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Abstract

Diabetes mellitus is a widespread medical and public health issue that can lead to
significant health impairment. The objective of the study was to assess the antidia-
betic effectiveness of various extracts of Atriplex crassifolia (A. crassifolia), namely
n-hexane (ACNH), dichloromethane (ACDCM), ethyl acetate (ACEA), and n-butanol
(ACNB). The initial qualitative analysis revealed the presence of bioactive compo-
nents in all extracts, such as alkaloids, glycosides, phenols, flavonoids, terpenes,
and saponins. ACEA and ACNB exhibited considerable radical scavenging activity
at different doses, as determined by the DPPH free radical scavenging experiment
used to assess in-vitro antioxidant activity. Male rats were administered 150 mg/kg
of alloxan monohydrate to develop diabetes. A preliminary investigation was con-
ducted to evaluate the potential of all extracts to lower blood glucose levels using an
oral glucose tolerance test (OGTT) at three different doses (250, 500, and 1000 mg/
kg/day). ACEA and ACNB exhibited promising results in the OGTT, thus prompting
a 28-day hypoglycemic research to confirm their biological effectiveness in treating
diabetes. When taken orally, ACEA at doses of 500 and 1000 mg/kg/day, and ACNB
at doses of 250, 500, and 1000 mg/kg/day, effectively recovered the concentrations
of urea, creatinine, glucose, cholesterol, triglycerides, HDL, and liver enzymes (AST,
ALT, and ALP). The histopathological evidence corroborated the conclusions. HPLC
and GC-MS were employed to identify the presence of medically important phytocon-
stituents in ACEA and ACNB. Myrecitin and Quercitin were found using High Perfor-
mance Liquid Chromatography (HPLC) in ACEA, while sinapic acid was identified in
ACNB. The GC-MS analyses of ACEA and ACNB revealed the presence of several
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compounds with hypolipidemic, antioxidant, and anti-diabetic properties. The present
study suggests that A. crassifolia has potential as a natural remedy for managing
hyperglycemia, diabetic hyperlipidemia, and other diabetes-related problems.

Introduction

Diabetes mellitus (DM) is a widespread metabolic disorder that has great impact on peo-
ple’s general health as well as their social and economic well-being. It has been projected
that by 2030, the global prevalence of the disease would increase to 552 million individu-
als [1]. This disease is characterized by an increase in blood glucose level because of a
decrease in either the production (Type | DM) or the action of insulin (Type || DM). Uncon-
trolled DM leads to the dysfunction or complete destruction of several organs, including
the neurological system, the blood vessels in the retina, and the kidneys [2].

Currently DM is managed by insulin and oral hypoglycemic agents including
sulfonylureas, biguanides, PPAR’s etc. Long term administration of these drugs
may cause undesired effects and reduce the quality of life in diabetic patients. Many
scientists have scientifically proven that herbal products like cinnamon, turmeric,
garlic possess promising antidiabetic effects. Traditional medicine is easily accessible
due to its low cost and are preferred by people with low socioeconomic status in the
developing world [3]. The antidiabetic mechanisms of bioactive secondary metabo-
lites derived from traditional herbal products primarily encompass insulinotropic activ-
ity, reduced insulin resistance, increased glycogen storage in the liver and skeletal
muscle, inhibition of monosaccharide absorption, and glucose production, along with
an added benefit of anti-inflammatory and antioxidant properties [4].

