insulin produced by the pancreas or when not
enough insulin is produced to combat the increased concentration of
glucose in the system (McIntyre et al., 2019; Bellary et al., 2021). This
state of the disease has been linked to an increase in fat deposits over
time due to people who lack exercise and those who have decided to
live a sedentary lifestyle. This disease state is called insulin resistance,
and it is the most common type of this disease condition because it
occurs from childhood to adulthood (Bellary et al., 2021). Third,
gestational diabetes, which is frequent among women, manifests
itself in pregnant women when their glucose concentration in the
system increases during pregnancy (McIntyre et al., 2019). The
causative agent of this condition is free radicals, which initiate
different manifestations of this disease, such as cardiomyopathy,
nephropathy, neuropathy, and retinopathy. This disease condition
has received a lot of interest in recent times, and several therapeutic
means have been adopted by researchers to deal with it, such as the
manufacture of antidiabetic drugs, including metformin (Ojo et al.,
2022). But over the years, the drugs produced have not been able to
fully manage the complications that arise from oxidative stress. The
focus has now been on the use of organic therapies such as plants
(Ojo et al., 2022). Furthermore, it has been identified that plants

possess certain bioactive compounds, making them a powerful force
in combating various diseases, including diabetes. These
compounds, also known as phytochemicals, are known to also
increase defense mechanism functions in the system, such as
catalase (CAT), superoxide dismutase (SOD), and reduced
glutathione (GSH), as well as suppress malondialdehyde (MDA)
activities (Truong and Jeong, 2021). In the tropical and subtropical
parts of the world, including Africa, America, Borneo, India, Sri
Lanka, and Asia, Spilanthes filicaulis is also known as Creeping Spot
Flower or African Cress (Tiwari et al., 2011). It is an annual plant
that creeps and has prostrate stems that root from the nodes. They
used seeds for reproduction. Their leaves are oval and alternating.
On a short, somewhat hairy petiole, they tightly affixed the blade to
the stem. The inflorescence is made up of short axillary peduncles
with ovoid flower heads. They have blooms with golden rays and
discs (Akoachere et al., 2015). In Babungo, northern Cameroon, the
entire S. filicaulis plant is used to treat malaria, gastritis, toothaches,
and stomachaches (Simbo, 2010). Additionally, the whole plant is
used to cure chest discomfort, dermatitis, guinea worms, stomach
problems, headaches, coughing, and toothaches. Additionally, it is
used topically as a local anesthetic and as an enema to treat side
discomfort (Ndenecho, 2009; Elufioye et al., 2019). This study aims
to determine the antioxidant, antidiabetic, and anti-inflammatory
properties of the ethyl acetate fraction of S. filicaulis leaves via
experimental and computational studies.

2 Materials and methods

2.1 Chemicals and reagents

In this study, analytical grade solvents and reagents were used.
Pancreatic α-amylase and α-glucosidase were obtained from Central
Research Lab. Ltd, Ilorin. All chemicals used were of analytical
grade.

2.2 Plant material and preparation of ethyl
acetate fractions of Spilanthes filicaulis leaf

We obtained the leaves of S. filicaulis from Bowen University’s
farmlands and identified them with the herbarium number
BUH035. We cleaned the leaves to remove dirt and dust particles
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and left them to air dry for 2 weeks. Once dry, we processed them
into a powdery form. Then, 30 g of powder was dissolved with an
appropriate amount of methanol and water, and the mixture was
allowed to macerate for 72 h. The resulting extract (MESFL) was
filtered, concentrated, and stored at −20°C for further analysis.
Subsequently, 20 g of MESFL was fractionated exhaustively with
ethyl acetate to obtain the ethyl acetate fraction (EFSFL). We
concentrated the ethyl acetate fraction using a rotary evaporator
and stored the concentrate for further analysis.

2.3 In vitro antioxidant

2.3.1 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
scavenging ability

We followed the procedure outlined by Ojo et al. (2022) to
evaluate the ability of the extracts to scavenged DPPH radicals. For
the comparative analysis, ascorbic acid served as the reference
standard. The percentage of DPPH inhibition was determined by
employing the following formula:

%DPPH � Abscontrol − Abssample

Abscontrol
x 100

2.3.2 Ferric reducing antioxidant power (FRAP)
potential

The standard procedures of (Ojo et al., 2022; Ahmad et al., 2023)
with a slight modification were used to measure the ability of EFSFL
to reduce ferric ions.Wemeasured the absorbance at 593 nm and we
reported the outcome as µmol Fe (II)/g of the powder’s dry weight
using the FeSO4 standard curve for calculation.

2.4 In vitro antidiabetic properties

2.4.1 α-amylase inhibitory potential
This study followed the standard protocol (Ahmad et al.,

2023) to determine the α-amylase inhibitory potential of EFSFL.
To begin, we made a fresh preparation of enzyme, comprising
5 units per milliliter, in pH 6.7 ice-cold PBS with a
concentration of 20 mM and including 6.7 mM NaCl. Then,
250 µL of the enzyme was combined with inhibitors (acarbose or
EFSFL) at varying concentrations (excluding a blank sample),
and the mixture was incubated at 37°C for 20 min. We
subsequently added a starch solution with a concentration of
0.5% (w/v), and the mixture was incubated for an additional
15 min at 37°C. Immediately after the DNS reagent was added,
the mixture was mixed and placed in a water bath at 100°C for
10 min. Finally, the absorbance was read at 540 nm.

2.4.2 α-glucosidase inhibitory potential
The effect of EFSFL on intestinal α-glucosidase activity was

evaluated using a technique described by (Bouslamti et al.,
2023), which quantified the glucose generated by sucrose
breakdown. To perform the assay, 100 µl of sucrose (50 mM),
1000 µl of phosphate buffer (50 mM; pH = 7.5), and 100 µl of α-
glycosidase enzyme solution were prepared as the test solution

(10 I.U.). Control (distilled water), positive control (acarbose),
or EFSFL were all added to this mixture at varying
concentrations. We read the absorbance of the ultimate
solution at 500 nm.

2.4.3 Dipeptidyl peptidase-IV (DPP-IV) activity
We carried out the inhibition of DPP-IV activity in 96-well

ELISA plates. Evogliptin was used as the standard inhibitor. In
each well, 30 μl of Tris-HCl buffer solution, 100 μL of enzyme
DPP-IV, 100 μl of various concentrations (15.625, 31.25, 62.5
125, 250, 500, and 1000 μg/ml) of the fraction or standard, and
50 μL gly-pro-pnitroanilide as the substrate, were added. After
adding the mixture, they incubated it for 30 min at 37°C, and
then the absorbance was read by microplate readers at 405 nm
(Bharti et al., 2012).

We calculated %inhibition using the formula:

% Inhibition � DPP − IV activity with fraction( )
DPP − IV activity without f raction( ) X 100

2.5 Anti-inflammatory in vitro assays

2.5.1 Human red blood cell (HRBC; RBC)
membrane stability test

We conducted the procedure for the HRBC membrane
stabilization assay following established protocols (Hogan
et al., 2023). In summary, 2 ml reaction mixtures were
prepared by combining varying amounts of EFSFL or a
standard diclofenac drug with a 10% suspension of red blood
cells. We kept these mixtures for 30 min at a temperature of
56 °C. Afterward, they were subjected to centrifugation at a
speed of 2500 revolutions per minute (rpm) for 5 min. The
resulting liquid above the sediment, known as the supernatant,
was read for its absorbance at a wavelength of 560 nm.

2.5.2 Protein denaturation inhibition
We carried out this assay to measure the inhibition of protein

denaturation by following the procedure described by Hogan et al.
(2023). The test sample included different concentrations of EFSFL
and/or standard diclofenac, with a 10 µl 1% solution of bovine serum
albumin. This mixture was heated to a temperature of 55°C for
30 min and left to cool. The turbidity of the samples was measured at
a wavelength of 660 nm, and the extent to which the protein
denaturation was prevented was calculated as the percentage of
inhibition.

2.5.3 Proteinase inhibitory assay
The proteinase inhibitory assay was carried out using the

approach outlined in (Hogan et al., 2023). The procedure
involved incubating 1 mL of the extract with a reaction
mixture containing 2 ml of Tris-HCl buffer and 0.06 mg
trypsin at 37°C for 5 min. Then, 0.8% (w/v) casein was added
to the reaction mixture and allowed to incubate for 20 min. The
reaction was stopped by adding 2 ml of 70% perchloric acid, and
the resulting supernatant was measured for absorbance at
210 nm after centrifugation.
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2.6 Ex-vivo studies

2.6.1 Rat experiments and organ harvesting
The study utilized healthy male Wistar rats, weighing

between 200 and 250 g each, obtained from the Anatomy
Department at Bowen University in Iwo, Nigeria. Before
being put to death using ketamine, the rats underwent an
overnight fasting period. The livers were then extracted and
blended in a 50 mM phosphate buffer solution containing 1%
Triton X-100. For ex-vivo research purposes, we collected the
supernatants in plain tubes after centrifugation at 15,000 rpm
and 40°C. The study was approved under a specific identification
number (BUAC/BCH/2023/0001A), and the protocols
approved by Bowen University’s institutional animal ethics
committee were followed when caring for the rats.

2.6.2 Induction of liver damage
The protocol defined by Ojo et al. (2022) was employed to

induce liver injury ex vivo in experimental rats. To perform this, the
organ supernatant, which had different concentrations of EFSFL
(varying between 31.25 μg/ml to 1000 μg/mL), was mixed with
200 μL. We added 100 μL of a solution containing 0.1 mM
FeSO4. We then placed the resulting mixture in a 37°C
environment for 30 min to allow for biochemical analysis. In the
normal control, only the organ supernatant was used in the reaction
mixture, while the negative control comprises the tissue supernatant
and FeSO4.

2.7 Ex vivo analysis

2.7.1 Catalase (CAT) activity
We assessed the CAT activity assay of EFSFL with slight

modifications to the method described by Ojo et al. (2022).
Tissue samples containing different concentrations of EFSFL
were mixed with 780 μl of 50 mM phosphate buffer, followed by
the addition of 300 μl of 2 M H2O2. For 3 minutes, we read the
absorbance at 240 nm at 1-min intervals.

2.7.2 Superoxide dismutase
We used the method provided in (Ajiboye et al., 2019) to

determine SOD activity. To summarize, we mixed 170 μl of
diethylenetriaminepentaacetic acid and 15 μl of the incubated
sample in a test tube. Then, we added 15 μl of 6-
hydroxydopamine to the solution and gently shook it. Finally,
we measured the solution at 492 nm for 3 min with a 1-min
interval.

2.7.3 Reduced glutathione level
Based on the protocol depicted in (Ajiboye et al., 2019), the

tissue lysates, with a volume of 600 μl, were treated to remove
proteins by adding 600 μl of a solution containing 10% TCA.
After 10 min of centrifuging the mixture at 3500 rpm, 500 μl of
the sample was transferred to a new test tube. Next, 100 μl of
Ellman reagent was added to the sample, and the mixture was
allowed to incubate at a temperature of 25°C for 5 min. We
subsequently measured the absorbance of the solution at a
wavelength of 415 nm.

2.7.4 Lipid peroxidation level
The ability of EFSFL to inhibit lipid peroxidation by following

the method outlined in reference (McIntyre et al., 2019) They
carried out the process by taking 100 μl of tissue lysates that
contained varying concentrations of EFSFL. We added 1000 μl of
0.25% thiobarbituric acid, 100 μl of 8.1% SDS, and 375 μl of 20%
acetic acid to it. We boiled the mixture at 95°C for an hour in a water
bath. After cooling it to room temperature, they measured its
absorbance at 532 nm.

2.8 Molecular docking studies of GCMS
identified compounds against α-amylase,
dipeptidyl peptidase IV (DPP IV), and α-
glucosidase

2.8.1 Protein structure preparation
The retrieval of protein structures was from the Protein Data

Bank (http://www.rcsb.org) for the deposited three-dimensional
structures of human dipeptidyl peptidase IV (DPP IV)
complexed with evogliptin (PDBID: 5Y7K), human pancreatic α-
amylase (HPA) complexed with acarbose (PDBID: 1B2Y), and
human α-glucosidase complexed with acarbose (HG) (PDB ID:
3TOP). The existing ligands and water molecules were removed
from all the crystal structures while missing hydrogen atoms were
added using MGL-AutoDock Tools (ADT, v1.5.6) (Morris et al.,
2009).

2.8.2 Ligand preparation
The retrieval of Structure Data Format (SDF) of acarbose

(reference inhibitors) and 13 phytocompounds identified by GC-
MS analyses of EFSFL were downloaded from the PubChem
database (www.pubchem.ncbi.nlm.nih.gov) before their
conversion to PDB chemical format using Open Babel (O’Boyle
et al., 2011). Non-polar hydrogen molecules were merged with the
carbons, while the polar hydrogen charges of the Gasteiger-type
were assigned to atoms. Furthermore, ligand molecules were
converted to dockable PDBQT format with the help of
AutoDock Tools.

2.8.3 Validation of molecular docking protocol
The virtual screening docking protocol was validated by aligning

the docked poses of the native ligands (acarbose and evogliptin) with
the extracted co-crystallized ligand from both proteins, which had
the lowest binding affinity from the initial docking. We calculated
the RMSD using Discovery Studio Visualizer, BIOVIA, 2020.

2.8.4 Molecular docking of phytochemicals with
the targeted active site

The active site targeted molecular docking with the reference
inhibitors and the GC-MS identified compounds against DPP IV,
HPA, and HG was performed using AutoDock Vina in PyRx 0.8
(Trott and Olson, 2010). For the docking analysis, the ligands were
imported, and energy minimization was accomplished using Open
Babel (O’Boyle et al., 2011) incorporated into PyRx 0.8. The
Universal Force Field (UFF) and conjugate gradient descent were
employed as the energy minimization parameter and optimization
algorithm, respectively. Although other parameters were left at their
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default values, the binding site coordinates of the target enzymes are
shown in Supplementary Table S1, and the molecular interactions
were viewed using Discovery Studio Visualizer version 16.

2.8.5 Molecular dynamics
For ensemble-based docking, the DPP IV, HPA, and HG

apoenzymes were subjected to a 50 ns simulation of molecular
dynamics. The MD trajectory obtained was also used in cluster
analysis. GROMACS 2019.2 and GROMOS96 43a1 forcefield
(Lee et al., 2016; Lee et al., 2017; Lee et al., 2020) were used for
the analysis. We generated protein and ligand topology files
using the Charmm GUI (Lee et al., 2016; Lee et al., 2020). The
solvation system, periodic boundary conditions, physiological
conditions, minimization of the systems, and equilibration in a
constant number of atoms, constant pressure, and constant
temperature (NPT) used in the simulation are similar to
those in our previous report (Gyebi et al., 2021; Ogunyemi
et al., 2021; Ogunlakin et al., 2023; Ogunyemi et al., 2023).
Velocity rescales and Parrinello-Rahman barostat were used to
maintain the temperature and pressure at 310 K and 1 atm,
respectively. We used a 2-femtosecond time step with a leap-
frog integrator. Each system underwent a 100 ns simulation,
with snapshots taken every 0.1 nanosecond and totaling
1000 frames for each system. From the MDs trajectories, the
RMSD and RMSF were computed and presented as
Supplementary Material.

2.8.6 Molecular dynamic trajectory clustering of
unattached proteins

A representative conformation that was obtained from the
generated cluster from the clustering of the 500 ns MD
trajectories of the unbound enzymes was employed for

FIGURE 1
In vitro antioxidant activities of ethyl acetate fraction of S. filicaulis leaf. (A)DPPH radical scavenging ability and (B) ferric reducing antioxidant power.
Legends: Data are represented as mean ± SD (n = 3). EFSFL: ethyl acetate fraction of S. filicaulis; BHT: butylated hydroxytoluene.

TABLE 1 IC50 values of ethyl acetate fraction of S. filicaulis leaves against DPPH,
FRAP, α-amylase, α-glucosidase, membrane stabilization, protein
denaturation, and proteinase inhibition.

Activity Plant extract/Standard IC50 (µg/ml)

DPPH EFSFL 274.32

BHT 16.11

α-amylase EFSFL 169.77

Acarbose 121.79

α-glucosidase EFSFL 293.12

Acarbose 189.75

Dipeptidyl peptidase-IV EFSFL 380.94

Evogliptin 211.35

Membrane stabilization EFSFL 572.79

Diclofenac 3.74

Protein denaturation EFSFL 409.88

Diclofenac 58.90

Proteinase inhibition EFSFL 319.90

Diclofenac 154.66

EFSFL, ethyl acetate fraction of S. filicaulis
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ensemble-docking studies. We performed the MD simulation
trajectory clustering using TTClust V 4.9.0 (Lee et al., 2020).
The systems were automatically clustered using the Python
TTClust package, which uses the elbow approach to establish
the ideal number of clusters before generating a representative
frame for each cluster.

2.8.7 Ensembled-based docking of the GCMS
identified phytochemicals to different
conformations of the enzymes

Using the AutoDock Vina program (Trott and Olson, 2010), the
phytocompounds identified by GCMS were docked to the
various representative conformers of DPP IV (4), HPA (2),
and HG (4). The average binding affinities of the
phytochemicals to each of the proteins were computed from
the binding affinities of the phytochemicals to each of the
conformations of the enzymes. The average binding energies
of the compounds for the two targets were calculated and then
their affinities were scored. The Discovery Studio Visualizer,
BIOVIA 2020, was used to see how the lead chemicals interacted
with one another on a molecular level.

2.8.8 Physicochemical properties and ADMET
in silico study

The top two phytochemicals of each protein were then analyzed for
ADMET filtering and drug-likeness using a variety of descriptors.
SwissADME was used for the drug-likeness analysis using Lipinski
filtering methods (http://www.swissadme.ch/index.php) on the
webserver, while the anticipated toxicity, distribution, metabolism, and
absorption (ADME/tox) study was analyzed with the SuperPred
webserver (http://lmmd.ecust.edu.cn/admetsar1/predict/). The SDF file
and the canonical SMILES of the compounds were downloaded from the
PubChem database or copied from ChemDraw to calculate the ADMET
properties using default parameters.

2.9 Statistical analysis

The data was analyzed with software called GraphPad Prism version
9.0.1. We reported descriptive statistics as mean ± SD. GraphPad was
used to analyze the results, which are presented as graphs. To compare
themeans, a statisticalmethod known as one-way ANOVAwas followed
by Tukey’s post hoc test with a significance level of p < 0.05.

FIGURE 2
In vitro antidiabetic activities of ethyl acetate fraction of S. filicaulis leaf. (A) α-amylase inhibition, (B) α-glucosidase inhibition, and (C) dipeptidyl
peptidase-4 (DPP-4) inhibition. The bar chart illustrates the percentage of proteinase activity inhibition. The data from three separate assays are presented
as mean ± SD.
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3 Results

3.1 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
quenching ability

DPPH, an unvarying radical, is commonly utilized to assess the
effectiveness of antioxidants derived from plant sources. Figure 1A
illustrates the percentage inhibition of DPPH scavenging ability by
EFSFL at different concentrations. EFSFL exhibited a significant
ability to counteract the DPPH radical, with an IC50 value of 46.40 ±
5.31 μg/mL. Comparatively, the IC50 value of butylated
hydroxytoluene (BHT), was 15.76 ± 0.58 μg/ml, as indicated in
Table 1.

3.2 Ferric reducing antioxidant power (FRAP)
of EFSFL

The FRAP assay was used to assess the ferric-reducing potential
of EFSFL. The results demonstrated increased FRAP activities at the
highest concentration studied, 1000 μg/ml. Standard butylated
hydroxytoluene (BHT) showed the highest reducing property
compared to MESFL (Figure 1B).

3.3 In vitro anti-diabetic studies

3.3.1 Evaluation of α-amylase inhibition
EFSFL efficiently blocked α-amylase in a concentration-

dependent manner and had an IC50 value of 307.02 ± 4.25 μg/ml
compared with those of the standard (Figure 2A; Table 1). Acarbose
revealed an 87.94% inhibitory property of α-amylase (IC50 121.79 ±
2.26 μg/mL) (Figure 2A; Table 1).

3.3.2 Evaluation of α-glucosidase inhibition
EFSFL efficiently inhibited α-glucosidase at all

concentrations tested and an IC50 value of 215.51 ± 0.47 μg/
ml (Figure 2B; Table 1). Acarbose revealed an 89.68% inhibitory
property of α-glucosidase (IC50 189.79 ± 0.67 μg/ml) (Figure 2B;
Table 1).

3.3.3 Evaluation of DPP-IV inhibitory activity of
ethyl acetate fraction of S. filicaulis leaf

Figure 2C shows the DPP-IV inhibitory activity of EFSFL. With
an IC50 value of 380.94 μg/mL (Table 1), EFSFL inhibited DPP-IV in
a concentration-dependent manner. The EFSFL DPP-IV inhibitory
activity, however, was less potent than that of the standard DPP-IV
inhibitor, evogliptin (IC50 = 211.35 μg/ml).

FIGURE 3
In vitro inflammatory activities of ethyl acetate fraction of S. filicaulis leaf. (A) Membrane stabilization, (B) inhibition of protein denaturation, and (C)
proteinase inhibitory activity by Legend: The bar chart illustrates the percentage of proteinase activity inhibition. The data from three separate assays are
presented as mean ± SD (n = 3).
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FIGURE 4
Ex vivo antioxidant activities of ethyl acetate fraction of S. filicaulis leaf in Fe2+-induced liver damage. (A) Catalase activity, (B) superoxide dismutase
activity, (C) GSH level, and (D) MDA level. Legend: Data are represented as mean ± SD (n = 3).

TABLE 2 GC-MS predicted compounds of ethyl acetate fraction of S. filicaulis leaves with their molecular weight, formula, and peak area (%).

S/N R.T Compound Molecular formula Molecular weight Area (%)

1 11.142 Cycloheptasiloxane, tetradecamethyl- C14H42O7Si7 519.08 3.96

2 12.247 Benzocycloheptano[2,3,4-I,j]isoquinoline, 4,5,6,6a-tetrahydro-1,9-di C20H23NO4 314.40 0.09

hydroxy-2,10-dimethoxy-5-methyl-

3 12.472 Erucic acid C22H42O2 338.60 0.82

4 12.994 Spilanthol C14H23NO 221.34 0.80

5 13.159 Octadec-9-enoic acid C18H34O2 282.50 0.38

6 13.243 Petroselaidic acid C18H34O2 282.50 0.17

7 13.486 α-caryophyllene C15H24 204.35 0.58

8 14.071 Oleic Acid C18H34O2 282.50 3.96

9 14.680 2-Methyl-Z,Z-3,13-octadecadienol C19H36O 280.50 3.72

10 15.098 cis-9-Hexadecenoic acid C16H30O2 254.41 0.89

11 15.312 Pinene C10H16 136.23 0.57

12 16.776 Piperine C17H19NO3 284.34 16.45

13 17.078 Ocimene C10H16 136.23 10.73
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3.4 In vitro anti-inflammatory analysis

3.4.1 Human red blood cell (RBC; HRBC)
membrane stabilization test

Our data revealed that the EFSFL demonstrated HRBC
membrane stabilization potential (IC50 = 319.85 ± 4.54 μg/mL) in
a concentration-dependent manner. The standard drug, diclofenac,
showed 89.68% membrane stabilization potential (IC50 3.63 ±
1.32 μg/mL) (Figure 3A; Table 1).

3.4.2 Inhibition of protein denaturation
Our analysis also revealed concentration-dependent increases in the

inhibition of protein denaturation (IC50 = 72.75 ± 11.06 μg/mL) by
EFSFL. The standard drug, diclofenac, also exhibited protein denaturation
inhibition (IC50 = 59.13 ± 12.40 μg/mL) (Figure 3B; Table 1).

3.4.3 Proteinase inhibitory assay
Our analysis revealed that EFSFL exhibited significant proteinase

inhibitory activities ((IC50 = 296.08 ± 11.47 μg/mL). The standard drug,
diclofenac, also exhibited proteinase inhibitory activities (IC50 =
154.62 ± 4.29 μg/mL) (Figure 3C; Table 1).

3.5 Ex vitro antioxidant analysis

3.5.1 Evaluation of catalase activity
Figure 4A showed a significant (p < 0.05) reduction in CAT

activities in the liver tissues of FeSO4-induced animals. Treatment
with EFSFL concentration-dependently (p < 0.05) increased the

activity in a significant manner, with the most pronounced activity
found in the 1000 μg/ml treated group.

3.5.2 Evaluation of superoxide dismutase activity
SOD activities were significantly (p < 0.05) reduced in the liver

tissues of FeSO4-induced animals (Figure 4B). Treatment with
EFSFL dose-dependently (p < 0.05) elevated SOD activity in a
manner close to that of the normal group.

3.5.3 Evaluation of reduced glutathione
GSH levels were drastically (p < 0.05) decreased in the liver

tissues of FeSO4-induced animals (Figure 4C). In contrast,
EFSFL-treated groups significantly (p < 0.05) increased the
levels of GSH in a manner close to the normal group, with
the most pronounced effect found in the 1000 μg/ml treated
group.

3.5.4 Determination of malondialdehyde level
The MDA level was notably increased in the liver tissues of

FeSO4-induced animals (Figure 4D). In contrast, EFSFL-treated
groups significantly (p < 0.05) reduced the level of
malondialdehyde to near normal, with the most striking effect
found in the 1000 μg/ml treated group.

3.6 GC-MS analysis

EFSFL underwent GC-MS analysis to determine its
phytoconstituents. By contrasting the GC-MS spectra with a

TABLE 3 Binding energies of GCMS phytoconstituents identified from ethyl acetate fraction of S. filicaulis leaves against human dipeptidyl peptidase IV (DPP IV), α-
amylase and α-glucosidase.

S/No Compound Binding energy (Kcal/mol)

DPP IV HG HPA

S1 Acarbose_1b2y (E = 376.73) −10.6 −8.3

S2 Evogliptin (E = 415.60) −7.8

1 alpha-caryophyllene (E = 1912.23) −7.8 −9.6 −7.4

2 Piperine (E = 356.64) −7.8 −8.9 −7.8

3 Petroselaidic_acid (E = 84.42) −7.5 −8.8 −5.3

4 Pinene (E = 661.52) −5.8 −6.6 −5.5

5 2-Methyl-Z,3, 13-octadecadienol (E = 123.57) −4.9 −6.4 −5.9

6 Octadec-9-enoic_acid (E = 69.17) −4.7 −6.2 −5.6

7 Spilanthol (E = 103.48) −4.9 −6.1 −6

8 Erucic_acid (E = 99.56) −5.7 −6.1 −5.4

9 Cycloheptasiloxane, tetradecamethyl −5.6 −6.1 −5.2

10 Ocimene (E = 113.15) −5 −6.1 −5.1

11 Benzocycloheptano[2,3,4-I,j]isoquinoline, 4,5,6,6a-tetrahydro-1,9-di hydroxy-2,10-dimethoxy-
5-methyl (BCQDM)

−5.7 −6 −7.9

12 cis-9-Hexadecenoic_acid (E = 85.30) −5.2 −5.9 −5.6

13 Oleic_Acid (E = 81.73) −4.5 −5.7 −5.5
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reference library (NIST), 13 compounds were identified and are
listed in Table 2. The two most abundant compounds in EFSFL
were piperine (16.45%) and ocimene (10.73%).
Cycloheptasiloxane, tetradecamethyl- (3.96%) oleic acid
(3.96%0, and 2-Methyl-Z,Z-3,13-octadecadienol (3.72%) were
found in small amounts, whereas Benzocycloheptano[2,3,4-I,j]
isoquinoline, 4,5,6,6a-tetrahydro-1,9-di hydroxy-2,10-
dimethoxy-5-methyl- (−0.09%), erucic acid (0.82%), spilanthol
(0.80%), octadec-9-enoic acid (0.38%), petroselaidic acid
(0.17%), α-caryophyllene (0.58%), 2-methyl-Z,Z-3,13-
octadecadienol (0.89%), and cis-9-Hexadecenoic acid (0.57%)
were present in minute amounts. The GC-MS chromatograms
of the phytocompounds are displayed in the Supplementary
Material (Supplementary Material S1).

3.7 Molecular docking studies

3.7.1 Docking protocol validation
The protocol to be used was validated to predict the precision,

reliability, and accuracy of the docking protocol (Ogunyemi et al.,
2023) before the docking of the GCMS-identified compounds to the
target proteins. The generated docked poses of the reference
compounds having the least energetic conformation were
superimposed on the native ligand that was co-crystallized. After
the superimposition, the root-mean-square deviation (RMSD) was
computed. The RMSD, or acarbose complexed with 5y7K and 3top,
was 3.5651 and 0.4341 Å respectively. The low RMSD shows that the
docking protocol was suitable for the docking of phytochemicals
(Supplementary Figure S2).

TABLE 4 Top two ranked compounds from the molecular docking of the GCMS-identified phytoconstituents from ethyl acetate fractions of S. filicaulis leaves
against human dipeptidyl peptidase IV (DPP IV), α-amylase and α-glucosidase.

S/No Name Structure

Acarbose

1 Evogliptin

1 Piperine

2 Benzocycloheptano[2,3,4-I,j]isoquinoline,_4,5,6,6a-tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-methyl
(BCQDM)

3 α-caryophyllene
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TABLE 5 Interaction of amino acid residues of dipeptidyl peptidase IV, α-amylase, and α-glucosidase with the top two GCMS-identified phytoconstituents from ethyl acetate fraction of S. filicaulis leaves.

Compounds Protein
Hydrogen bonds
(Bond distance (Å))

Hydrophobic interaction
(Bond distance (Å))

Numbers Interacting residues Numbers Interacting residues

Evogliptin

DPP IV

8 His126 Glu206 Arg125 Glu205 Ans10 3 Phe357 Tyr666 Tyr662

alpha-
caryophyllene

1
Ser209

1
Phe357

Piperine 2 Tyr662 Tyr547 3 Tyr666 Arg358 Arg356

Acarbose

HPA

18 Trp59 (2) Gln63 Tyr62 Thr163 Arg195 Asp197 Lys200 (2) Glu233 Asp300 Gly30 His299 Glu233 Ile235 (2) Glu240 Gly306 His305 1 Trp59

Piperine 0 3 Tyr62 Gln63 Trp59 Ala198

Benzocycloheptano
[2,3,4-I,j]

isoquinoline,
4,5,6,6a-

tetrahydro-1,9-di Asp197 Glu233 Arg195 Ala198 His305

2

Asp300 Tyr62

hydroxy-2,10-
dimethoxy-5-

methyl (BCQDM)

Acarbose

HG

14 Arg1582 Arg1510 Asp1526 Tyr1167 Met1421 Asp1157 Lys1460 Gln1561 Thr1528 Trp1355 Asp1279 His1584 Asp1317 Asp1555 3 Tyr1251 Phe1559 Phe1560

Piperine 2 Lys1460 Arg1510 5 Phe1427 Trp1369 Ile1280 Trp1355 Tyr1251

alpha-
caryophyllene

0 2 Phe1560 Trp1355
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3.7.2 Molecular docking of identified compounds
against human dipeptidyl peptidase IV, α-amylase,
and α-glucosidase

Table 3 shows the docking affinities of the 13 GCMS-identified
phytochemicals from EFSFL and the reference molecule (acarbose)
against DPP IV, HPA, and HG. Based on the lowest binding
energies, binding poses, and interactions in the catalytic site, the top
two ranked phytocompounds for each enzyme were selected for
interactive analysis (Table 4). The two top docked phytocompounds
to the DPP IV are alpha-caryophyllene and piperine, with binding
affinity values of −7.8 and −7.8 Kcal/mol, respectively, compared to the

reference inhibitor (evogliptin) (−7.8 Kcal/mol). Alpha-caryophyllene
and piperine were the top-ranked phytocompounds for HG, with
binding affinities of −9.6 and −8.9 Kcal/mol, respectively, compared
to the reference inhibitor (acarbose), which had a binding affinity of
10.6 Kcal/mol. For HPA, the top-ranked phytocompounds were
piperine and benzocycloheptano[2,3,4-I,j]isoquinoline, 4,5,6,6a-
tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-methyl, with binding
affinities of −7.8 and −7.9 Kcal/mol, compared to acarbose, which
had a binding affinity of −8.3 Kcal/mol. The results from the initial
docking studies showed that alpha-caryophyllene and piperine had high
multi-target binding tendencies (Table 4).

FIGURE 5
Top ranked secondarymetabolites and reference blocker (acarbose) from the docking analysis of GCMS phytochemicals from ethyl acetate fraction
of S. filicaulis leaves in a human’s active site dipeptidyl peptidase IV. The ligands are displayed as sticks and distinguished by their colors (Ai) 3D interaction
of evogliptin (reference inhibitor) is presented in green, (Aii) 2D interaction of evogliptin, (Bi) 3D interaction of alpha-caryophyllene is presented in gold
(Bii) 2D interaction of alpha-caryophyllene, and (Ci) 3D interaction of piperine is shown in red (Cii) 2D interaction of piperine.
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3.7.3 Amino acid interaction of top docked
compounds with human dipeptidyl peptidase IV
(DPP IV), α-amylase, and α-glucosidase

The interaction of the reference compound and two top-
docked phytochemicals with amino acids of the catalytic
residues of DPP IV, HPA, and HG is represented in Table 5.
The interaction of respective ligand groups with residues of the
enzymes was majorly hydrophobic, with a few H-bonds below
(less than 3.40 Å). Top-docked compounds were oriented in the
active site of DPP IV and interacted with the amino acid to
which we docked the reference compound. The interaction

between alpha-caryophyllene and DPP IV was stabilized by a
hydrogen bond with Ser209 and a hydrophobic contact with
Phe357, while piperine formed two hydrogen bonds with
Tyr662 and Tyr547 and pi-alkyl hydrophobic Tyr666,
Arg358, and Arg356 (Figure 5).

Although the orientation of acarbose in the binding site of
HPA was stretched into the five subsites, the top docked
phytocompounds piperine and 4-hydroxy-3-
methylacetophenone were docked into the −3 and −1 subsets
of the α-amylase. Piperine did not establish hydrogen bonds like
the reference compounds, but it did interact with the catalytic

FIGURE 6
Top ranked secondary metabolites and reference inhibitor (acarbose) from the docking analysis of GCMS phytochemicals from ethyl acetate
fraction of S. filicaulis leaves found to interact with the active site of human α-amylase. The ligands are displayed as sticks and distinguished by their colors
(Ai) 3D interaction of acarbose is shown in green, (Aii) 2D interaction of acarbose, (Bi) 3D interaction of Benzocycloheptano[2,3,4-I,j]isoquinoline,
4,5,6,6a-tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-methyl is shown in gold, (Bii) 2D interaction of Benzocycloheptano[2,3,4-I,j]isoquinoline,
4,5,6,6a-tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-methyl, and (Ci) 3D interaction of piperine is shown in red, (Cii) 2D interaction of piperine.
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residues at the hydrophobic gate of α-amylase, which are Trp-
59, Tyr62, and His299. BCQDM made several hydrogen bonds
with the catalytic residues, including Asp197, Glu233, Arg195,
Ala198, and His305; a pi-sigma contact with Leu165; and
carbon hydrogen contacts with Asp197 and Glud233
(Figure 6). The piperine formed one hydrogen bond with
Lys1460 and Arg1510, pi-pi stacking, and pi-pi-T-shaped
stacking with Phe1427 and Trp1369 of HG. The 1-piperoyl
moiety made pi-alkyl contact with Trp1355 and alkyl contact
with Ile1280 and Tyr1251. While the bond between alpha-
caryophyllene and HG with pi-alkyl contact with
Phe1560 and Trp1355 (Figure 7).

3.7.4 Cluster analysis and ensemble-based docking
of GCMS-identified phytoconstituents from ethyl
acetate fraction of S. filicaulis leaves with
conformers of dipeptidyl peptidase IV, α-amylase,
and α-glucosidase enzyme

From the trajectories obtained from the MDS analysis of the
dipeptidyl peptidase IV, α-amylase, and α-glucosidase enzymes, the
RMSD and RMSF plots were calculated to measure the extent of
fluctuation during the simulation period (Supplementary Figures S3,
S4). We obtained 1000 conformers of the 1000 frames from the MD
simulation trajectories using TTclust to provide 4, 2, and 4 clusters
for dipeptidyl peptidase, α-amylase, and α-glucosidase, respectively.

FIGURE 7
Top ranked secondary metabolites and reference inhibitor (acarbose) from the docking analysis of GCMS phytochemicals from ethyl acetate
fraction of S. filicaulis leaves in the active site of human α-glucosidase. The ligands are displayed as sticks and distinguished by their colors (Ai) 3D
interaction of acarbose is shown in green, (Aii) 2D interaction of acarbose, (Bi) 3D interaction of alpha-caryophyllene is presented in red, (Bii) 3D
interaction of alpha-caryophyllene, and (Ci) 3D interaction of piperine is presented in gold, (Cii) 2D interaction of piperine.
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The Supplementary Material shows the dimensions of the cluster,
which are the number of individual frames that make up the clusters,
the number of frames of the representative conformation, and the
spread, which is the average distance among the conformations that
make up the cluster. From these clusters, representative
conformations were selected. An ensemble docking was
performed by docking the phytochemicals to the representative
structures of the various conformers. We calculated the mean
and standard deviation for each enzyme of the phytochemical
docking scores with minimal energy for each conformation
(Figure 8). The results of the ensemble-based docking analysis
further confirmed piperine as the phytochemical with the highest
binding affinities to DPP IV (−7.65 ± 0.92 Kcal/mol), α-amylase
(−8.15 ± 0.50 Kcal/mol), and α-glucosidase (−7.45 ± 0.468 Kcal/
mol), while benzocycloheptano[2,3,4-I,j]isoquinoline, 4,5,6,6a-
tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-methyl was the
second top docked phytochemical to DPP IV (−7.95 ± 1.06 Kcal/
mol), α-amylase (−8.14 ± 0.05 KKcal/mol), and α-glucosidase (−7.
1 ± 0.14 Kcal/mol) respectively. The representative cluster with the
lowest binding affinities to the best-docked phytochemicals was
selected for interactive analysis and is presented in Figure 9.

3.7.5 Top-docked steroidal saponins’ drug-likeness
and pharmacokinetic characteristics

Predictive drug-likeness and ADMET (absorption, distribution,
metabolism, excretion, and toxicity) filtering studies were conducted
on the two hit compounds that were obtained from the ensemble-
based docking analysis. The results are shown in Supplementary
Tables S2, S3. The two top-docked phytochemicals, piperine and
BCQDM, fulfilled the requirement for the four filters (Lipinki,
Veber, Ghose, and Egan), hence they are predicted to have
favorable druggable properties.

Piperine and BCQDM were further subjected to predictive
ADMET analysis. The substantial gastrointestinal absorption of
piperine and BCQDM suggests high bioavailability. Both piperine
and BCQDM demonstrated the ability to cross the blood-brain

barrier, which is a crucial characteristic of medications used for
neurotherapeutic purposes (Supplementary Table S2). Piperine and
BCQDM were predicted to be negative substrates of the
p-glycoprotein with very high plasma protein binding tendencies.
A variety of molecular cytochrome P450 descriptors were employed
to investigate the effects of lead metabolites on the
biotransformation of drugs in the liver. It was concluded that
these descriptors would not be inhibited by piperine and
BCQDM. Lead compounds were neither mutagenic, carcinogenic,
nor likely to cause skin sensitivity, according to the prediction
analysis. The projected LD50, half-life, and clearance rate of the
lead phytochemicals fell within an acceptable range (Supplementary
Table S2; Figure 10).