Herbal medicine offers a safer and more effective method for disease manage-
ment. A range of bioactive chemicals found in medicinal plants affect certain path-
ways of the pathogenic mechanisms associated with diabetes and its consequences.
The genus Atriplex consists of over 300 halophyte species and is extensively dis-
persed across various regions of North America, Asia, and Australia [5]. Recent
investigations indicate that extracts from Atriplex species exhibit a range of biologi-
cal activities, including antioxidant, anticholinesterase, antibacterial, antifungal, and
antiparasitic properties. In-vivo studies have demonstrated nephroprotective, hepa-
toprotective, and anti-diabetic properties. This genus encompasses a diverse array
of phytoconstituents, including flavonoids, sterols, phytoecdysteroids, saponins, and
alkaloids. Plants of this genus are believed to be rich in vanillin, kaempferol, ferulic
acid, and other therapeutically valuable phytoconstituents [6]. Atriplex crassifolia
(C.A. Mey), an edible plant of the Chenopodiaceae family, with a notable historical
significance in Pakistan as a treatment for infectious and inflammatory ailments. The
leaves of A. crassifolia are documented to be efficacious against liver and various
infectious disorders and are utilized for treating throat infections and jaundice in
certain regions of Pakistan [7]. The entire plant is burned to produce ash, which is
combined with a little amount of sesame oil and applied externally to alleviate rheu-
matic discomfort. Due to the little scientific data concerning the phytochemistry and
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biological significance of A. crassifolia, the present study seeks to discover the phytochemical components, in vitro antiox-
idant properties, and in vivo antidiabetic potential of the plant.

Materials and methods

The plant Atriplex crassifolia was collected from District Kasur and was authenticated by Dr. Zaheer-ud-Din, Curator of Dr.
Sultan Herbarium GC University, Lahore against a voucher specimen number GC.Herb.Bot.3618. The plant was washed
with distilled water, shade dried, pulverized and stored in air-tight container for further use.

Drugs and chemicals

The standard drug, glibenclamide was procured from Sanofi Aventis, Pakistan. Alloxan monohydrate, myricetin, quercetin,
kaempferol, sinapic acid, caffeic acid, DPPH (2,2-Diphenyl 1- picryl-Hydrazyl), ascorbic acid and solvents like n-hexane,
dichloromethane, ethyl acetate and n-butanol were bought from Merck. Germany. Glucometer used to check blood glu-
cose levels was ACCU-Check Roche Germany. All chemicals were of analytical grade.

Preparation of extracts of A. crassifolia

Successive solvent extraction of the plant was carried out following the procedure of Solikhah et al [8] using solvents of
ascending polarity (n-hexane, dichloromethane, ethyl acetate and n-butanol) through cold maceration method for 72 hours
with intermittent shaking. All the extracts were evaporated using rotary evaporator under relegated pressure at 60 rpm

and 40°C to obtain concentrated extracts. The resultant extracts were placed in glass beakers and stored in refrigerator

to prevent contamination. The extracts were designated as A. crassifolia n-hexane extract (ACNH), A. crassifolia dichloro-
methane extract (ACDCM), A. crassifolia ethyl acetate extract (ACEA) and A. crassifolia n-butanol extract (ACNB).

Phytochemical analysis

The preliminary phytochemical tests were performed to screen the presence of alkaloids, glycosides, carbohydrate, flavo-
noids, phenols and other phytoconstituents in ACNH, ACDCM, ACEA and ACNB [9].

In vitro antioxidant analysis with DPPH (2,2-Diphenyl 1- picryl-Hydrazyl) assay

The antioxidant activity of ACNH, ACDCM, ACEA and ACNB was corroborated on the basis of their ability to scavenge
stable 1, 1- diphenyl 2-picrylhydrazyl (DPPH) free radical by comparison with known anti-oxidant, ascorbic acid, employ-
ing the method described by Ishtiaq et al [10] with slight modifications. 3 mL of methanolic solution of DPPH (0.1 mmol/L)
was mixed in different concentrations (15, 30, 60, 125, 250, 500, 750 & 1000 pg/ml) of plant extracts. The mixtures were
shaken vigorously and incubated in dark at room temperature for one hour. Absorbance was measured at 517 nm using
UV spectrophotometer (Shimadzu 1650) keeping methanol as blank. Reaction mixtures demonstrating more discoloration
of DPPH and a lower absorbance represented higher free radical scavenging activity. Percentage inhibition for each dilu-
tion was calculated by using the following formula.

% Inhibition = A control — B sample / A control x 100

Where A represents the absorbance of the control, B represents the absorbance of sample. The free radical scavenging
activity of the plant extracts were expressed as IC50.

GC-MS analysis of A. crassifolia ethyl acetate (ACEA) and A. crassifolia n-butanol extract (ACNB)

ACEA and ACNB extracts were subjected to GC-MS analysis. Agilent-B-7890 having 5977-B mass spectrometer detector
was used for analysis. The stationary phase comprised of 100% dimethyl polysiloxane (Dimensions: L-30 m, D-0.25mm,
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pore size 0.25 ym). Injector temperature was set at 250 ‘C and that of the inter-phase at 280 “C. The equipment was set
at scan mode with =70 ev ionization energy and the temperature of ion source was kept 230 °C. Helium at a flow rate of
1 ml/minute was selected as carrier gas. The analysis time was 60 minutes [11].

High performance liquid chromatography (HPLC) of A. crassifolia ethyl acetate (ACEA) and A. crassifolia
n-butanol extract (ACNB)

ACEA and ACNB were analyzed for the presence of flavonoids (myrecitin, quercitin, kaempferol) and phenolic acids
(sinapic acid, caffeic acid, gallic acid) by using High performance Liquid chromatography (model LC-10A Shimadzu,
Kyoto, Japan) containing Rheodyne injector, 2 LC-10 AS pumps, SCL- 10A system control unit, ODS reverse phase
(C18) column and CTO-10 A column oven. Data was analyzed using LC-10 software (Data acquisition class). 20 pL

of sample was filtered and injected into column (Particle size: 5 um, 250 mm). Mobile phase constituted of a 50:50 v/v
mixture of 3% trifluoro acetic acid (Solvent A) and 80:20 v/v acetonitrile and methanol (Solvent B). The flow rate was
adjusted at 1 ml/min. The column was controlled thermostatically at 30°C. HPLC chromatograms were detected using
SPD-10A UV-visible detector at three different wavelengths (272, 280 and 310 nm), according to the absorption maxima
of analyzed compounds. Each compound was recognized by its retention time and by empaling with standards under
the same conditions [12].

Animals

Healthy male Wistar rats (180-250g) were housed in polypropylene cage at University College of Pharmacy, University
of the Punjab (Lahore, Pakistan). Ethical approval to conduct animal study was secured from Institutional Ethics Review
Board (No. D/208/FIMS). Rats were provided commercial rodent diet and kept on 12h light: 12h dark cycle, 50% humidity
and 28+2°C.

Induction of experimental diabetes

Chemical diabetes was induced in the animals with 10% solution of Alloxan monohydrate prepared in distilled water and
injected intraperitoneally at dose of 150 mg/kg. Rats were then catered with bottles containing 5% w/v solution of glucose
in their cages for next 24 hours to prevent hypoglycemia encountered after alloxan administration. Glucose levels were
tested after 48—72 hours. Animals having blood glucose levels greater than 200 mg/dL after 72 hours of alloxan adminis-
tration were selected for the study [13].

Experimental design

Oral glucose tolerance test (OGTT) of diabetic rats. An evaluation of oral glucose tolerance was conducted on a group
of seventy rodents that had been induced with diabetes, as previously mentioned. The animals that were chosen underwent a
24-hour fast, during which they were provided with unrestricted access to water. Following this, the animals were randomized
into fourteen groups of five rodents each. The digital glucometer was employed in conjunction with the tail tilting method
to ascertain the basal blood glucose levels (BGL). Following that, oral administration of varying concentrations (250, 500,
1000 mg/kg) of the aforementioned extracts (ACNH, ACDCM, ACEA, and ACNB) was conducted on 12 groups of diabetics.
The diabetic and standard control groups (glibenclamide 10 mg/kg) were the thirteenth and fourteenth, respectively. The
15th group, which served as the normal control, was comprised of normal animals. Blood glucose levels were reassessed
(baseline) thirty minutes after extract administration; thereafter, an oral glucose dose of 2g/Kg) was administered to all
animals. Blood glucose levels were measured 30, 60, 90, and 120 minutes after glucose administration [14].

Hypoglycemic study model. In a subsequent 28-day hypoglycemic study design, the plant extracts that
demonstrated exceptional hypoglycemic potential in the preliminary oral glucose tolerance test (OGTT) were evaluated.
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Forty diabetic rats were allocated at random into eight groups (n=5). Group 1 served as normal control, Group 2; Diabetic
control, Group 3: glibenclamide (10mg/kg), Group 4—6: ACEA 250, 500 and 1000 mg/kg, Group 7-9: ACNB 250, 500 and
1000 mg/kg respectively. The blood glucose levels (BGL) were assessed using a glucometer (tail tilting method) from the
third day until the 28th day of the study. The standard drug and extracts were administered via oral gavage.