4 Discussion

The use of plant extracts is gaining attention in combating
various diseases and ailments, and this is because of the vast
phytochemicals present in them that help in mopping up the free
radicals present in the systems of the body (Ojo et al., 2020).
Oxidative stress arises because unpaired electrons in the system
react with proteins and enzymes in a process called glycation
(Ahmad et al., 2023). We expect this disease to have a double-
digit prevalence in the coming years. It is therefore of great
importance that the disease be managed properly to suppress its
coming prevalence (Ajiboye et al., 2020). Phytochemicals (phenolics
and flavonoids) are known constituents of plant tissues, and they are
the main antioxidant driver in plants, whichmakes them very potent
in combating oxidative stress-related diseases. It is no news that year
in and year out, researchers have continued to link both phenolics
and flavonoids to their antioxidant potential (Kosakowska et al.,
2021). We screened the extract of the plant for potential
phytochemicals, and we show the resulting outcomes in Table 2.

This research, for the first time, makes use of the leaf part of theS.
filicaulis plant in a diabetic study, and according to the result of the

FIGURE 8
Average binding energies of the acarbose, evogliptin, and GCMS-identified phytoconstituents against representative conformation obtained from
the clustering analysis of the MD simulation trajectories of DPP IV, α-amylase and α-glucosidase enzyme. Clusters counts for HPA (2), HG (4) and DPP
IV (4)
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in vitroanalysis, DPPH scavenging radicals are well-known for their
extraordinary scavenging ability, and from our fraction, it was
observed that there was an elevated degree of DPPH quenching
potential. This implies that EFSFL may contain beneficial
antioxidants capable of removing free radicals from the system.
FRAP analysis also signifies the potential of ESSFL to combat ROS,
thus reducing the chances of oxidative stress. Our findings support
earlier research that suggested plants with reducing and DPPH
scavenging abilities do so because they can donate hydrogen to free
radicals (Ajiboye et al., 2020; Ojo et al., 2020; Ojo et al., 2022; Ahmad
et al., 2023).

In this study, we carried out the inhibition of α-amylase and
α-glucosidase by EFSFL. The results analyzed showed that the
plant extract expressed the inhibitory activity of these enzymes.

α-Amylase reduces the elevated level of glucose in the blood
after eating by reducing the rate at which starch is converted to
sugar. α-Glucosidase inhibitory potential was also increased in
the extract, which shows that the plant has the potential to
combat hyperglycemia (Kartini et al., 2023). They prevent the
digestion of carbohydrates, and they are competitive inhibitors.
Also, prevent the conversion of carbohydrates to glucose.
According to the findings of this study, EFSFL was shown to
possess chelating radical scavenging activities, such that as the
concentration increases, the ion chelating ability also increases
and the aqueous extract could chelate Fe2+ in a concentration-
dependent manner. We could attribute this chelating ability to
the existence of phytochemicals with antioxidant properties in
the extract. According to (Sarkar et al., 2012; Ojo et al., 2022),

FIGURE 9
Amino acid interaction of two top docked phytochemicals (piperine and BCQDM) obtained from the ensembled-based docking studies with the
representative conformation of (Ai) α-amylase with piperine, (Aii) α-amylase with BCQDM, (Bi) α-glucosidase with piperine, (Bii) α-glucosidase with
BCQDM, and (Ci) DPP IV with the lowest binding affinity with piperine, (Cii) DPP IV and BCQDM.
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iron encourages the process of creating reactive oxygen species
(ROS), which can stimulate the peroxidation of lipids. When
iron II (Fe2+) reacts with H2O2 through the Fenton reaction, it
generates an extremely reactive hydroxyl radical. This radical

has detrimental effects on protein, lipid, and nucleic acid
processes. As a result, EFSFL Fe2+-chelating activity might
be useful in managing or preventing disorders like
neurological disorders.

FIGURE 10
Physicochemical Property of top docked phytochemicals (A) Piperine and (B) Benzocycloheptano[2,3,4-I,j]isoquinoline, 4,5,6,6a-tetrahydro-1,9-
dihydroxy-2,10-dimethoxy-5-methyl.
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DPP-IV inhibitors are a novel way to manage type 2 diabetes.
The pre-meal insulin secretion stimulant glucagon-like peptide-1
(GLP-1) and the glucose-dependent insulinotropic peptide (GIP)
are both improved by DPP-IV inhibitors (Borde et al., 2016). DPP-
IV inhibition has become an appealing treatment option because
various DPP-IV inhibitors consistently lowered blood glucose,
primarily postprandially, and this is connected with increases in
active circulating glucagon-like peptide-1 (GLP-1) (Green et al.,
2006). DPP-IV inhibitors increase GLP-1 and GIP, decreasing
glucagon release, which boosts insulin secretion and decreases
gastric emptying (Pathak and Brideman, 2010). Several studies
have shown the anti-diabetic properties of medicinal plant
extracts, but this is the first to indicate that the ethyl acetate
fraction of S. filicaulis exhibits strong DPP-IV inhibitory activity.
EFSFL showed concentration-dependent inhibition (the percentage
of inhibition increases as the concentration increases) activity
against DPP-IV in our study, with IC50 values of 380.94 μg/mL.
On the other hand, standard evogliptin exhibited strong action
against DPP-IV with IC50 values of 211.35 μg/mL. The inhibitory
action of EFSFL was comparable to that of the synthetic DPP-IV
inhibitor evogliptin. Thus, based on the findings, it is possible to
conclude that EFSFL can be an excellent source of indigenously
developed DPP-IV inhibitors. The action of EFSFL demonstrated its
capacity to prevent incretin from being degraded by DPP-IV into
metabolites devoid of insulin-releasing activity.

A molecular docking study ofS. filicaulis leaf extract showed
inhibitory activity on DPP-IV. The results of in silico analysis
showed that there were two top compounds of ethyl acetate
fraction of S. filicaulis leaf may serve as DPP inhibitors, that is,
alpha-caryophyllene, and piperine. Their binding affinity values
were favorable. The top two compounds, alpha-caryophyllene,
and piperine, showed a low value in binding free energy. It
means that the binding between ligand and molecule target is
easy, which causes strong DPP-IV inhibitory activity. The low
binding free energy means that these compounds can inhibit
DPP-IV activity. We predicted a stronger biological activity for
the compound with a higher binding value since it can bind both
ligand and molecule targets. This shows comparable interactions
and potency with evogliptin.

EFSFL demonstrated that the extract has the capability of
stabilizing the membranes of lysosomes and hindering
inflammation in tissues (Cigremis et al., 2009). The extract’s
ability to inhibit proteinases enhances its ability to inhibit tissue
inflammation (Yazdanparast et al., 2008). The increased MDA level
in the untreated tissue indicates lipid peroxidation, which is linked
to catalase function depletion in the untreated tissue, which means
there is a suppression of antioxidant potential. EFSFL treatment
improved CAT, SOD activities, and GSH while decreasing MDA
levels, indicating a protective effect against oxidative damage
produced by ferric-induced oxidation. Previous reports on the
use of plants as antioxidants in managing oxidative-related
diseases found similar results (Han et al., 2013; Salekzamani
et al., 2019; Yue et al., 2020; Tekin and Seven, 2022).

In this research work, the GCMS-identified phytochemicals
were docked against DPP IV, HPA, and HG using both
molecular docking and ensemble-based docking protocols. The
result from the initial docking analysis identified alpha-
caryophyllene, piperine, and benzocycloheptano[2,3,4-I,j]

isoquinoline, 4,5,6,6a-tetrahydro-1,9-dihydroxy-2,10-dimethoxy-5-
methyl as the top docked phytochemicals to the three target
proteins. The ensemble-based molecular docking approach in
which the phytochemicals were docked to different
conformational structures of the targeted proteins that were
clustered from the MD simulation trajectory afforded a more in-
depth analysis (Amaro et al., 2018) that further confirmed piperine
and benzocycloheptano[2,3,4-I,j]isoquinoline, 4,5,6,6a-tetrahydro-
1,9-dihydroxy-2,10-dimethoxy-5-methyl as the top docked
phytochemicals. We found these compounds to be strongly
bound to the catalytic residues of the enzymes. The DPP IV top-
docked compounds interacted with residues in the S1 hydrophobic
pocket and some residues (Tyr662, Tyr666, Val711, Asn710, Val656,
Ser630, and Tpr659) of the pocket and S2 pocket. Among such
residues is Phe357 in the S2 extensive subsite, which has been
reported to play a vital role in the inhibitory activities of
evogliptin (Lee et al., 2017). This interaction corresponds to that
of sitagliptin (Kim et al., 2005). Also, Asp197 of HPA has been
reported to be mainly responsible for the cleavage of the glycosidic
bonds in polysaccharides (Zhang et al., 2009; Taha et al., 2019).
reported the role of Asp197 as a catalytic nucleophile in hydrolytic
reactions and its interaction with known inhibitors. The results from
the predictive physiochemical and drug-likeness analysis over
several filtering tools revealed piperine and benzocycloheptano
[2,3,4-I,j]isoquinoline, 4,5,6,6a-tetrahydro-1,9-dihydroxy-2,10-
dimethoxy-5-methyl have druggable drug properties, while 13-
octadecenal did not pass the filtering analysis (Daina et al.,
2017). Favorable Veber and Lipinski characteristics suggest good
penetration, retention, and bioavailability via the mouth (Lipinski,
2000; Veber et al., 2002). The hERG channel plays a vital role in
cardiac cells in that the compounds that block the hERG channel
during the repolarization and termination stages of an action
potential may be responsible for cardiotoxicity. The main
phytochemicals did not show signs of being hERG channel
blockers, implying that they may not produce cardiotoxicity via
the hERG channel (Raschi et al., 2008; Kratz et al., 2017). Both
phytochemicals were not substrates for P-gp. Permeability
glycoprotein (P-gp) is expressed in the proximal tubular cells of
the kidney, liver cells, intestinal epithelium, and capillary endothelial
cells comprising the blood-brain barrier and blood-testis barrier,
where it pumps xenobiotics back into the urine-conducting ducts,
intestinal lumen, bile ducts, and capillaries, respectively (Lin and
Yamazaki, 2003). Using a good deal of cytochrome P450 descriptors,
we also looked into the influence of lead compounds on phase I drug
absorption and utilization. The findings showed that the various
cytochrome P450 had lower inhibitory potential. Suggesting that they
might not significantly affect the absorption and utilization of phase
I drugs (Kratz et al., 2017). Both phytochemicals were predicted to
be within the classified LD50 value (Zhu et al., 2009; Djoumbou
Feunang et al., 2016) and did not display mutagenicity or
carcinogenicity (Xu et al., 2012).

5 Conclusion

This study revealed that EFSFL possesses a significant amount of
secondary metabolites, which are likely responsible for its
antioxidant, antidiabetic, and anti-inflammatory effects. The
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bioactive constituents identified through GC-MS were found to have
antioxidant, anti-inflammatory, and antidiabetic properties, which
further supported the results. The study showed that alpha-
caryophyllene, piperine, and benzocycloheptano[2,3,4-I,j]
isoquinoline, 4,5,6,6a-tetrahydro-1,9-di hydroxy-2,10-dimethoxy-
5-methyl (BCQDM) can inhibit the activities of dipeptidyl
peptidase IV, α-amylase, and α-glucosidase. It is recommended
that additional investigations of the toxicity effects of EFSFL in
nonhuman subjects should be done before their medicinal
application.
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Lippia javanica (Burm. F.) Herbal
Tea: Modulation of
Hepatoprotective Effects in Chang
Liver Cells via Mitigation of Redox
Imbalance and Modulation of
Perturbed Metabolic Activities
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1Department of Pharmacology, University of the Free State, Bloemfontein, South Africa, 2Department of
Biochemistry, University of KwaZulu-Natal, Durban, South Africa, 3Laser Research Centre, Faculty of
Health Sciences, University of Johannesburg, Doornfontein, South Africa

Introduction: Hepatic oxidative injury is one of the pathological mechanisms that
significantly contributes to the development of several liver diseases. In the
present study, the hepatoprotective effect of Lippia javanica herbal tea was
investigated in Fe2+- mediated hepatic oxidative injury.

Methods: Using an in vitro experimental approach, hepatic oxidative injury was
induced by co-incubating 7 mM FeSO4 with Chang liver cells that have been pre-
incubated with or without different concentrations (15–240 μg/mL) of L. javanica
infusion. Gallic acid and ascorbic acid served as the standard antioxidants.

Results: The infusion displayed a reducing antioxidant activity in ferric-reducing
antioxidant power (FRAP) assay and a potent scavenging activity on 2,2-diphenyl-
2- picrylhydrazyl (DPPH) radical. Pretreatment with L. javanica infusion
significantly elevated the levels of reduced glutathione and non-protein thiol,
and the activities of superoxide dismutase (SOD) and catalase, with concomitant
decrease in hepatic malondialdehyde levels, acetylcholinesterase, glucose-6-
phosphatase, fructose-1,6-bisphosphatase, glycogen phosphorylase and lipase
activities. The infusion showed the presence of phytoconstituents such as
phenolic compounds, tannins, phenolic glycosides and terpenoids when
subjected to liquid chromatography—mass spectrometry analysis. Molecular
docking revealed a strong binding affinity of dihydroroseoside and obacunone
with both SOD and catalase compared to other phytoconstituents.

Conclusion: These results portray a potent antioxidant and hepatoprotective
effect of L. javanica, which may support the local usage of the herbal tea as a
prospective therapeutic agent for oxidative stress-related liver diseases.
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Introduction

About twomillion cases of global mortality are attributed to liver
diseases, with liver cirrhosis and liver cancer being the most
common causes of these deaths (Asrani et al., 2019). Besides
increased risks of mortality, chronic liver diseases cause several
extrahepatic morbidities which contribute notably to low quality of
life. Thus, liver diseases, though underestimated, pose a high
economic burden which is a major concern (Stepanova et al.,
2017; Asrani et al., 2019).

Regardless of the cause, most chronic liver diseases are typified
by oxidative stress (Cichoż-Lach and Michalak, 2014). Excessive
reactive oxygen species (ROS) cause disturbances in redox
homeostasis which results in oxidative stress, a major
pathological mechanism involved in the development and
progression of several liver diseases. Oxidative stress induces dire
alterations in liver proteins, lipids and DNA components as well as
impair pathways involved in normal biological functions of the liver
(Li et al., 2014; Li et al., 2015). The liver is the main organ usually
attacked by ROS, as the parenchymal cells, hepatic stellate cells,
Kupffer cells and endothelial cells of the liver are all vulnerable to
oxidative injury, causing damages to each cell types (Cichoż-Lach
and Michalak, 2014). Several risk factors including drugs, alcohol,
irradiation and environmental pollutants such as heavy metals may
mediate hepatic oxidative stress. Damages induced by oxidative
stress significantly contribute to impairment of gene expression and
progression of liver diseases as well as apoptosis and necrosis
(Cichoż-Lach and Michalak, 2014; Li et al., 2015).

Severe disturbances in hepatic glucose and lipid metabolism
homeostasis have been recognized as some of the major

mechanisms involved in liver diseases such as liver cirrhosis,
liver steatosis and fatty liver, with oxidative stress being a key
contributor (Miksztowicz et al., 2012; Ding et al., 2018). Excess
cellular levels of glucose and lipids can serve as substrates for the
generation of glucotoxic and lipotoxic species, respectively,
which can cause damage to biomolecules, induce metabolic
stress and eventual cell death (Mota et al., 2016; Chen et al.,
2020). Additionally, altered cholinergic enzyme activities have
been implicated in the pathogenesis of liver diseases and studies
have reported oxidative stress as facilitator of cholinergic
dysfunction (Garcia-Ayllon et al., 2012; Erukainure et al.,
2021a). These corroborates the use of antioxidants as therapies
for targeting oxidative stress in the management of liver diseases
(Upadhyay et al., 2022).

Several medicinal plants, including herbal infusions have been
globally used over the decades for the treatment of several chronic
liver diseases due to their availability, curative effects and minute
adverse effects. These therapeutic characteristics have been ascribed
to the phytochemical components of the plants (Hong et al., 2015;
Chukwuma et al., 2019). Studies have indicated that medicinal
plants and their phytochemicals exhibit their hepatoprotective
effects in several ways including mitigation of oxidative stress,
blockage of fibrogenesis and suppression of tumorigenesis
(Dhiman et al., 2012; Hong et al., 2015).

Lippia javanica (Burm.f.) (Family: Verbenaceae) is a multi-
stemmed, woody, drought-resistant shrub that is naturally
distributed in central, eastern and southern Africa including
South Africa, Malawi, Botswana, Kenya, Zambia, Angola,
Zanzibar, Tanzania and Mozambique, as well as tropical
Indian sub-continent (Germishuizen et al., 2006; Shahriar
et al., 2014). In South Africa, it is widely distributed in
different provinces which include KwaZulu-Natal, Gauteng,
Free State, Limpopo, Eastern Cape and Northwest. It is known
as one of the aromatic indigenous shrubs in South Africa. The
common names of L. javanica include fever tree, wild sage, wild
tea and lemon bush. The Xhosa community of South Africa call it
inzinzinba while the Zulus call it umwazi (Maroyi, 2017).
Traditionally, L. javanica has been used from time
immemorial as herbal tea or as either root or leave decoction
to treat fever, malaria, cough, cold, chest pain, asthma,
bronchitis, and diarrhea. The Zulus in South Africa use the
herbal tonic as an immune booster. In Zimbabwe and South
Africa, the burnt whole plant or leaves are used as mosquito
repellant (Lukwa et al., 2009; Maroyi, 2017). The reported
pharmacological activities of the plant include antioxidant,
antimalarial, antidiabetic, anticancer, antiviral and
antimicrobial activities (Fouché et al., 2008; Mujovo et al.,
2008; Shikanga et al., 2010; Maroyi, 2017). The
neuroprotective effect of its herbal tea infusion on lead-
induced brain oxidative damage in Wistar rats was also
reported by Suleman et al. (2022). Despite its numerous
documented medicinal properties, there is limited information
on the effect of L. javanica on liver diseases.

The purpose of the present study was to investigate the potential
hepatoprotective effect of L. javanica tea infusion on iron-induced
oxidative hepatic injury in Chang liver cells by assessing its effect on
oxidative stress, cholinergic dysfunction, altered carbohydrate
metabolism and lipase activities.

FIGURE 1
(A) DPPH scavenging and (B) FRAP activities of L. javanica. Data
presented asmean ± standard deviation. Different unique alphabetical
letters (a-c) above the bars for a given concentration illustrate the
statistical significance of difference (p < 0.05), Tukey’s-HSD
multiple range post hoc test).
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Materials and methods

Plant material

Plant collection and verification
Lippia javanica (Burm.f.) Spreng leaves were collected from

Langenhoven Park, Bloemfontein, Free State Province, South Africa
(GPS Coordinates: 29°05′32.2″S 26°09′25.6″E) by Prof. M.G.
Matsabisa. The plant sample was deposited at the Geo Potts
Herbarium, University of the Free State, Bloemfontein 9,300,
South, where it was identified, authenticated and assigned a
voucher specimen number (BLFU/MGM005).

Plant infusion preparation
After air-drying at room temperature, the L. javanica leaves were

pulverized into powder. Extraction was done by boiling 50 g of the
leave powder in 500 mL of distilled water for 10 min. The mixture
was allowed to cool and then filtered into a pre-weighed glass beaker
using a Whatman filter (Whatman, England). The extract was
concentrated in a water bath at 50°C. The dry plant infusion was
scrapped and transferred into a glass vial and stored at −20°C.

The infusion was re-constituted in distilled water by preparing a
stock solution of 1 mg/mL from which various working
concentrations ranging from 15 to 240 μg/mL were prepared for
different assays. Similarly, the same working concentrations were
prepared for two antioxidant standards, ascorbic acid and gallic acid
from a stock solution of 1 mg/mL.

Phytochemical characterization and
quantification

Total phenolic content
The total phenolic content of the infusion was determined using

the Folin-Ciocalteu’s phenol reagent as described byMcDonald et al.
(2001). In brief, 40 µL of 240 μg/mL plant extract was incubated in
the dark with 200 µL of 10% Folin Ciocalteau reagent and 160 µL of
0.7 M Na2CO3 for 30 min at room temperature. The absorbance of
the triplicates were measured at 765 nm, using a Multiskan ascent
plate reader (Thermo scientific, S.A). The total phenolic content was
estimated from a gallic acid standard curve and results were
expressed as gallic acid equivalents (GAE) in milligrams per
gram of dry weight.

Total flavonoid content
The total flavonoid content of the infusion was estimated by

utilizing the aluminum chloride colorimetric method described by
Chang et al. (2002), with slight modification. Briefly, 100 μL of the
infusion (240 μg/mL) was added to a mixture of 100 μL of methanol,
10 μL of aluminum chloride, 10 μL of 1 mol/L potassium chloride
and 200 μL of distilled water. The mixture was allowed to stand for
30 min at room temperature. The absorbance of the independent
triplicates were measured at 415 nm and the total flavonoid content
was estimated from a quercetin calibration standard curve. The
results were expresses as quercetin equivalent (QE) inmilligrams per
gram of dry weight.

FIGURE 2
Cytotoxic effect of L. javanica on Chang liver cells. Value = mean ± SD; n = 3. *Statistically significant compared to doxorubicin group; #statistically
significant compared to the normal control cell (p < 0.05, Dunnett’s multiple range post hoc test).

TABLE 1 IC50 values of DPPH and FRAP activities of L. javanica herbal leaves.

Activities L. javanica Ascorbic acid Gallic acid

DPPH 1.22 0.01 0.61

FRAP >1,000 975.73 63.81

Values are expressed as µg/ml. DPPH: 2,2-diphenyl-1-picrylhydrazyl, FRAP: ferric reducing antioxidant power.
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Liquid chromatography-mass spectrometry (LC-
MS) analysis of L. javanica

The pharmacologically active chemical constituents present
in the L. javanica infusion were characterized via direct-loop
injection into Shimadzu LC/MS-2020 Single Quadrupole Liquid
Chromatograph Mass Spectrometer (LCMS) equipped with an
electrospray ionization (ESI) source. The analysis data
acquisition duration was set at 50 min at a low-pressure
gradient, while the LC photodiode array (PDA) sampling
frequency was kept at 1.5625 Hz. The oven temperature range
was maintained between 40°C–50°C, and the pump flow rate was
kept at 300 μL/min. The mobile phase solvent system contained
0.1% formic acid in water (phase A) and methanol: acetonitrile
(1:1) (phase B). Scanning was done at positive and negative
polarities with other operating parameters which include, Start
Time: 0.0 min; End Time: 50.0 min; Event Time: 0.25 s; Cell
Temperature: 40°C; Threshold: 0; Start Wavelength: 220 nm;
End Wavelength: 400 nm; Detector Voltage: +0.00 kV; Scan
Speed: 5,000 u/s; Start and End m/z: 100.0 and 1,000.0,

respectively. The compounds were identified by direct
comparison of the generated spectra containing the relative
abundance and the m/z fragmentation patterns with those in
the m/z cloud database at https://www.mzcloud.org/.

In vitro antioxidant activities of the infusion

2,2-Diphenyl-1-picrylhydrazyl (DPPH) scavenging
activity

The free radical (DPPH) scavenging activity of the infusion was
determined by using a previously established protocol (Changlian
et al., 2000). In brief, 50 μL of 0.3 mMDPPH in methanol was mixed
with 100 μL of different concentrations (15–240 μg/mL) of the
infusions or the standards ascorbic acid and gallic acid in a 96-
well plate. The plate with the samples was incubated in the dark at
room temperature for 30 min. The absorbance wasmeasured against
a blank solution at 517 nm, and the percentage scavenging activity
was calculated.

FIGURE 3
Effect of L. javanica on (A) GSH level (B) SOD activity, (C) catalase activity, (D) MDA level, and (E) non-protein thiol level in oxidative hepatic injury.
Value = mean ± SD; n = 3. *Statistically significant compared to untreated hepatic cells; #statistically significant compared to the control cells (p < 0.05,
Dunnett’s range post hoc test). GSH = Reduced glutathione, SOD = superoxide dismutase, MDA = Malondialdehyde.
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Ferric reducing antioxidant power (FRAP)
The ferric-reducing capacity of the infusion was determined by

the potassium ferricyanide method according to Benzie and Strain
(1996) with slight modifications. 20 μL of different concentrations
(15–240 μg/mL) of the herbal infusion was incubated with 20 µL of
0.2 M sodium phosphate buffer (pH 6.6) and 20 µL of 1% potassium
ferricyanide at 50°C for 30 min 10% trichloroacetic acid (20 µL) was
then added to the reaction mixture to acidify it. An aliquot of the
acidified sample was added to 20 µL of distilled water and 20 µL of
10% FeCl3. The absorbance was read at 700 nm. The results were
expressed as a percentage of the absorbance of the sample to the
absorbance of gallic acid.

Cell lines
Chang liver cells (ATCC® CCL-13™) were procured from the

American Type Culture Collection (ATCC®), Manassas, Virginia,
United States.

Cytotoxicity screening
Chang liver cells were seeded in a 96-well plate (Nunc,

Thermofischer Scientific) at a cell density of 10,000 cells/
well (100 µL/well) and left to attach overnight at 37°C in
humidified atmosphere with a 5% CO2 concentration. The
cells were then treated with various concentrations of L.
javanica (15–240 μg/mL) and incubated for 48 h at 37°C.

FIGURE 5
Effect of L. javanica on acetylcholinesterase activity in oxidative hepatic injury. Value = mean ± SD; n = 3. *Statistically significant compared to
untreated hepatic cells; #statistically significant compared to the control cells (p < 0.05, Dunnett’s multiple range post hoc test).

FIGURE 4
Effect of L. javanica on nitric oxide level in oxidative hepatic injury. Value =mean ± SD; n = 3. *Statistically significant compared to untreated hepatic
cells; #statistically significant compared to the control cells (p < 0.05, Dunnett’s multiple range post hoc test).
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Doxorubicin (3 μg/mL) was used as a positive control.
Dimenthylsulfoxide (DMSO) (0.5%) was used as a vehicle
control. The cytotoxicity of the cells were evaluated using
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide. After treatment, the spent media was aspirated and
replaced with 0.5 mg/mL MTT solution (100 µL/well) dissolved
in fresh media followed by an incubation at 37°C for 2 h. After the
incubation, the MTT solution was removed and 100 µL of
dimenthylsulfoxide was added. Subsequently, the absorbance
was read at 550 nm using the Multiskan GO
spectrophotometer (Thermo Scientific). The results were
expressed as mean ± SD the percentage cell viability of
biological repeats.

Induction of oxidative stress in Chang liver cells
Oxidative stress was induced in Chang liver cells using a

modified method from a previous protocol (Chukwuma et al.,
2019). Briefly, the cells were seeded into 6-well plates (TPP®,
Merck) at 160,000 cells/well (2 mL/well) and left to attach
overnight at 37°C. After attachment, the cells were incubated
with various concentrations of L. javanica extract or the
standards, ascorbic acid and gallic acid (15–240 μg/mL) at 37°C
for 25 min. Thereafter, 600 µL of 7 mM iron sulphate (FeSO4) was
added to each well and the cells further incubated for 30 min at 37°C.
Positive controls and negative controls were included and comprised
of untreated cells with and without the addition of FeSO4. After
incubation, the treatment was removed, and the cells washed twice

FIGURE 6
Effect of L. javanica on (A) Glucose 6 phosphatase, (B) Fructose 1,6 bisphosphatase and (C) Glycogen phosphorylase activities in oxidative hepatic
injury. Value =mean ± SD; n = 3. *Statistically significant compared to untreated hepatic cells; #statistically significant compared to the control cells (p <
0.05, Dunnett’s multiple range post hoc test).
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with PBS (1 mL/well). The PBS was aspirated and the cells were
dissociated using 200 µL of trypsin/EDTA and incubated at 37°C
until the cells were completely dissociated. The trypsin was
neutralized using 700 µL of complete media (DMEM with 10%
FBS). The cell suspension was collected in 1.5 mL microcentrifuge
tubes respectively and centrifuged at 17,000 × g for 12 min using the
Hettich ® MIKRO 120 centrifuge. The supernatant collected and
stored at −80°C until further use.

Determination of oxidative stress biomarkers
Oxidative stress biomarkers were determined in the cell by

analyzing the level of reduced glutathione (GSH), activities of
superoxide dismutase (SOD) and catalase, as well as and
malondialdehyde (MDA) level.

Reduced glutathione (GSH) level
GSH levels were determined in the hepatic cells by utilizing

Ellman’s spectrophotometric method (Ellman, 1959) with slight
modification. Briefly, 0.2 mL of the cell’s supernatant was mixed
with 0.6 mL of trichloroacetic acid (10%) and centrifuged for 5 min
at 1,000 × g. 0.2 mL aliquot of the supernatant (deproteinized

solution) and 0.05 mL of Ellman’s reagent were placed in a
96 well microplate and incubated for 10 min at room
temperature. Absorbance was read at 415 nm, and GSH protein
level was estimated from a glutathione standard curve.

Superoxide dismutase (SOD) activity
The SOD activity in the cells were determined by utilizing a

modified procedure of Kakkar et al. (1984). Briefly, a 96- well
microplate containing the supernatant (15 μL), 100 µM
diethylenetriaminepentaacetic acid (DETAPAC; 170 μL) and
15 μL of 1.6 mM hydroxydopamine (6-HD) was gently swirled
before the absorbance was immediately measured at 492 nm
thrice at 1 min interval.

Catalase activity
The hepatic catalase activity was measured in the supernatant by

adopting the method of Hadwan and Abed (2016). Briefly, 100 μL of
the supernatant was added to 1,000 μL of 0.065 μM H2O2 and
incubated for 2 min at 37°C. 100 μL of 32.4 mM ammonium
molybdate was used to terminate the reaction and the absorbance
was read at 347 nm against the blank containing only H2O2.

TABLE 2 Liquid Chromatography Mass Spectrometry (LC-MS) identified chemical compounds of L. javanica.

Retention time (min.) Area/Height Phytoconstituents (suspected) [M + H] +/−m/z

6.111 15.713 4-Aminophenol 133.10

8.114 20.322 Dihydroroseoside 387.10

10.325 21.875 [1-(3,4-Dihydroxy-5-methoxyphenyl)-7-(3,4-dihydroxyphenyl) heptan-3-yl] acetate 403.05

10.928 13.971 Corilagin 277.10

11.891 17.901 Radicicol 321.10

12.684 19.806 Coniferin 365.10

13.303 14.885 Obacunone 409.20

16.671 16.316 3-Ethyl-4-hydroxy-1-phenylquinolin-2(1H)-one 266.20

FIGURE 7
Effect of L. javanica on lipase activity in oxidative hepatic injury. Value = mean ± SD; n = 3. *Statistically significant compared to untreated hepatic
cells; #statistically significant compared to the control cells (p < 0.05, Dunnett’s multiple range post hoc test).
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Malondialdehyde (MDA) levels
Lipid peroxidation levels was determined by analyzing for MDA

concentration according to previous method (Chowdhury and Soulsby,
2002). Briefly, 100 μL of the cell’s supernatant was added to a mixture
containing 100 μL of 8.1% sodium dodecyl sulfate solution, 375 μL of
20% pure acetic acid and 1,000 μL of 0.25% thiobarbituric acid. The
reaction mixture boiled for 1 h in water bath, and the absorbance was
read at 532 nm after cooling, to estimate MDA levels.

Determination of non-protein thiol (NPSH) content
Hepatic non-protein thiol level was estimated

spectrophotometrically using Ellman’s method (Ellman, 1959).
Briefly, a mixture of 300 μL of cell supernatant and the same
volume of 10% trichloroacetic acid were centrifuged at 1,000 × g
for 5 min. 50 μL of the resulting supernatant, 150 μL of Ellman’s
reagent and 50 μL of 0.1 M phosphate buffer were mixed and
incubated for 10 min at 37°C. The absorbance was read at

FIGURE 8
Structures of identified compounds in L. javanica infusion.

Frontiers in Pharmacology frontiersin.org08

Salau et al. 10.3389/fphar.2023.1221769

205

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1221769


412 nm and non-protein thiol content were calculate from standard
curve of cysteine.

Determination of nitric oxide (NO) level
Hepatic nitric oxide level was determined based on Greiss

method according to Tsikas (2005). Briefly a solution made up of
100 μL of the cell supernatant and equal volume of Greiss reagent in
a 96 well-plate was incubated in the dark for 30 min at room at 25°C,
using the same volume of distilled water as the blank. After
incubation, absorbance of the solution was measured at 548 nm.

Determination of acetylcholinesterase activity
Acetylcholinesterase activity was determined in the hepatic cells

by employing a previously established method (Ellman et al., 1961).
Briefly, a solution containing 100 μL of the supernatant was added to
50 μL of 3.3 mM Ellman’s reagent (pH 7.0) and 250 μL of 0.1 M
phosphate buffer (pH 8) was incubated for 20 min at 25°C. 50 μL of
0.05 M acetylcholine iodide was then added. The absorbance was
immediately measured at 412 nm at 3 min intervals.

Determination of glucogenic enzymes activities
Glucose 6-phosphatase activity

Glucose 6-phosphatase activity was estimated in the hepatic cells
according to a modified method of Balogun and Ashafa (2017).
Briefly, 200 μL of the cell supernatant, 100 μL of 0.1 M glucose 6-
phosphate, 200 μL of 5 mM KCl, and 1.3 mL of 0.1 M Tris-HCl
buffer mixture was incubated at 37°C for 20 min. An addition of
1,000 μL 10% trichloroacetic acid was used to terminate the reaction,
after which it was allowed to stand on ice for 10 min before
centrifuging for 10 min at 5,000 g. 250 μL aliquot of the
supernatant was placed in a 96-well plate and the absorbance
was read at 340 nm.

Fructose-1-6-bisphosphatase activity
Fructose-1-6-bisphosphatase activity of the cells were

determined according to a modified method by Balogun and
Ashafa (2017). Briefly, 100 μL of the cell supernatant was
transferred to tube containing 0.05 M 100 μL of fructose
(0.05 M), 100 μL of potassium chloride (0.1 M), 250 μL of
magnesium chloride (0.1 M), 1.2 mL of Tris–HCl buffer (0.1 M,

pH 7.0) and 250 μL of Ethylenediaminetetraacetic acid (1 mM) and
incubated for 15 min at 37°C. 10% trichloroacetic acid was used to
halt the reaction and further centrifuged for 10 min at 5,000 g (4°C).
Thereafter, 50 μL of 1.25% ammonium molybdate and 9% ascorbic
acid was included in the reaction, it was allowed to stand for 20 min
at room temperature. The absorbance was read at 680 nm.

Glycogen phosphorylase activity
The glycogen phosphorylase activity of cells were evaluated

based on the procedure of Balogun and Ashafa (2017). Briefly,
200 µL of the cell supernatant, 100 µL solution of 64 mM glucose-1-
phosphate and 100 µL 4% glycogen were mixed and incubated for
10 min at 30°C. 20% ammonium molybdate in concentrated sulfuric
acid was used to terminate the reaction. Thereafter, Elon reducer
and distilled water was added to the mixture and further incubated
for 45 min at 30°C. The absorbance was measured at 340 nm.

Determination of lipase activity
Hepatic lipase activity in the cells was estimated according to a

previous method with slight modifications (Kim et al., 2010). Briefly,
200 µL of the cell supernatant was added 390 µL of Tris buffer
(pH 7.0) and incubated at 37°C for 15 min 100 μL of p-nitrophenyl
butyrate in dimethylformamide (p-NPB) was then added to the
mixture before incubating for another 15 min. The absorbance was
measured at 405 nm at 1 min interval. Lipase activity of the hepatic
cells was expressed as the rate of reaction (ΔA/min).

Molecular docking
This computer analysis was employed to determine the binding

affinities of the phytochemicals of L. javanica infusion with catalase
and SOD antioxidant enzymes. The x-ray diffraction structure of the
respective proteins (1F4J and 2C9V) with 2.40 Å and 1.07 Å
resolutions were retrieved from the Protein Data Bank (https://
www.rcsb.org/). Non-proteins and water molecules co-crystalized
with the proteins were removed using the Dock prep tool algorithm
of the Chimera software (V.1.16). Next, the automated program also
added hydrogen atoms and gasteiger charges, as described according
to Wang et al. (2006). Subsequently, the 3D structure of the LC-MS
identified chemical compounds in the L. javanica infusion were
similarly downloaded from the Zinc database (https://zinc15.

TABLE 3 Binding energies (Kcal/mol) of the phytochemical constituents of L. javanica with antioxidant enzymes.

Phytoconstituents Catalase Superoxide dismutase

4-Aminophenol −5.2 −3.7

Dihydroroseoside −10.5 −7.1

[1-(3,4-Dihydroxy-5-methoxyphenyl)-7-(3,4-dihydroxyphenyl) heptan-3-yl] acetate −3.6 −2.4

Corilagin −2.0 −1.7

Radicicol −5.7 −7.2

Coniferin −2.0 −1.7

Obacunone −11.7 −9.8

3-Ethyl-4-hydroxy-1-phenylquinolin-2(1H)-one −8.7 −6.6

Gallic acid −7.1 −6.7

Ascorbic acid −4.8 −5.3
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docking.org/substances/home/) and prepared using the previous
software employed for the antioxidant enzymes. The catalytic
pocket of the proteins were determined using the algorithm of

the CASTp online server (http://cast.engr.uic.edu/) before
molecular docking was carried out within a search volume
covering X, Y, and Z dimension of 13 × 13 × 13 for SOD and

FIGURE 9
The 3D and 2D images of themolecular interaction of dihydroroseoside with the amino active site of (A) catalase and (B) SOD; and 3D and 2D images
of the molecular interaction of obacunone with active sites of (C) catalase, and (D) SOD. SOD = superoxide dismutase.
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18 × 16 × 14 for catalase. Then, the calculated binding energies of the
most stable ligand-protein complexes were recorded, and the 2D
images of the various interactions involved were visualized using
with BIOVIA Discovery Studio application.

Statistical analysis
The experiments were carried out in triplicate (n = 3) and results

were presented as mean ± SD. Analysis of data was achieved by
utilizing SPSS (Windows V25) and statistically significant difference
between test groups was established at p < 0.05 using a one-way
analysis of variance (ANOVA), followed by the use of Dunnett and
Tukey’s HSD multiple range Post-hoc tests for comparison of
experimental mean values.

Results

The infusion extract of L. javanica revealed a total phenolic
content of 25.95 ± 0.74 mg GAE/g and a total flavonoid content of
73.57 ± 2.12 mg QE/g of dry weight of extract. The extract showed a
higher amount of flavonoid than phenolics.

As indicated in Figure 1A, L. javanica infusion significantly (p <
0.05) scavenged DPPH free radical at increasing concentrations,
with a low IC50 value of 1.22 μg/mL (Table 1) and compared
favorably with the standards, ascorbic acid (IC50: values of
0.11 μg/mL) and gallic acid (IC50: values of 0.61 μg/mL).
However, the infusion only exhibited slight increase in Fe3+

reducing activity (Figure 1B) with IC50 value of ˃1,000 μg/mL) as
compared to ascorbic acid at 120 and 240 μg/mL doses (IC50: values
of 975.73 μg/mL) and gallic acid at all tested concentrations (IC50:
values of 63.81 μg/mL).

As portrayed in Figure 2, there was no significant difference in %
cell viability between the cells treated with L. Javanica infusion and
the normal Chang liver cells. Treatment with doxorubicin
significantly (p < 0.05) reduced the cell viability when compared
to the normal control.

As depicted in Figures 3A–E, the induction of oxidative injury in
Chang liver cells using ferrous sulphate led to significant (p < 0.05)
depletion in the levels of GSH and NPSH, activities of SOD and
catalase, with a concurrent increase in MDA level when compared
with the normal control. Pretreatment of the cells with L. javanica
significantly (p < 0.05) reversed these levels and activities and
compared favorably with the two standard antioxidants, ascorbic
acid and gallic acid. However, there was no significant difference in
the catalase activity and NPSH level of the untreated cells and L.
javanica-treated cells at lower concentrations.

Induction of oxidative stress led to a significant (p < 0.05)
elevation in hepatic nitric oxide (NO) level (Figure 4).
Pretreatment of cells with L. javanica infusion led to remarkable
lower levels of NO in a dose-dependent trend. The infusion
presented a better effect on NO level than both ascorbic acid and
gallic acid.

There was a significant (p < 0.05) elevation in
acetylcholinesterase activity on incubation of Chang liver cells
with FeSO4 (Figure 5). Except at the lowest dose, pretreatment
with L. javanica infusion led to a significant (p < 0.05) dose-
dependent suppression of acetylcholinesterase activity and was
competitive with those of the standards, ascorbic acid and gallic acid.

Induction of oxidative injury caused significant (p < 0.05)
elevation of glucose-6-phosphatase, fructose-1,6-bisphosphatase
and glycogen phosphorylase activities as depicted in Figures
6A–C. Pretreatment with L. javanica led to significant
suppression of the enzyme’s activities in a dose-dependent trend
to levels indistinguishable from the normal control.

As presented in Figure 7, induction of hepatic oxidative injury
significantly (p < 0.05) elevated the activity of lipase. Incubation of
the cells with L. javanica significantly (p < 0.05) depleted the activity
of the enzyme which outperformed the activities of ascorbic acid and
gallic acid.

LC-MS analysis of L. javanica infusion revealed the presence of
phenolic compound such as amino phenol; tannins such as corilagin;
phenolic glycosides such as coniferin and dihydroroseoside and
terpenoids such as obacunone and radicol. [1-(3,4-Dihydroxy-5-
methoxyphenyl)-7-(3,4-dihydroxyphenyl) heptan-3-yl] acetate and 3-
Ethyl-4-hydroxy-1-phenylquinolin-2(1H)-one were also identified in
the infusion (Table 2; Figure 8).

Table 3 shows the free binding energies of the molecular docking
of the phytoconstituents of L. javanica and antioxidant standards
(ascorbic acid and gallic acid) with catalase and SOD, which
indicates that dihydroroseoside and obacunone had the highest
binding affinity. Figure 8 gives a representation of 3D and 2D
images of the molecular interaction of the active site of catalase
with dihydroroseoside (Figure 9A), SOD with dihydroroseoside
(Figure 9B) and catalase with obacunone (Figure 9C), and SOD
with obacunone (Figure 9D). The compounds molecular interacted
with the amino acid residues of the binding pocket of the proteins via
hydrogen bonds (H-bond), carbon hydrogen bonds, and vanda
Waal forces. Dihydroroseoside shared multiple H-bond with both
catalase and SOD, while obacunone shared a single and double
H-bond with catalase and SOD, respectively.

Discussion

Oxidative hepatic injury is a culprit in the pathological
mechanisms that leads to the initiation and development of
various liver diseases. Liver diseases have been reported to
contribute significantly to socio-economic burden, low quality of
life and mortality (Li et al., 2015; Asrani et al., 2019). Medicinal
plants constitute a variety of secondary metabolites with inherent
antioxidant properties that has been widely reported for the
prevention and treatment of hepatic oxidative injury and
numerous liver diseases (Stickel and Schuppan, 2007; Chukwuma
et al., 2019). In this study, the protective effect of L. javanica herbal
tea was investigated in iron-induced oxidative hepatic cells injury.

When surplus ROS are generated in the body, they deplete
antioxidant levels, leading to a failure to counteract ROS deleterious
activities which then result in cellular injury (Pham-Huy et al.,
2008). Medicinal plants, including herbal teas are well noted for their
rich antioxidant competence, which are ascribed to the presence of
prominent phytoconstituents such as phenolics, terpenes,
flavonoids, tannins, glycosides, alkaloids and saponins (Mathivha
et al., 2020). The antioxidant capacity of these plant constituents are
attributed to their ability to act as reducing agents, metal ion
chelators, quenchers of singlet oxygen and free radical scavengers
(Bendary et al., 2013; Salau et al., 2021). The potent DPPH
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scavenging activity of L. javanica infusion (Figure 1A), coupled with
its ability to reduce Fe3+ to Fe2+ (Figure 1B) indicate the antioxidant
pharmacological property of this plant. This can be linked to the
high phenolic and flavonoid contents of the plant as well as the
presence of LC-MS identified bioactive compounds which include
terpenoids, tannins, phenols and glycosides (Figure 8; Table 2).
These results corroborates with the previous study of Osunsanmi
et al. (2019) who reported that the crude extract of L. javanica’s
leaves are embedded with varieties of phytochemicals that are a
source of natural antioxidants for treating and managing oxidative
stress related diseases.

To further buttress the antioxidant and other possible
pharmacological potential of L. javanica as attributed to its
phytoconstituents, its effect on iron induced oxidative hepatic
injury were assessed. The liver is an organ that is constantly
exposed to oxidative attack due to its critical and numerous
physiological roles in the body that also involves generation of
ROS as by-products and involvement in ROS-generation reactions
(Li et al., 2015; Conde de la Rosa et al., 2022). This includes the liver
being the major site of iron storage which makes it a major target for
iron toxicity (Pietrangelo, 2016). The ability of iron to exist in dual
forms: Fe2+ and Fe3+, presents it as a major cofactor in many
enzymatic redox reactions as well as a potent prooxidant
(Erukainure et al., 2017). Thus, hepatic iron overload and/or iron
toxicity leads to the generation of reactive oxygen species and
reactive nitrogen species, which are responsible for lipid, protein
and nucleic acid peroxidation and proinflammation that ultimately
contributes the promotion of hepatic oxidative injury and numerous
liver diseases (Videla et al., 2003; Milic et al., 2016). The suppressed
levels of GSH and NPSH, SOD and catalase activities and increased
levels of MDA and NO on induction of hepatic injury (Figures
3A–E; Figure 4) indicate an occurrence of oxidative stress and
proinflammation. This corroborates previous study on Fe2+

induced oxidative injury in Chang liver cells (Chukwuma et al.,
2019). Treatment with the L. javanica infusion demonstrated an
antioxidant and anti-proinflammatory effect by significantly
elevating the levels of GSH and NSPH, SOD and catalase
activities and suppressing MDA and NO levels. Thus, indicating
a protective effect of L. javanica on oxidative hepatic injury. The
strong molecular interaction formed between the LC-MS identified
phytoconstituents of L. javanica and the amino residue active sites of
catalase and SOD (Figure 9; Table 3) further indicates the
antioxidant potency of the infusion. These properties may be
attributed to the synergistic activities of the identified
phytochemical constituents.

Cholinergic dysfunction typified by elevated cholinesterase
activities has been reported as one of the instigators of
hepatotoxicity as it incites hepatic cells inflammation (Erukainure
et al., 2021b), Altered acetylcholinesterase level has been reported as
a useful biomarker for liver disease (García-Ayllón et al., 2006).
Studies have linked oxidative stress and proinflammation to a rise in
acetylcholinesterase activities (Bondok et al., 2013; Rodríguez-
Fuentes et al., 2015). In the present study, the elevated activity of
hepatic acetylcholinesterase (Figure 5) on induction of hepatic
injury conforms with oxidative stress occurrence (Figure 3) and
increased NO level (Figure 4). Cholinesterase inhibitors are targets
for protecting against and treating liver diseases (Steinebrunner
et al., 2014). The depleted activity of acetylcholinesterase on

treatment with L. javanica infusion insinuates a protective effect
of the herbal tea against cholinergic dysfunction in oxidative hepatic
injury.

The liver plays a pivotal function in the maintenance of glucose
homeostasis and metabolism. Perturbations in hepatic glucose level
is implicated in development of several liver diseases (Ding et al.,
2018; Zhang et al., 2019). Oxidative stress contributes to
disturbances in carbohydrate metabolism, which can lead to
perturbed energy metabolism (Yazdi et al., 2019). Increased
activities of enzymes involved in hepatic gluconeogenesis and
glycogenolysis leads to the generation of excess glucose. Glucose
toxicity characterised by hepatic glucose accumulation promotes
hepatic oxidative stress which results in severe liver oxidative injury
and eventual hepatic cell death (Chandrasekaran et al., 2012; Mota
et al., 2016). Reports have shown the protective property of various
plant-based antioxidants in scavenging free radical and the
improvement of liver carbohydrate metabolism (Yazdi et al.,
2019; Erukainure et al., 2021a; Olofinsan et al., 2022). This is in
accordance with the ability of L. javanica herbal infusion to
significantly reduce the activities of glucose-6-phosphatase,
fructose-1,6-bisphosphatase and glycogen phosphorylase in
oxidative hepatic injury (Figures 6A–C), suggesting a
hepatoprotective and hepatic metabolic function-improving
potential of the herbal tea infusion.

The damaging effect of oxidative stress in the development of
liver diseases cannot be overemphasized. ROS can induce lipid
peroxidation by attacking the polyunsaturated fatty acids of lipid
membrane and impair cellular functions (Barrera, 2012). Increased
level of lipase activity in the liver has been reported in hepatotoxicity
due to its catalyzed excessive breakdown of triglycerides, which
causes accumulation of hepatic free fatty acids (Erukainure et al.,
2021a). Thus, oxidative attack of vulnerable fatty acids progresses
oxidative injury. Cytotoxic products generated from hepatic lipid
peroxidation such as malondialdehyde (MDA) have been implicated
in hepatic fibrogenesis (Koruk et al., 2004). The elevation of lipase
activity on induction of oxidative injury (Figure 7) with concomitant
increased MDA level (Figure 3D) may indicate progressive oxidative
hepatic injury and development of liver disease. The ability of L.
javanica infusion to significantly suppress hepatic lipase activity
may further suggest the protective effect of the herbal infusion
against oxidative hepatic injury.

Phytopharmaceuticals play a key role in medical practice for
various diseases treatment and management. However, in addition
to their therapeutic properties, many medicinal herbs may contain
potential toxic properties that may cause more harm to human
health (Lombardi et al., 2017). Cytotoxicity studies is thus a crucial
step in determining the safety and therapeutic properties of plants
and plant-derived compounds for oral pharmacological agent
development (Beseni et al., 2022). The cell viability effect of L.
javanica infusion (Figure 2) portrays a non-cytotoxic effect on liver
cells. Thus, implying the safety of the L. javanica herbal tea on
hepatic cells.

Conclusion

Results from this study demonstrated that L. javanica conferred
hepatoprotection against oxidative hepatic injury by mitigating

Frontiers in Pharmacology frontiersin.org12

Salau et al. 10.3389/fphar.2023.1221769

209

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1221769


oxidative stress and cholinergic dysfunction as well as improved
impaired glucogenic and lipase enzymes activities. These biological
activities may be attributed to the synergistic effect of the identified
phytoconstituents. Thus, these results may support the ingestion of
L. javanica herbal tea as potential curative agent for liver diseases.
Further in vivo and molecular studies are required to unravel the
mechanisms by which L. javanica brings about its hepatoprotective
effect in hepatic oxdative injury. The limitation of the present study
is the non-use of commercial standard for the LC-MS analysis. We
therefore propose the use commercially available standards for
future characterization of L. javanica phytoconstituents.
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Attenuating effect of Polygala
tenuifolia Willd. seed oil on
progression of MAFLD
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Introduction: Metabolic-associated fatty liver disease (MAFLD) is a common
chronic metabolic disease that seriously threatens human health. The
pharmacological activity of unsaturated fatty acid-rich vegetable oil
interventions in the treatment of MAFLD has been demonstrated. This study
evaluated the pharmacological activity of Polygala tenuifolia Willd, which
contains high levels of 2-acetyl-1,3-diacyl-sn-glycerols (sn-2-acTAGs).

Methods: In this study, a mouse model was established by feeding a high-fat diet
(HFD, 31% lard oil diet), and the treatment groupwas fed aP. tenuifolia seedoil (PWSO)
treatment diet (17% lard oil and 14% PWSO diet). The pharmacological activity and
mechanism of PWSO were investigated by total cho-lesterol (TC) measurement,
triglyceride (TG) measurement and histopathological observation, and the sterol
regulatory element-binding protein-1 (SREBP1), SREBP2 and NF-κB signaling
pathways were evaluated by immunofluorescence and Western blot analyses.

Results: PWSO attenuated the increases in plasma TC and TG levels. Furthermore,
PWSO reduced the hepatic levels of TC and TG, ameliorating hepatic lipid
accumulation. PWSO treatment effectively improves the level of hepatitic
inflammation, such as reducing IL-6 levels and TNF-α level.

Discussion: PWSO treatment inactivated SREBP1 and SREBP2, which are involved
in lipogenesis, to attenuate hepatic lipid accumulation and mitigate the
inflammatory response induced via the NF-κB signaling pathway. This study
demonstrated that PWSO can be used as a relatively potent dietary
supplement to inhibit the occurrence and development of MAFLD.
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metabolic-associated fatty liver disease, Polygala tenuifolia Willd., seed oil, SREBPs, NF-
κB signaling pathway
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1 Introduction

Metabolic-associated fatty liver disease (MAFLD), also called non-
alcoholic fatty liver disease (NAFLD), is a disorder of excessive lipid
deposition in hepatocytes caused by factors other than alcohol and other
definite factors, and the indicative test result is a hepatic triglyceride
(TG) content exceeding 5% after alcohol-free testing (Stefan et al., 2019;
Eslam et al., 2020). Many metabolic disorders exist, including
hyperglycemia, type 2 diabetes, insulin impedance, dyslipidemia, and
adipokine abnormalities, all of which have a significant association with
the pathogenesis of MAFLD (Anstee et al., 2013).

MAFLD and its symptoms can be effectively treated with a
healthy diet and weight loss, with effects such as a decline in
inflammation and improvement in fibrosis (Romero-Gomez
et al., 2017). However, many people’s lifestyles and habits do not
allow them to maintain an adequate exercise program and healthy
diet. As a result, drug intervention is used to ameliorate or prevent
MAFLD. Due to the complex mechanism of MAFLD and the fact
that Western medicine typically has a single therapeutic target,
emphasis on prevention and treatment by traditional Chinese
medicine (TCM), which has more complex components, is
increasing. Moreover, TCM treatment and prevention methods
are widely accepted by the public as safer and more effective
than other methods (Gao et al., 2020). TCM with the same
origin as medicine and food is characterized by few toxic side
effects and high patient compliance. Studies have shown that
these TCM practices have had a positive impact on the
development of MAFLD, and they are considered an approach
for the treatment and prevention of MAFLD (Liu et al., 2014).
Numerous researchers have reported that many vegetable and
animal oils rich in unsaturated fatty acids might be beneficial for
the prevention of lipid metabolism disorders and MAFLD (Henkel
et al., 2018; Yang et al., 2019). Recently, vegetable and animal oils
rich in 2-acetyl-1,3-diacyl-sn-glycerols (sn-2-acTAGs) were
reported, and the high content of sn-2-acTAGs was considered
one factor responsible for its pharmacological effects (Smith et al.,
2018). However, the effects of oils containing high levels of sn-2-
acTAGs on MAFLD were not evaluated.

Polygala tenuifolia Willd. is a traditional Chinese medicine that
consists mainly of triterpene saponins, sanguinarides and
oligosaccharides (Zhao et al., 2020). The main medicinal component
of P. tenuifolia is the root or the whole herb, which has pharmacological
activities such as antidepressant, cholesterol-lowering, anti-inflammatory
and anticancer activities (Son et al., 2022). Research has also shown that
P. tenuifolia and its functional components have a variety of
neuroprotective effects, such as the ability to treat and prevent
Alzheimer’s disease, neuroinflammatory diseases, and depression
(Wang et al., 2017; Yao et al., 2020; Jee et al., 2021). The high level
of sn-2-acTAGs in P. tenuifolia seed oil (PWSO)might contribute to the
pharmacological effects, but the pharmacological activity and potential
mechanism of PWSO on MAFLD remain unclear.

In this study, we explored the fatty acid composition of PWSO
by gas chromatography (GC) and determined its pharmacological
activity on MAFLD in an established mouse model, wherein it
inhibited lipid accumulation and liver inflammation by attenuating
the activation of the SREBP and NF-κB signaling pathways. We
suggest that PWSO may be a potential agent for treating and
preventing MAFLD symptoms.

2 Materials and methods

2.1 Reagents

Seeds of P. tenuifolia (Chinese name: Yuan Zhi) were purchased
from Xuxin Pharmaceutical Sale (Anhui, China). Commercial kits,
including the total cholesterol (TC, A111-1-1), triglyceride (TG,
A110-1-1), low-density lipoprotein cholesterol (LDL-C, A113-1-1),
high-density lipoprotein cholesterol (HDL-C, A112-1-1), alanine
aminotransferase (ALT, C009-2-1), and aspartate aminotransferase
(AST, C011-2-1) kits, were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The fatty acid
standards were purchased from Sigma (United States). Anti-β-
actin (K101527P), anti-LAMB1 (K006070P), anti-sterol regulatory
element-binding protein 1 (SREBP1, K106528P), anti-fatty acid
synthase (FASN, K001685P), anti-acetyl-CoA carboxylase (ACC,
16087-1-AP), anti-3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR, K002888P), anti-IL-6 (K001738P), anti-TNF-α
(SEKM-0034), anti-SREBP2 (K106821P), and anti-NF-κB
(80979-1-RR) antibodies were purchased from Solarbio
(Beijing, China).

2.2 Preparation of PWSO

According to previous study (Smith et al., 2018), the dried seeds
of P. tenuifolia were cold pressed to obtain the crude oil extract (the
pressing pressure was 40~50 MPa, and the pressing temperature was
approximately 60°C). Then, the raw P. tenuifolia extract was
degummed with hot water, deacidified with alkaline solution, and
decolorized with white clay for the following experiments. The
composition of PWSO has been fully verified in our previous
study (Smith et al., 2018), including TLC, GC, MALDI-TOF MS
and 13C NMR analyses.

2.3 Animal experiments

All animal experimental procedures were approved by the
Animal Ethics Committee of Shandong University of Technology
(the approval date is 17-11-2021, and the approval certification
number of the study is YLX20211101). The protocols followed the
Guidelines for the Care and Use of Laboratory Animals of Shandong
University of Technology. Male Kunming mice (6 weeks old,
18–20 g) were acquired from the Shandong Laboratory Animal
Center (Jinan, China) (approval number SCXK 2020-0005) and
were housed under standard laboratory conditions with 55%–65%
humidity, 25°C ± 3°C, and a 12-h light/dark cycle. All mice were
randomly divided into three groups: the normal control group (NC
group; n= 8), the high-fat diet group (HFD group; n = 8), and the PWSO
treatment group (PWgroup; n = 8). Themice in the NC group remained
on the standard diet throughout thewhole experimental period. Themice
in the HFD group remained on the HFD throughout the whole
experimental period. The PW group was fed a HFD (31% lard oil
diet), and after 4 weeks, the mice in the PW group were switched to a
PWSO treatment diet (17% lard oil and 14% PWSO diet) for 8 weeks.
The whole experiment lasted for 12 weeks. Detailed dietary information
can be obtained from Table 1.
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2.4 Biochemical measurements

Body weight and food intake were recorded weekly throughout the
experimental period. The mice were sacrificed after 12 weeks of feeding
following intraperitoneal injection of pentobarbital sodium (30 mg/kg)
for anesthesia. Themice were killed by CO2 inhalation; enucleation was
then performed, and blood was collected (0.8–1.2 ml per mouse) and
then centrifuged (5 min, 4°C, 3,000 rpm) to obtain plasma. The levels of
TC, TG, LDL-C and HDL-C were determined with a microplate reader
(Gen 5, BioTek, United States).

2.5 Histological observations

Liver tissues from each mouse were collected and fixed with 4%
paraformaldehyde for 24 h. Then, the liver tissue specimens were
embedded in paraffin and cut into 3-μm-thick sections. Finally, the
obtained sections were dyed with hematoxylin and eosin (H&E) and
Sirius red for pathological analysis.

2.6 Western blot analysis

We evaluated the effects of PWSO on important indicators (such
as SREBPs, ACC, FASN, HMGCR and NF-κB) of nuclear and
cytoplasmic activity by Western blot analysis. Liver tissue
homogenate was obtained by supplementing RIPA lysis buffer
with 1% PMSF (Beyotime, China). The protein concentration

was measured using a BCA kit (Beyotime, China). Liver tissue
samples were separated using 12% SDS‒PAGE and transferred
onto PVDF membranes. Then, the membranes were incubated
with 5% non-fat milk for approximately 2 h for blocking.
Subsequently, the membranes were incubated overnight at 4°C
with primary antibodies, including anti-SREBP1 (1:1000,
Solarbio, China), anti-ACC (1:1000, Solarbio, China), anti-FASN
(1:1000, Solarbio, China), anti-SREBP2 (1:1000, Solarbio, China),
anti-HMGCR (1:1000, Solarbio, China), and anti-NF-κB (1:1000,
Solarbio, China) antibodies in skimmilk powder TBST solution. The
membranes were washed three times with TBST and then incubated
with the appropriate secondary antibody (1:3500, Solarbio, China) at
room temperature for 2 h. The membranes were washed again for
development observation. Three samples were selected for analysis.

Protein bands were visualized by using an ECL Plus kit (Beyotime,
China), and the band densities were quantified by ImageJ software. β-
Actin or LAMB1 was used as a reference, and all protein expression
levels were standardized to these band intensities.

2.7 Immunofluorescence analysis

We evaluated the effects of PWSO on important indicators
(such as SREBP1, IL-6, TNF-α and NF-κB) of nuclear and
cytoplasmic activity by immunofluorescence analysis.
According to previous study (Yang et al., 2021), the liver slice
samples were first fixed with 4% paraformaldehyde for 15 min.
The fixed samples were blocked with 2% BSA for 30 min and then
incubated with primary antibodies (anti-SREBP1, anti-IL-6, anti-
TNF-α and anti-NF-κB, 1:200) overnight at 4°C. Next, the
sections were washed and incubated with a FITC-labeled
secondary antibody (goat anti-rabbit IgG, 1:500) for 2 h. After
the samples were stained with DAPI, a fluorescence microscope
was used to acquire images. Three samples were selected for
analysis.

2.8 Statistical analysis

GraphPad Prism version 8.0.0 was used for graphing. SPSS
Statistics V22.0 was used for data analysis. Differences between
the groups were analyzed using one-way analysis of variance
(ANOVA) and post hoc Tukey’s tests. In the in vitro and in vivo
experiments, the data are presented as the means ± standard errors.
The significance of differences is denoted as follows: *p < 0.05; **p <
0.01; ***p < 0.001.

3 Results

3.1 Effects of PWSO on serum lipids in mice
fed a HFD

After feeding for 12 weeks, relative to the NC group, a clear increase
(p < 0.001) in body weight was observed in the HFD group (Figure 1A).
However, taking the HFD group as the reference, PWSO treatment did
not have a significant impact on the weight of mice. Taking the food
intake of theNCgroup as the reference, the food intake of theHFDgroup

TABLE 1 Details of the HFD and PWSO diet.

Ingredient HFD PWSO diet

gm kcal gm kcal

Casein, 80 Mesh 200 800 200 800

L-Cystine 3 12 3 12

Cholesterol 12 0 12 0

PWSO 0 0 111 999

Lard Oil 245 2,205 134 1205.8

Maltodextrin 10 123 500 123 500

Sucrose 68.8 275.2 68.8 275.2

Cellulose, BW200 50 0 50 0

Soybean Oil 25 225 25 225

Mineral Mix, S10026 10 0 10 0

Dicalcium Phosphate 13 0 13 0

Calcium Carbonate 5.5 0 5.5 0

Potassium Citrate, 1 H2O 16.5 0 16.5 0

Vitamin Mix, V10001 10 40 10 40

Vitamin Mix, V10001 2 0 2 0

FD&C Blue Dye 0.05 0 0.05 0

Total 785.85 4,057 785.85 4,057
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FIGURE 1
The effect of PWSO on blood lipids in mice with MAFLD. (A): Body weight; (B): Food intake; (C) Plasma TG; (D): Plasma TC; (E): Plasma LDL-C; (F):
Plasma HDL-C. Statistics: *p < 0.05, **p < 0.01, ***p < 0.001. NC, normal control group; HFD, high-fat diet group; PW, PWSO treatment group. MAFLD,
metabolic-associated fatty liver disease; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol.

FIGURE 2
The effect of PWSO on lipids inmice with MAFLD. (A): AST; (B): ALT; (C): Hepatic TG; (D): Hepatic TC; (E): micrographs of hepatic H&E staining; scale
bar = 20 µm for H&E staining. Statistics: *p < 0.05, **p < 0.01, ***p < 0.001. NC, normal control group; HFD, high-fat diet group; PW, PWSO treatment
group. TC, total cholesterol; TG, triglyceride; ALT, plasma alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin.
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decreased (p < 0.001) due to the higher energy content in the HFD
(Figure 1B). Taking the food intake of the HFD group as the reference,
PWSO treatment did not increase food intake. Furthermore, taking the
biochemical indicators of the NC group as the reference, there was a
significant increasing trend in the plasma levels of TC, TG, and LDL-C
(p < 0.001, p < 0.001, and p < 0.01, respectively) in the HFD group
(Figures 1C–F). Moreover, PWSO treatment significantly reduced the
levels of TC, TG, and LDL-C (p< 0.01, p< 0.01, and p< 0.01, respectively;
Figures 1C–E). Regarding the plasma HDL-C level, the NC group, HFD
group, and PW group showed consistency (Figure 1F).

3.2 Effects of PWSO on serum ALT and AST
levels and hepatic lipids in mice fed a HFD

After feeding for 12 weeks, the levels of serum AST and ALT in
the HFD group were significantly higher (p < 0.001 and p < 0.01,
respectively) than those in the NC group. However, a reduction in
AST and ALT levels (p < 0.001 and p < 0.01, respectively; Figures 2A,
B) was observed with PWSO treatment. Moreover, the liver TC and
TG levels were significantly increased (p < 0.001 and p < 0.001,
respectively) in the HFD group and were significantly decreased in

FIGURE 3
The effect of PWSO on lipogenesis. (A): Immunofluorescence staining for SREBP1 in liver tissue (original magnification, ×200); (B): Expression of
SREBP1, ACC and FASN; (C): SREBP1 level in the nucleus; (D): SREBP level in the cytoplasm; (E): ACC level; (F): FASN level. Statistics: *p < 0.05, **p < 0.01,
***p < 0.001. NC, normal control group; HFD, high-fat diet group; PW, PWSO treatment group. FASN, fatty acid synthase; ACC, acetyl-CoA carboxylase;
SREBPs, sterol regulatory element-binding proteins.
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the PW group (p < 0.01 and p < 0.01, respectively; Figures 2C, D).
Robust lipid accumulation in hepatocytes was observed in the HFD
group, indicating that HFD-fed mice develop MAFLD (Figure 2E).
Moreover, PWSO treatment clearly ameliorated hepatic lipid
accumulation. The range of visible lipid droplets was decreased,
and the structure of hepatic cells was improved by PWSO treatment
(Figure 2E).

3.3 Effects of PWSO on SREBP expression
and localization and the related signaling
pathways in mice fed a HFD

The immunofluorescence staining results showed that the PW
group had increased SREBP1 levels in the cytoplasm (Figure 3A).
Moreover, the Western blot analysis showed that the HFD group
had a significant increase (p < 0.001) in the SREBP1 level in the
nucleus when compared to that in the NC group. PWSO treatment
significantly decreased (p < 0.01) the level of SREBP1 in the nucleus
compared with that in the HFD group (Figures 3B, C). However, the
HFD group had a significant decrease (p < 0.001) in the
SREBP1 level in the cytoplasm compared with that in the NC
group. Furthermore, PWSO treatment significantly increased (p <
0.001) the level of SREBP1 in the cytoplasm (Figures 3B, D). There
was a significant increasing trend (p < 0.001) in ACC expression
observed in the HFD group compared with the NC group, and this

trend was reversed (p < 0.001) after PWSO treatment (Figures 3B,
E). Furthermore, the expression of FASN was significantly increased
in the HFD group compared with the NC group (p < 0.001). PWSO
treatment significantly decreased the expression of FASN (Figures
3B, F).

Western blot analysis showed a clear decreasing trend (p <
0.001) in the level of cytoplasmic SREBP2 in the HFD group
compared to the NC group. PWSO reversed the HFD-induced
decrease in cytoplasmic SREBP2 levels (p < 0.001) (Figures 4A,
B). Moreover, a clear increasing trend (p < 0.001) in the level of
nuclear SREBP2 was observed in the HFD group in comparison
to the NC group. PWSO significantly prevented the decrease in
nuclear SREBP2 levels caused by a HFD (p < 0.001) (Figures 4C,
D). Western blot analysis showed a clear increasing trend (p <
0.001) in the level of HMGCR in the HFD group relative to the
NC group. Moreover, in comparison with the HFD group,
PWSO treatment significantly reduced the level of HMGCR
(Figures 4E, F).

3.4 Effects of PWSO on fibrosis and the
inflammatory response in mice fed a HFD

Sirius red staining and immunofluorescence staining showed
that the HFD group exhibited severe fibrosis (p < 0.001) in
comparison to that in the NC group. However, fibrosis was

FIGURE 4
The effect of PWSO on lipogenesis. (A,B): SREBP2 level in the cytoplasm; (C,D): SREBP2 level in the nucleus; (E,F): Expression of HMGCR. Statistics:
*p < 0.05, **p < 0.01, ***p < 0.001. NC, normal control group; HFD, high-fat diet group; PW, PWSO treatment group. SREBPs, sterol regulatory element-
binding proteins; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase.
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significantly attenuated by PWSO treatment (p < 0.001) (Figures
5A–C). Furthermore, after HFD feeding, the PWSO diet and
standard diet were administered for 8 weeks, and the IL-6 and
TNF-α levels were found to be elevated. Significant increases in
hepatic IL-6 and TNF levels (p < 0.001 and p < 0.001, respectively)
were observed in the HFD group compared with the NC group
(Figures 5D, E). However, PWSO treatment significantly decreased
the levels of IL-6 and TNF (p < 0.001 and p < 0.01, respectively;
Figures 5D, E).

3.5 Effects of PWSO on the NF-κB level

Immunofluorescence analysis revealed that PWSO increased the
NF-κB level in the cytoplasm and decreased the NF-κB level in the
nucleus (Figure 6A). In addition, Western blot analysis showed a
significant increase (p < 0.001) in the level of nuclear NF-κB in the
HFD group compared with the NC group (Figure 6B). The nuclear
NF-κB level was significantly decreased in the PW group compared

with the HFD group (p < 0.01) (Figure 6C). However, a significant
decrease (p < 0.001) in the level of cytoplasmic NF-κB was observed
in the HFD group. Moreover, compared to the HFD group, the PW
group showed a clear increasing trend (p < 0.05) in the level of
cytoplasmic NF-κB (Figure 6D).

4 Discussion

The pharmacological activity and use of PWSO, which is
characterized by high levels of sn-2-acTAGs (Smith et al., 2018),
remain to be solved. In our research, the effects of PWSO on MAFLD
were examined. Our results showed that treatment with PWSO
attenuated the increases in TC and TG levels in MAFLD, thereby
ameliorating hepatic lipid accumulation and the inflammatory
response. This health benefit was associated with inactivation of
SREBPs and inhibition of the NF-κB signaling pathway.

Currently, a multiple hit hypothesis for the pathogenesis of
MAFLD is accepted. Genetic susceptibility, epigenetics, hepatic lipid

FIGURE 5
The effect of PWSO on the inflammatory response. (A): Micrographs of hepatic H&E staining; scale bar = 20 µm for H&E staining. (B):
Immunofluorescence staining for IL-6 in liver tissue (original magnification, ×200); (C): Immunofluorescence staining for TNF-α in liver tissue (original
magnification, ×200); (D): Hepatic IL-6; (E): Hepatic TNF-α. Statistics: *p < 0.05, **p < 0.01, ***p < 0.001. NC, normal control group; HFD, high-fat diet
group; PW, PWSO treatment group. H&E, hematoxylin and eosin.
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metabolism, insulin sensitivity, lipid peroxidation, and
inflammatory responses contribute to the occurrence and
development of MAFLD (Friedman et al., 2018; Valenti and
Baselli, 2018; Sanyal, 2019; Zhou et al., 2020). Among these
contributors, hepatic lipid accumulation is considered the initial
cause of MAFLD, and an effective reduction in hepatic lipid
accumulation plays an important role in the regression of
MAFLD. Inhibiting hepatic lipid synthesis is a main strategy to
ameliorate hepatic lipid accumulation. SREBPs are cholesterol
sensors in the endoplasmic reticulum that regulate sterol
homeostasis through certain feedback mechanisms (DeBose-Boyd
and Ye, 2018). Typically, SREBPs exist in a complex in the cytoplasm
and are then activated in the Golgi when they receive a biochemical
signal (DeBose-Boyd et al., 1999). Active SREBPs enter the nucleus
to bind to SREBPs in promoters, which then initiates the expression
of genes related to lipogenesis (Athanikar et al., 1998). Therefore,
changes in SREBP levels in the cytoplasm and nucleus are important
for the activation of the SREBP signaling pathway. The experiments
demonstrated that the levels of SREBPs in the nucleus in the PW

group were lower than those in the HFD group. Compared with
levels in the HFD group, the levels of SREBPs in the cytoplasm were
significantly increased in the PW group. It is obvious that PWSO
may inhibit the activation of SREBPs and regulate the synthesis of
lipogenesis-related enzymes.

In concrete terms, SREBPs are present as three isoforms in
mammals: SREBP1c, SREBP1a, and SREBP2 (Brown and Goldstein,
1999). A large amount of SREBP1c is expressed in the liver and
mainly regulates the expression of FASN and ACC (Guo et al., 2014;
DeBose-Boyd and Ye, 2018). FASN, which is well recognized as a
rate-limiting enzyme, plays a vital role in fatty acid synthesis and
contributes to the production of TG in the liver. ACC catalyzes the
carboxylation of acetyl-CoA to form malonyl-CoA and is an
important regulator in the first step of fatty acid synthesis. Our
results indicated that PWSO can inactivate SREBP1 and decrease the
expression of FASN and ACC, inhibiting the synthesis of TG in the
liver (Zhu et al., 2019). Moreover, this result is also the critical cause
of the reduction in the plasma TG level. SREBP2 is primarily
responsible for sterol metabolism and homeostasis. HMGCR

FIGURE 6
The effect of PWSO on the NF-κB signaling pathway. (A): Immunofluorescence staining for SREBP1 in liver tissue (original magnification, ×200); (B):
Expression of NF-κB in the nucleus and cytoplasm; (C): NF-κB level in the nucleus; (D): NF-κB level in the cytoplasm. Statistics: *p < 0.05, **p < 0.01, ***p <
0.001. NC, normal control group; HFD, high-fat diet group; PW, PWSO treatment group.
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catalyzes the de novo synthesis of cholesterol and is directly
regulated by SREBP2 (Ren et al., 2017). Its activation has a
strong effect on the production of cholesterol. Our results
suggested that PWSO can inhibit the activation of SREBP2 and
then reduce the expression of HMGCR. Lipid accumulation, a
critical event in the development of MAFLD, was decreased by
treatment with PWSO.

With hepatic lipid accumulation, lipid peroxidation occurs
and initiates inflammation, which leads to cytokine expression
and fibrosis in the liver (Welty et al., 2016; Wang et al., 2021).
Thus, managing the hepatic inflammatory response is critical
for controlling the occurrence and development of MAFLD.
NF-κB is responsible for the cellular responses to free radicals
and lipid peroxidation (Liu et al., 2017; Poma, 2020). When
hepatic cells are damaged by lipid peroxidation, IkB-α is in turn
activated and phosphorylated, releasing NF-κB (P65) from the
NF-κB/IkB-α complex in the cytoplasm. The p65/RelA dimer
undergoes rapid nuclear translocation and binds to NF-κB
response elements in target genes via the p65 subunit,
thereby initiating the expression of target genes such as
TNF-α and IL-6, which eventually leads to tissue
inflammation and even causes fibrosis in the liver (Liu et al.,
2017). Thus, importantly, the ratio of cytoplasmic to nuclear
NF-κB indicates activation of the NF-κB signaling pathway. Our
results showed that the concentration of nuclear NF-κB (p65)
was higher in the HFD group than in the NC group, and PWSO
treatment successfully mitigated the increase in NF-κBp65
levels in the nucleus caused by a HFD. Moreover, the
increases in TNF-α and IL-6 expression after activation of
the NF-κB signaling pathway were significantly ameliorated
by PWSO treatment. These results indicated that PWSO can
partially inhibit the inflammatory response in the liver, which
efficiently prevents the development of MAFLD.

The high sn-2-acTAG content and unsaturated fatty acid content
of PWSOmay have beneficial effects compared to other vegetable oils.
Unsaturated fatty acids, especially omega-3 and omega-6 unsaturated
fatty acids, are generally considered safer than saturated fatty acids
(Scorletti and Byrne, 2018). The high content of unsaturated fatty
acids in PWSO may also be the main reason for its pharmacological
activity. The present study investigated the protective effects of PWSO
against MAFLD, but the association between the structure and
function of PWSO needs further examination.

It is important to further the use of PWSO as an edible oil. In our
study, the mice did not exhibit any discomfort, abnormal mental state,
or diarrhea after PWSO administration. These observations provide an
important research direction for verifying the safety of PWSO, but
further comprehensive toxicological experiments need to be performed.

5 Conclusion

PWSO attenuates hepatic lipid accumulation by regulating the
activation of SREBPs and the related signaling pathways, inhibits
liver inflammation by mitigating the activation of the NF-κB
signaling pathway, and ultimately has pharmacological activity in
MAFLD. Our study provides not only support for the popularization
and use of PWSO but also new perspectives on utilizing the
pharmacological activities of plant oils in MAFLD.
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Introduction: Unmanaged Diabetes Mellitus (DM) usually results to tissue wastage
because of mitochondrial dysfunction. Adverse effects of some drugs used in the
management of DM necessitates the search for alternative therapy from plant origin
with less or no side effects.Ocimumgratissimum (L.) (OG) has been folklorically used in
the management of DM. However, the mechanism used by this plant is not fully
understood. This studywasdesigned to investigate theeffects of chloroform fractionof
OG leaf (CFOG) in the reversal of tissue wastage in DM via inhibition of mitochondrial-
mediated cell death in streptozotocin (STZ)-induced diabetic male Wistar rats.

Methods: Air-dried OG leaves were extracted with methanol and partitioned
successively between n-hexane, chloroform, ethylacetate andmethanol to obtain
their fractions while CFOG was further used because of its activity. Diabetes was
induced in fifteen male Wistar rats, previously fed with high fat diet (28 days), via a
single intraperitoneal administration of STZ (35 mg/kg). Diabetes was confirmed
after 72 h. Another five fed rats were used as the normal control, treated with corn
oil (group 1). The diabetic animals were grouped (n = 5) and treated for 28 days as
follows: group 2 (diabetic control: DC) received corn oil (10 mL/kg), groups 3 and
4 were administered 400mg/kg CFOG and 5mg/kg glibenclamide, respectively.
Body weight and Fasting Blood Glucose (FBG) were determined while
Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) and beta cell
(HOMA-β), and pancreatic tissue regenerating potential by CFOG were assessed.
Activity-guided purification and characterization of the most active principle in
CFOG was done using chromatographic and NMR techniques. The animals were
sacrificed after 28 days, blood samples were collected and serum was obtained.
Liver mitochondria were isolated and mitochondrial permeability transition (mPT)
was investigated by spectrophotometry.

Results: CFOG reversed diabetic-induced mPT pore opening, inhibited ATPase
activity and lipid peroxidation. CFOG reduced HOMA-IR but enhanced HOMA-β
and caused regeneration of pancreatic cells relative to DC. Lupanol was a major
metabolite of CFOG.
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Discussion: Normoglycemic effect of CFOG, coupled with reversal of mPT,
reduced HOMA-IR and improved HOMA-β showed the probable antidiabetic
mechanism and tissue regenerating potentials of OG.

KEYWORDS

Ocimum gratissimum (L.), mitochondrial permeability transition pore, diabetes mellitus,
glucose homeostasis, mitochondrial dysfunction

1 Introduction

Diabetes mellitus (DM) is a metabolic derangement typified by
perturbation of intermediary metabolism. Preliminary symptoms
are polyuria, polydipsia, polyphagia and weight loss (Ekaiko et al.,
2016). Glycosuria and ketonuria are other symptoms commonly
found in children, although it could also be observed in adults. The
DM has been a worrisome global health concern attributable to its
attendant complications, high degree of morbidity and death
(Beaglehole and Yach, 2003; Yach et al., 2004; American Diabetes
Association, 2012). Long term effect of untreated DM is associated
with complications which can either be microvascular or
macrovascular. The former is linked to damage of the small
blood vessels resulting to retinopathy, neuropathy, nephropathy,
amelia-phocomelia, coma and even death. The latter is associated
with disorders of large vasculatures such as atherosclerosis and
cardiomyopathy (Ubaid et al., 2019). About 463 million people was
reported to be living with the disease in 2019. Its prevalence in
Nigeria has increased to over 6 million adults (IDF, 2019; Ugwu
et al., 2020).

There are two types of DM namely, type 1 (T1DM) and 2
(T2DM). The T1DM is a disease characterised by autoimmune-
dependent beta cell wreckage and lack of insulin. It is otherwise
referred to as insulin dependent DM. On the other hand, T2DM is
related to insulin resistance ensuing from insensitivity of the
receptor to insulin in the skeletal muscle and other peripheral
tissues alongside partial β-cell obliteration. It is also known as
insulin non-dependent DM. Hyperglycemia, which causes several
organ impairment, is a general clinical feature of DM (Feldman,
et al., 2019). The T2DM accounts for about 90% of disease incidence
reported (Nguyen et al., 2020).

At present, hypoglycemia drugs are employed in monitoring
T2DM and these agents sometimes elicit adverse effects such as
faintness, pain, dejection, sustained hypoglycemia, headache
(sulphonylureas), diarrhea, vomiting, palpitation, skin rash
(biguanides), oedema and cardiac arrest (thiazolidinediones)
(Ganesan et al., 2020). As a result of the adverse effects
associated with the use of the orthodox medicine, search for
alternative with little or no side effect is necessary.

Ocimum gratissimum (OG) is a candidate plant which its role in
the management of diabetes mellitus is being explored. Ocimum
gratissimum belongs to Lamiaceae family, and it is widely scattered
all through Africa (including Nigeria), India and some parts of south
eastern Asia (Ayissi and Nyadedzor, 2003). In Nigeria, Yoruba,
Hausa and Igbo tribes refer to it as “Efinrin Nla”, “Dai doya” and
“Nchuawu” (mosquito repellant), respectively. India and Brazil call
it Vana Tulsi and alfavaca, correspondingly (Effraim et al., 2000).

The plant develops to roughly 1–3 m in altitude. The dark-
brown stems bear leaves which are slim and egg-shaped maturing

between 5 and 13 cm in height and width of 3–9 cm. These leaves
usually green in colour, possess strong aromatic fragrance similar to
sweet scent of camphor. The plant grows well in lake shores, costal
bush lands and in sub-montane regions (Kamboj, 2000; Alvarenga
et al., 2008).

The medicinal values of the plant reside in its phytometabolites,
which elicit definite physiological actions that enable it to be potent
in treating malaria, dysentery, pile and lowering of blood glucose
forklorically (Danziel, 1996). It has been established that
phytometabolites have disease-preventing or -ameliorating
capabilities and they are efficient in tackling or precluding
diseases due to their antioxidant potential (Farombi, 2000).

Phytochemical investigations showed that methanol extract of
OG has abundant tannins, steroids, terpenoids, flavonoids, resin,
terpenoid, saponin and cardiac glycosides; and as well possesses an
excellent antioxidant propensity (Afolabi et al., 2007; Okoye and
Madumelu, 2013). Its leaves possess volatile essential oil which
comprises majorly about 31%–66% thymol, and eugenol. It also
has xanthones, terpene and lactone (Ezekwesili et al., 2004;
Mohammed et al., 2007).

Experimental evidence using rats showed that its leaves extract
could prevent diarrhea. It was also discovered that the methanol
extract showed hepatoprotective ability in male albino rats
(Salemcity et al., 2014). The OG leaf extract was also shown to
have the capability to abrogate alloxan-stimulated DM in rats
(Ekaiko et al., 2016). This botanical drug possesses some qualities
with high beneficial health relevance. These range from prevention
of convulsions and seizures, reduction of high blood glucose,
relaxation of intestinal muscles and anti-nociceptive use,
antidotes for cough, antibronchitis and anticonjunctivitis.

Research has shown that unmanaged DM can activate the
mitochondrial permeability transition (mPT) pore, leading to the
release of pro-apoptotic factors such as cytochrome c into the
cytosol (Daniel et al., 2018). When this pore opening is activated
by some disease states and other pathological conditions, it enables
the free passage of macromolecules into the mitochondria. This is
preceded by factors such as calcium overload, reactive oxygen
species (ROS), cytotoxic compounds, oncoproteins, DNA
damage, and certain chemotherapeutic agents (such as
anthracycline-doxorubicin, sunitinib, and alkylating agent-
cisplatin) (Gorini et al., 2018). The mPT is accompanied by
processes such as mitochondrial swelling, membrane rupture, and
the release of apoptotic proteins (Wang and Youle, 2009; Olanlokun
et al., 2017; Oyebode et al., 2017).

While most normoglycemic effects of O. gratissimum has been
monitored using the leaf extract only, there is paucity of information
on the purification of active principle in the most potent fraction and
the probable mechanism of such metabolite to prevent tissue
wastage via the modulation of the mitochondrial permeability
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transition pore opening. Therefore, this study aims to investigate the
mechanism by which O. gratissimum leaf prevents hyperglycemia-
induced cell death and tissue wastage in a diabetic rat model induced
by streptozotocin and a high-fat diet.

2 Materials and methods

2.1 Experimental animals and treatment

Male Wistar rats each weighing between 80 and 100 g were
acquired from the Veterinary Medicine Animal Holding,
Department of Veterinary, University of Ibadan, Nigeria. They
were conditioned for 2 weeks in Department of Biochemistry
Animal Care Unit in the same institution. Water and rat chow
were given ad libitum to the animals in a conducive environmental
situations of temperature and 12-hour bright/gloom phase.

2.2 Induction of type 2 diabetes mellitus

Srinivasan et al. (2005) showed that T2DM could be induced in
rat model by placing them on high fat diet (HFD) for 2 weeks and
thereafter administered STZ. The HFD composition was presented
in Table 1. Fifty rats in this study were exposed to HFD for 28 days
after which a single dose STZ (35 mg/kg) dissolved in cold citrate
(0.1M) buffer adjusted to pH 4.5, was administered intraperitoneally
to induce diabetes mellitus (Detaille et al., 2005). After 3 days the
rats underwent an overnight fast and their blood glucose was
determined using glucometer (On-Call PlusR). Animals having
blood glucose status >250 mg/dL were confirmed diabetic and
ascertained suitable for further experiment. Thirty-one rats were
discovered to have blood glucose level of 250 mg/dL and above. The
success rate was 60%. However, ten out of the thirty-one diabetic rats
died before the commencement of the treatment, with only twenty-
one diabetic rats left for the experiment.

2.3 Grouping of animals

The normal control (fed normally with rat chow) and diabetic
rats were grouped (n = 7) and treated orally once daily as follows:

Group1: Normal Control (NC) (Received corn oil)
Group 2: Diabetic control (Administered corn oil)
Group 3: Diabetic + CFOG (400 mg/kg using corn oil as vehicle)
Group 4: Diabetic + Glibenclamide (5 mg/kg using corn oil as
vehicle)
Key: CFOG: Chloroform fraction of O. gratissimum leaf extract

2.4 Ethical approval

Approval for this research was obtained from Animal Care and
Use Research Ethics Committee with reference number UI-
ACUREC/19/0065.

2.5 Preparation of Ocimum gratissimum (L.)
extract and fractions

2.5.1 Chemicals
All chemicals used were analytical grade and purchased from

Sigma.

2.5.2 Source of plant material
Ocimum gratissimum (L.) was procured from “Oja-Bodija”

market, Ibadan, Oyo State, Nigeria and validated in the
Department of Pharmacognosy, University of Ibadan, Nigeria
(Voucher specimen number: DPUI No 1504).

2.5.3 Preparation of plant materials
The leaves of O. gratissimum (L) were air-dried at room

temperature between 28–30°C for four (4) weeks and pulverized
to a smooth mill with a clean grinder. The powdered leaves were
kept at room temperature in a clean jar.

2.5.4 Extraction and partitioning of the plant
extract

Cold extraction was performed using absolute methanol in a
ratio of 1:10 (w/v). The jar containing the powdered leaves and
methanol was allowed to stand for 72 h. The extract was then filtered
through sterile Whatman No. 1 filter paper. The green-coloured
extract was concentrated using a rotary evaporator under reduced
pressure. The resulting crude concentrate was further concentrated
in a water bath at 37°C to obtain a solvent-free methanol extract. The
final crude extract obtained, weighed 450 g from an initial dried
plant sample weighing 750 g. The percentage yield of the extract was
60%. The column of the Vacuum Liquid Chromatography (VLC)
was packed with silica gel for Thin Layer Chromatography (TLC)
under pressure with n-hexane. 10 g sample of the methanol extract
of O. gratissimum (L) was adsorbed with 10 g of the TLC gel and
allowed to dry. The adsorbed sample was loaded on the VLC column
and washed with n-hexane until exhaustion. Further to this, the
column was washed with chloroform, then ethylacetate and finally
with methanol successively. The fractions were concentrated using
rotary evaporator and were further rendered solvent-free in a water
bath. The solvent-free fractions were kept in the fridge until used.

Percentage Yield � Weight of crude extract
Weight of pulverised sample

X 100

TABLE 1 Composition of High fat diet.

Ingredients Diet (g/kg)

Powdered Normal Pellet Diet 365

Lard 310

Casein 250

Cholesterol 10

Vitamin-mineral mix 60

DL-methionine 3

Yeast powder 1

NaCl 1

(Srinivasan et al., 2005).
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2.6 Sample collection

The rats were sacrificed by cervical dislocation, the blood sample
was collected into anticoagulant-free tube and centrifuged at
3,500 rpm for 5 minutes to obtain the serum. The abdominal
cavity was opened up and the pancreas was excised into 10%
formalin for histological studies.

2.7 Isolation of mitochondria from the rat
liver

Reduced ionic strength mitochondria were separated using
method designed by Younes and Schneider (1984), and Johnson
and Lardy (1967). The rats were sacrificed by cervical dislocation
and the abdominal cavity was opened up and liver samples were
removed into ice-cold beaker. The blood stain was rinsed from the
liver with isolation buffer that contains 0.21M mannitol, 0.079M
sucrose, 0.005M HEPES-KOH and 0.001M EGTA (pH 7.4, Sigma).
The samples were weighed and chopped into small pieces using a
pair of scissors. This was then homogenized using Teflon and
homogenizer (DELFLEXR) in a 10% suspension in isolation
buffer. The entire process was carried out at 4°C to ensure
viability of the mitochondrial membrane. The homogenate was
subjected to five differential centrifugation steps in a cold
centrifuge MSE. The first two-5 minutes each was used to
separate the nuclear debris as the pellet at 2,300 rpm. The
supernatant was then discarded, and the pellet containing the
mitochondria was resuspended in a wash buffer (0.21M
mannitol, 0.079M sucrose, 0.005M HEPES-KOH, pH 7.4, and
0.5% BSA, Sigma). The re-suspended mitochondria were
centrifuged twice for 10 min at 12,000 rpm to wash away any
artifacts. The pellet was re-suspended in suspension buffer
(0.21M mannitol, 0.079M sucrose, 0.005M HEPES-KOH, pH 7.4,
Sigma) and kept on ice for immediate use.

2.8 Determination of mitochondrial protein

Mitochondrial protein concentration was determined
according to the method of Lowry et al (1951) using Bovine
Serum Albumin as standard. Mitochondria (10 µL) were
suspended in 990 µL of distil water in test tubes in triplicate.
Then, 3 mL mixture of 100:1:1 of 2 g Na2CO3, 0.1M NaOH and
1% CuSO4.5H2O respectively, was added to the protein
suspension, thoroughly mixed and left standing for 10 min.
Thereafter, 300 µL of 2N Folin-Ciocalteau diluted in four-fold
was added into the mixture, followed by energetic shaking and
incubation for 30 min. At the expiration of the time, absorbance
was determined spectrophotometrically at 750 nm.

2.9 The procedure and method for mPT
determination

The mitochondria were first investigated to determine their
suitability for this experiment. Isolated mitochondria protein
(0.4 mg/mL) from normal control group were pre-incubated

with 8 µM rotenone for 3.5 min. Subsequently, 5 mM succinate
was added to energize the reaction and change in absorbance was
read using UV-752 spectrophotometer at 540 nm for 12 min at
30 s interval. Similarly, assessment of the inductive effect of
calcium was carried out as follows: mitochondria of the same
protein concentration (0.4 mg/mL) were pre-incubated with
8 µM rotenone for 3 min, followed by the addition of
exogenous 3 µM calcium. Thirty seconds later, 5 µM succinate
was added and the absorbance was measured. The reversal of the
calcium-induced opening was assessed by pre-incubating the
same mitochondria protein with 8 µM rotenone and 4 mM
spermine. Exogenous calcium was then added immediately
after 3 min pre-incubation; succinate was added after 30 s and
absorbance was read. Corresponding mitochondria protein from
the treatment groups were investigated for permeability
transition under similar condition without addition of
exogenous calcium.

2.10 Assessment of mitochondrial ATPase
activity

Isotonic solution (0.25M sucrose) was used to isolate
mitochondria of viable integrity from rat liver in this experiment.
The isolation followed the same process with that of mPT (Section
2.6) except for the buffer employed.

Mitochondrial ATPase activity was determined as described by
Lardy and Wellman (1953) with minor modification. Each test tube
(in triplicate) contained 25 mM sucrose, 65 mM Tris-HCl (pH 7.4)
and 0.5 mM KCl in 1 mL final reaction volume. The ATP (1 mM)
was added to the set of tubes labelled ATP only, uncoupler, zero
time, test groups and control with the exception of the tube labelled
mitochondria only. These were incubated at 27 °C in a shaking water
bath. Mitochondria (0.4 mg/mL protein) from the test groups were
dispensed into labelled tubes other than mitochondria only,
uncoupler and zero time tubes which contained mitochondria
isolated from the normal control group. While uncoupler
(25 μM, 2, 4-dinitrophenol) was added to the uncoupler tubes
instantly after mitochondria were added, 1 mL of 10% sodium
dodecylsulphate (SDS) was immediately added to the zero-time
test tubes. The suspensions were incubated for 30 min and the
reaction was terminated by adding 1 mL SDS except in the zero
time test tube which had been stopped before. One ml suspension
was withdrawn from each test tube and diluted with 4 mL distilled
water. Thereafter, 1 mL of 1.25% ammonium molybdate (prepared
in 6.5% H2SO4) and 1 mL of 9% ascorbic acid newly prepared were
added successively and the absorbance was read at λ660 nm in a UV-
752 spectrophotometer. Ammonium molybdate (1 mM) was also
treated as the sample and used as the standard from which the
absorbance of the unknown could be extrapolated. Inorganic
phosphate released was quantified using a phosphate standard
curve.

2.11 Determination of DNA fragmentation

Liver samples (0.25 g) from each rat were weighed and
homogenized with 5 mL TET (5 mM Tris-hydroxymethyl-
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aminomethane, 20 mM EDTA and 2 mL of Triton X-100, adjusted
to pH 8.0, Sigma) buffer and spinned using ultracentrifuge at
27,000 rpm for one-third hour. Supernatant was removed and the
pellet was reconstituted to concentration of 1:1 (v/v) using TE
(5 mM Tris-HCl and 20 mM EDTA pH 8.0) buffer. Exactly
0.5 mL of the supernatant and reconstituted pellet were
withdrawn and 1.5 mL of 9 mM diphenyl amine solution
(prepared in amber bottle because of photosensitivity) was added
to each mixture. The mixture in each test tube was allowed to
incubate at physiologic temperature for 16 h to 1 day for colour
development to be observed and absorbance taken at 620 nm via
UV-752 spectrophotometer.

Percentage DNA fragmentation � A
A + B

X 100

Where A is the absorbance of supernatant; B is the absorbance of the
pellet.

2.12 Estimation of lipid peroxidation

A modified TBARS (thiobarbituric acid reactive substances)
method was used for determining the level of peroxidation in
mitochondrial membrane lipids (Ruberto et al., 2000). For this
assay, exactly 2 mL of a 10% mitochondrial suspension was
dispensed into a test tube and diluted with distilled water to a
final volume of 4 mL. The mixture was allowed to stand at room
temperature for 30 min. Subsequently, 6 mL of 20% acetic acid and
6,000 µL of 0.75% TBA in 1.1% SDS were added to the tube. The
resulting solution was then subjected to steam heating for 60 min.
After cooling, 5 mL of butanol was added to the solution, leading to
the formation of organic and aqueous layers. The malondialdehyde
(MDA), a product of lipid peroxidation, was selectively extracted
into the butanol phase. The mixture was centrifuged at 3,000 rpm,
resulting in a clear demarcation between the butanol and aqueous
phases.

The butanol phase, containing the extracted MDA, was
measured spectrophotometrically at a wavelength of 532 nm to
quantify the level of peroxidation in the mitochondrial membrane.

2.13 Antioxidant assays

2.13.1 Determination of catalase activity
It was examined as described by Claiborne (1985) protocol. This

procedure is dependent on the reducing absorbance seen at
wavelength 240 nm upon the action of the enzyme on H2O2. The
extinction coefficient of 0.0436/mM/cm was used (Noble and
Gibson, 1970). The dilution was carried out on the samples in 1:
50. The reaction mixtures 2 mL H2O2 solution (19 mM) and 2.5 mL
phosphate buffer (0.05 M pH 7.4). One and a half ml of the assay
mixture was added into 3 mL of dichromate acetic acid reagent at
60 s periodically and then read using UV 752 spectrophotometer.

Catalase activity � ΔA240/min× reaction volume × dilution factor
0.0436 × sample volume × mg protein/ml

The unit is µmole H2O2/min/mg protein.

2.13.2 Assessment of reduced glutathione (GSH)
level

Concentration of GSH was investigated via the protocol of Beutler
et al. (1963). Precipitating solution (4% sulphosalicylic acid prepared with
solution containing 4 g of sodium chloride in final volume of 100mL)
and sample were in a mixture of 0.2 mL each, thoroughly mixed and
centrifuged at 4,000 rpm. Subsequently, 0.25mL of the supernatant and
0.75 mL of Ellman’s reagent (1 mM) were added. The absorbance
readings were taken at 412 nm via spectrophotometer (UV- 752).

2.13.3 Assessment of glutathione S- transferase
activity

GST activity was estimated in accordance to Habig et al. (1974)
method. The reduction in absorbance was read using UV-752
spectrophotometer at wavelength 340 nm, 30 s interval for 4 min.
GST activity was calculated as unit per mg protein based on a molar
extinction coefficient of 9.6 × 103 L/mol/cm. One unit of GST was
defined as the amount of enzyme that catalyzes the conjugation of
1 nmol of GSH-CDNB per minute.

2.14 Isolation and purification of active
metabolites using preparative thin layer
chromatography

To further purify the chloroform fraction of O. gratissimum leaf
extract, a graded solvent system was employed using vacuum liquid
chromatography, resulting in the isolation of the methanol/chloroform
subfraction (1:1; v/v). Preparative thin layer chromatography plates
were utilized for the analysis. Various solvent systems were employed to
facilitate the elution of the samples on the plate.

To identify specific phytochemicals, chromogenic agents were
applied to the separated metabolites on the plate, which was
subsequently visualized under UV light (both at 254 nm and
366 nm). The samples dissolved in suitable solvents, were carefully
spotted on the plate using capillary tubes. After drying, the plate was
gently positioned in a chromatographic jar containing the appropriate
solvent system. The jar was sealed, allowing the samples tomigrate with
the mobile phase. The experiment was concluded when the solvent
front reached a point about 1 cm before reaching the top of the plate.
The plate was then removed, air-dried, and examined under the UV
light. Later, the spots on the plate were separately scraped, dissolved in
the appropriate solvent and spun in the centrifuge to sediment the gel.
Dissolved isolated metabolites were aspirated from the centrifuge tubes
and concentrated to dryness. The samples were subjected to analysis
using a nuclear magnetic resonance system (Bruker AvanceIII

400 MH3).

2.15 Assessment of serum insulin
concentration

Calibrators and samples (25 µL each) were added into the right
micro-wells along with 100 μL enzyme conjugate 1X deposited in each
well and shaken in a shaker at normal environmental temperature for
2 h to allow for incubation to occur. It was washed repeatedly six rounds
with washing buffer 1X solution and the left-over reaction content was
disposed off by inversion of the microplate. Afterwards, wash solution
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(WS) (350 µL) was introduced and later removed using absorbent
material. The removal ofWS was performed in five successive intervals.
Incubation at room temperature was allowed to proceed for 15 min
after addition of substrate, TMB (200 µL) to the wells. The reaction was
thereafter halted with “stop solution” (50 µL) and thoroughly mixed
using shaker for just 5 s. Spectrometry method via microplate reader
was then employed to take the optical density reading at λ450 nm not
later than duration of half-an hour.

2.16 Homeostasis model assessment of
insulin resistance and beta cell function

These were calculated using the relationship between serum
insulin and blood glucose level (Matthews et al., 1985).

HOMA − IR � Insulin µU/ml( )xGlucose mg/dl( )
405

HOMA − β � 360 x Insulin µU/ml( )
Glucose mg/dl( ) − 63

2.17 Hemoxylin and eosin procedure for
pancreatic architecture

Wax was removed using xylene for about 15 min and passed
through absolute, 95% and 70% alcohol successively. This would be
followed by rinsing the section in water and staining with Harris
hematoxylin for 300s. Before differentiating quickly in 1% acid
alcohol, it was dipped in water again. After this, it was put under
running tap for 10 min and counterstained with 1% Eosin stain for
180s, then rinsed with water. It was dried in rising grades of alcohol
and cleared in xylene subsequent to mounting in DPX (Avwioro,
2010).

2.18 Statistical analysis

Statistical analysis was carried out using Graph pad prism (version
8.0) for one-way ANOVA and Turkey’s multiple comparison test was
used to compare the mean among the groups. Level of significance was
set at p< 0.05. All the results were expressed asmean± standard deviation
(SD). Representative profiles of absorbance of mitochondria were used
for the mitochondrial permeability transition pore opening assays.
Each assay was repeated three times (in each case) and representative
of similar kinetic assay for the mPT in each group was used.

3 Results

3.1 Effect of the chloroform fraction of O.
gratissimum (L) leaf extract on body weight,
glycemic index and mito-protective
biomarkers in STZ-triggered diabetic rats

3.1.1 Effect of chloroform fraction of OG on body
weight on STZ-induced diabetic rats

Body weight is one of the indices for tissue wastage which is
common in individuals with unmanaged diabetes mellitus. Figure 1
illustrates the body mass of non-diabetic and CFOG-treated diabetic
rats for a period of 28 days. It was noticed that no significant
difference among the glibenclamide-, CFOG-treated animals and
control. In contrast, sharp decline was observed in the diabetic
untreated group when compared to control.

3.1.2 Evaluation of insulin and glucose levels in
CFOG-treated diabetic rats

Table 2 depicts the effect of CFOG on concentrations of glucose
and insulin in STZ-stimulated diabetic rats. There was significant
difference in the insulin level in untreated diabetic group relative to

FIGURE 1
The assessment of body weight of normal and STZ-induced diabetic rats Key: CFOG: Chloroform fraction of 0. gratissim um.
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control. Whereas, no significant statistical change was observed in
the remaining test groups compared to control. Moreover, a
significant increase was observed in glucose concentration in the
untreated, glibenclamide-treated and 400 mg/kg CFOG groups
relative to control. However, in comparison with the diabetic
control, there was obvious reduction in blood glucose level in
CFOG-treated and glibenclamide groups.

3.2 Investigation of chloroform fraction ofO.
gratissimum (L) effect on homeostasismodel
assessments of insulin resistance and
pancreatic beta cell function

Homeostasis model assessment is typically used in type 2 diabetes
mellitus as index to measure the sensitivity of the insulin to its receptor
and as well as viability and availability of beta cells that are responsible for
synthesizing insulin. Figure 2 illustrates the influence of CF of O.
gratissimum (L) leaf on insulin resistance status in STZ-induced
diabetic rats. There was significant elevation of this parameter in the
diabetic control relative to normal control. Conversely, no significant
difference exists between the remaining treated groups compared to
normal control.

A highly significant reduction of β-cell function was observed in the
untreated group in comparison with normal control. However, there

was drastic increase in beta cell status in the CFOG and glibenclamide
treated groups compared to the untreated diabetic control (Figure 3).

3.3 Effect of chloroform fraction of OG on
mPT in STZ-induced diabetic rats

The status of mPT pore of the normal rats is crucial to knowing
whether the pore opening in diabetic untreated rats was actually due
to the administered diabetogenic agent (STZ) or not. Therefore, it is
necessary to investigate the mitochondria intactness of normal
control rats (non-diabetic). Figure 4 presents the evaluation of
calcium induction and spermine inhibition of mPT in normal
control rats. The results showed that large amplitude swelling
was observed when intact mitochondria were challenged with
exogenous calcium (6.3 folds), the triggering agent. However,
spermine (standard inhibitor) subsequently reversed calcium-
induced opening by 82%.

Furthermore, a significant pore induction (8.5 folds) was
discovered in STZ-induced diabetic rats (Figure 5). However,
CFOG and glibenclamide were able to preclude the pore opening
observed in STZ-induced diabetic rats by 90% and 72% successively.

3.4 Assessment of the impact of CFOG on
mLPO in STZ-stimulated diabetic rats

One of the diabetogenic mechanisms of STZ is generation of free
radicals which could lead to lipid peroxidation measured as

TABLE 2 Effect of chloroform fraction of Ocimum gratissimum (L.) leaf extract on insulin and blood glucose concentrations in STZ- and HFD-induced diabetic rats.

Groups Insulin concentration (μU/ml) Blood glucose level (mg/dL)

Normal Control 1.41 ± 0.01# 106.74 ± 5#

Diabetic Control 1.74 ± 0.01* 492.3 ± 10*

Diabetic +400 mg/kg CFOG 1.42 ± 0.03# 169.92 ± 7*#

Diabetic +5 mg/kg Glibenclamide 1.42 ± 0.03# 181.08 ± 11*#

Key: * test groups compared to Normal control; # other groups relative to Diabetic control.

CFOG: chloroform fraction of ocimum gratissimum leaf extract.

FIGURE 2
Effect of chloroform fraction of Ocimum gratissimum leaf on
Homeostatic Model Assessment of Insulin Resistance in normal and
diabetic rats.

FIGURE 3
Effect of chloroform fraction on Pancreatic Beta Cell Function of
STZ-induced diabetic rats.
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malondialdehyde (MDA) in this study. The impact of CFOG on
lipid peroxidation in STZ-induced diabetic rats was displayed in
Figure 6. It was observed that only the diabetic control showed
highly significant difference inMDA level relative to normal control.
In contrast, MDA produced in other groups were similar to normal
control group.

3.5 Investigation of the CFOG leaf effect on
mATPase activity in diabetic rats

Table 3 represents the effect of CFOG on mitochondrial ATPase
function in STZ-triggered diabetic rats. Diabetic control was
observed to display highly significant difference in the enzyme

activity compared to normal rats. However, 400 mg/kg CFOG
and 5 mg/kg glibenclamide drastically reduced the enzyme
activity relative to diabetic control.

3.6 Examination of the influence of CFOG on
DNA fragmentation in diabetic rats model

Figure 7 is an illustration of modulation of chromosomal DNA
segmentation by CFOG in STZ-induced diabetic rats. Significantly
high DNA fragmentation was observed in the diabetic control
relative to normal control. Conversely, there was no significant
difference in test groups, 400 mg/kg CFOG and 5 mg/kg
glibenclamide in comparison with normal control.

FIGURE 4
Effect Ca2+ and spermine on Mitochondrial Membrane Permeability Transition pore for normal control rats.

FIGURE 5
Assessment of effect of chloroform fraction of OG leaf on type 2 diabetic rat liver.
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3.7 Histological examination of pancreatic
architecture of STZ-Induced diabetic rats
treated with chloroform fraction of OG

Figure 8A shows that the pancreatic architecture was normal
with exocrine acini (blue arrow) abundant and standard. The inter-
and intra-lobular ducts were intact. Figure 8B depicts normal
pancreas structure. Interlobular duct shows necrosis (black
slender arrow) and haemorrhagic abrasion (red arrow).
Figure 8C illustrates that exocrine acini filled with zymogen but
the intralobular duct (black arrow) looked swelling and hyperemia
(red) were noticed. In Figure 8D, undistorted exocrine acini (blue
arrow), but intralobular distension and congestion (yellow arrow)
were observed.

Figure 9A illustrates that abundant number of islets was
normally distributed within the parenchyma cells. Figure 9B
shows that some islets of Langerhans appear atrophic (white

arrow). The results in Figures 9C,D indicate normal islets of
Langerhans (white arrow) consisting of round to oval collections
of endocrine cells. Conversely, treatment with CFOG shows that it
possesses phytometabolites that can repair damage islet cells.

3.8 Antioxidants status of STZ-induced
diabetic rats treated with chloroform
fraction of OG

GSH level, glutathione-S-transferase and catalase activities were
displayed in Figure 10. The results showed that similar trends of
significant decline were observed in the antioxidant status of diabetic
control relative to normal control. Whereas, in the group treated
with 400 mg/kg CFOG, there was no significant difference observed
in the antioxidant enzymes activities and GSH level in comparison
with the normal control.

FIGURE 6
Effect of chloroform fraction of OG leaf on lipid peroxidation in
type 2 diabetic rats.

TABLE 3 Assessment of the Effect of Chloroform Fraction of OG on mATPase Activity in STZ-induced Diabetic Rats.

Groups micromole Pi/min/mg protein

Normal Control 0.018 ± 0.0##

Diabetic Control 3.4 ± 0.0**

Diabetic + 400 mg/kg CFOG 0.42 ± 0.0*, #

Diabetic + 5 mg/kg Glibenclamide 0.62 ± 0.0*, #

UCP 5.8 ± 0.0***#

UCP: uncoupler.

*Means comparison of the test group with normal control.

#Means comparison other groups with diabetic control group.

mATPase: mitochondrial ATPase.

CFOG: chloroform fraction of ocimum gratissimum leaf extract.

FIGURE 7
Effect of chloroform fraction of OG leaf on percentage DNA
fragmentation in type 2 diabetic rats.
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3.9 Purified bioactive compound from
chloroform fraction of OG

Figure 11 shows the structural elucidation of the bioactive
principle which could be responsible for anti-diabetic agent.
Lupanol was characterized from O. gratissimum leaf extract.

4 Discussion

Mitochondria are very vital organelles to the existence and
survival of the cells as they are useful for energy production and
other biochemical processes. Because of these salient roles, they are
highly gated to prevent ‘intruders’ that could hamper their efficient

FIGURE 8
Pancreatic histology of STZ-induced diabetic rats treated with chloroform fraction of Ocimum gratissimum (X400).

FIGURE 9
Photomicrograph of Islet cell of type 2 diabetic rats treated with chloroform fraction of Ocimum gratissimum leaf (X400).
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functioning. Any condition that could lead to compromising the
integrity of the two tight mitochondrial barriers would eventually
collapse the organelles and the whole cell. The mitochondria
breakdown could result from membrane potential dissipation and
oxidative stress among others.

From the results above (Figure 4), the observed constancy of
absorbances in the mitochondria suspension without triggering
agent (calcium) and large amplitude pore opening in the suspension
challenged with calcium in separate experiments depict that the
membrane integrity has not been compromised. Subsequent reversal
of the calcium-induced opening by spermine (a potent pore inhibitor),
in another experiment over a period of 12 min at 30 s interval, in the
presence of rotenone and succinate, further substantiates that the
mitochondria were intact, not uncoupled and suitable for further
use. This experiment is very important because the integrity of the
mitochondrial membrane is crucial for ATP synthesis. In other words,
mitochondria with lost membrane integrity cannot synthesize energy.

Diabetes mellitus is a derangement in carbohydrates, lipid and
proteins metabolism. This pathophysiological condition is associated
with inflammation, loss of integrity of beta cell mitochondria, elevated
blood insulin and glucose, increased and overexpressed apoptosis. In the
results obtained from the impact of CFOG on STZ-induced diabetic
rats, normoweighted condition (Figure 1) was discovered in rats treated
with the CFOG and this might have stemmed from its ability to
attenuate tissue wastage related to DM due to the presence of
phytochemicals that aid proper maintenance of macromolecules
metabolism in the biological system. Glucose and insulin levels were
also normalized by the administration of CFOG to diabetic rats
(Table 2). This indicates that its bioactive metabolites could have
played abrogating roles in normalizing the insulin and blood sugar
status in the rats. Diets containing necessary antioxidants have been
shown to demonstrate good anti-diabetic efficacy (Bacanli et al., 2016).
Genistein, an isoflavone, significantly reduced glucose intolerance in
diabetic rats (Lee, 2006). Tanninwas reported to exhibit an anti-nutrient
activity by inhibiting α-glucosidase, thus impeding or slowing down the

absorption rate of glucose across the intestinal epithelial cell. Nutritive
soy isoflavones drastically enhanced insulin biosynthesis thereby
ameliorating excessive blood sugar and as well mitigated diabetic
complication such as cataracts. Anti-hyperglycemic effect of low dose
quercetin and quinic acid has been well documented (Arya, et al., 2014).
Beta vulgaris was reported to lower blood glucose (Bolkent, et al., 2009).
Similarly, complete abrogation of insulin resistance and considerable
improvement in beta cell biomass were shown in Figures 3, 4
respectively. This depicts that CFOG could inhibit desensitization of
insulin and probably its receptor too. Myriads of phytoactive molecules
known to exhibit antioxidant potentials play crucial role in enhancing
alertness and response of insulin in a condition of elevated glycemia
(Bacanlia et al., 2019). Procyanidin from blueberry was also shown to
reduce insulin resistance by mimicking this protein and also increase
sensitivity through correction of the perturbed circulation of lipids and
carbohydrate in the system (Yamashita et al., 2012).

Permeabilization of mitochondrial inner barrier to molecules of
greater than 1.5 kDa, which leads to cell demise, is prominent in

FIGURE 10
Assessment of the effect of CFOGonGSH level, GST andCAT activities in type 2 diabetic rats. *Means comparison of the test groupwith normal control.

FIGURE 11
Characterisation of lupanol from Ocimum gratissimum (L.) leaf
extract.

Frontiers in Pharmacology frontiersin.org11

Salemcity et al. 10.3389/fphar.2023.1231826

232

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1231826


diseases associated with tissue wastage. STZ had 8.5folds pore induction
and there was subsequent reversal of this, by 400 mg/kg CFOG (90%) as
shown in Figure 5. This may suggest the ability of the fraction to
maintain the viability of the rat liver mitochondria and as well block the
triggering of pore formation associated with apoptosis. It is also coupled
with obliteration of lipid peroxides (Figure 6) and prevention of the
activation of ATPase activity (Table 3). Absence of mDNA
fragmentation (Figure 7) in the diabetic rats treated with CFOG is
an evidence that cell death did not occur. Similarly, histological
examination of pancreas showed intact exocrine acini, normal and
abundant (Fan et al., 2017; Baburina et al., 2019) islets in the diabetic
rats administered CFOG as opposed to severely damaged pancreatic
architecture in the diabetic control rat (Figures 8, 9). The presence of the
phytometabolites in this solvent fraction could be liable for the
anti-apoptotic properties observed in this experiment. Research
substantiated that polyphenols boost mitochondria biogenesis
and prevent mitochondrial insult (Park, et al., 2012). They also
promote viability and survival of cells in conditions such as
aging, neurodegenerative diseases and diabetes mellitus (Lionaki
et al., 2015).

Moreover, our antioxidant results showed increase in the enzymes
activities such as GST (phase II detoxifying enzyme), and CAT in the
CFOG treated group as against the diabetic control rats (Figure 10). The
similar elevation was also observed in non-enzymic endogenous
antioxidant, GSH in the group administered 400 mg/kg CFOG
(Figure 10). This may be owing to the availability of phytochemicals
in the extract. Many researches have implicated oxidative stress in the
pathogenesis of diabetes mellitus stemming from excess blood glucose
and lipids (Dembinska-Kiee et al., 2008). It has been reported that in
DM and its attendant complications such atherosclerosis and
cardiovascular disorder, there is an obvious reduction in the plasma
levels of vitamins C and E, zeaxathin, beta-carotene and lycopene,
showing that overwhelming free radicals and oxidative stress are
culprits in precipitating these diseases (Cheng et al., 2014; Girones-
Vilaplana et al., 2014).

Vegetables and fruits which are usually rich in these phytonutrients
are mostly recommended by the medical practitioners for the
management of DM in order to ward off pro-oxidants generated in
the course of the disease and to block its complications (Braun and
Venter, 2008). Polyphenols are severally reported to profoundly prevent
the onset of chronic ailments which are associated with oxidative
imbalance in the cell. Due to the presence of phenolics, mulberry fruit
was discovered to possess neuro-preserving and antidiabetic potency
(Wang et al., 2013).

In this study, lupanol (Figure 11), a penta triterpene, was discovered
to be present in O. gratissimum leaf using NMR technique. Terpenes
have been implicated to possess anti-diabetic effect (Jovanovic et al.,
2021). Research showed that 23, 28-dihydroxyl lupan-20 (29) ene 3β
caffeat obtained from Sorbus decora which is structurally close to
lupanol, was discovered to improve glucose uptake in C2Cl2 skeletal
muscle cell line.Momordica charantia contains two terpenes such as 3β,
25-dihydroxyl-7β, 25- trimethoxy cucurbita-5, 23- (E)-diene and 3β,
25-dihydroxyl-7β, 25- trimethoxy cucurbita-5, 23- (E)-dien-19-al.
These bioactive agents exhibit their functions as insulin sensitizers
which could help reduce insensitivity of insulin to its receptor
(Panigrahy et al., 2020).

Furthermore, corosolic acid isolated from Lagerstroemia
speciosa acts as α-glucosidase inhibitor, while lupeol obtained

from mango leaf significantly scavenge ROS and thus reduced
oxidative stress in albino mice (Panigrahy et al., 2020).

5 Conclusion

It could be inferred from the above data that chloroform fraction
ofO. gratissimum (L) leaf extract prevents programmed cell death as
evident in its ability to inhibit pore-opening, ATPase activity and
lipid peroxidation in STZ-induced diabetic rats which could lead to
tissue wastage experienced in diabetes mellitus. It could also be
suggested that chloroform fraction probably contains bioactive
principles which was able to scavenge free radicals generated in
STZ-induced diabetic rats as observed in the antioxidant status of
the extract-treated rats. The leaf fraction was also able to lower blood
glucose, homeostasis model assessment of insulin resistance and
enhance homeostasis model assessment of pancreatic beta cell. This
shows the plant fraction has inherent metabolites which could act as
insulin sensitizer and secretagogues. The presence of lupanol may be
one of the bioactive compounds responsible for anti-diabetic activity
of O. gratissimum leaf.
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