Evaluation of weight and biochemical parameters. The rats’ weights were measured at the beginning of the
experiment, as well as on the 15th and 28th days of the study. The overall well-being of the animals was observed and
assessed throughout the duration of the study. On the final day of the experiment, the animals were given anesthesia and
blood samples were obtained by puncturing the heart to measure the levels of serum cholesterol, triglycerides, LDL, HDL,
and vLDL, as well as urea, creatinine, AST, ALT, and ALP. The values were determined spectrophotometrically using kits
provided by Diagnostic systems GmbH (Holzheim, Germany) [15].

Histopathological analysis of pancreas of various experimental groups. On the last day of the study, rats were
anesthetized, and the pancreas were removed and preserved in 10% freshly prepared formaldehyde solution. The tissues
were processed in auto Technicon and sections of 5y thickness were mounted and stained with H&E (hematoxylin &
eosin) [16].

Statistical analysis. All the data was evaluated using Graph Prism version 8.0.1. The results were expressed in
terms of standard error of mean (SEM). The values were analyzed by One-way analysis of variance (ANOVA)followed by
Dunnet test as post hoc. The values were estimated to be statistically significant at 95% confidence level. (p<0.05)

Results and discussion
Phytochemical screening

The phytochemical analysis of several extracts obtained from A. crassifolia revealed the existence of many phytoconstitu-
ents, including alkaloids, glycosides, carbohydrates, phenols, flavonoids, tannins, terpenoids, lipids, and saponins (Table
1). The therapeutic efficacy of medicinal plants is attributed to the existence of bioactive constituents such as alkaloids,
glycosides, flavonoids, and triterpenes. Throughout history, there have been reports of the ability of extracts derived from
medicinal plants to counteract metabolic dysfunction, thereby potentially slowing down the advancement of diabetes. This
beneficial effect is attributed to the existence of bioactive elements within these extracts. Our findings are consistent with

Table 1. Results of preliminary phytochemical screening of Atriplex crassifolia C.A.Mey.

Phytochemical Groups ACNH ACDCM ACEA ACNB ACM
Alkaloids + + ++ ++ ++
Glycosides + ++ ++ + +
Carbohydrates + + _ ++ _
Phenols + + ++ ++ ++
Flavonoids - ++ ++ ++
Proteins - — _

Amino acids - - — + +
Tannins ++ + + _ T+
Starch + + — + _
Terpenoids + ++ ++ ++ ++
Fats and Fixed oils ++ ++ ++ ++ ++
Saponins - - _ + +

++=Appreciable amount, += Moderate amount, -=Not detected. ACNH: Atriplex crassifolia n hexane extract, ACDCM: Atriplex crassifolia Dichlorometh-
ane extract, ACEA: Atriplex crassifolia Ethyl acetate extract, ACNB: Atriplex crassifolia n-butanol extract.

https://doi.org/10.1371/journal.pone.0333425.t001
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prior research conducted on various Atriplex species, which have demonstrated the existence of comparable phytochemi-
cals [4].

In vitro antioxidant activity

DPPH (2,2-Diphenyl 1- picryl-Hydrazyl) assay. The DPPH free radical scavenging assay is considered a reliable
method for evaluating antioxidant capability. The generation of a prominent deep purple colour is ascribed to the electron-
donating properties of the DPPH radical. The color change of DPPH and its subsequent decolorization can be objectively
measured when the antioxidant molecule accepts electrons [17]. In the current investigation, ascorbic acid served as
the reference standard. ACEA and ACNB exhibited the most significant radical scavenging action among the evaluated
substances at various dosages, equivalent to the inhibitory impact of ascorbic acid. The extracts demonstrated a dose-
dependent radical scavenging activity, indicating that antioxidant activity increased with higher extract concentrations
(Table 2). Reports indicate that elevated concentrations correlate with enhanced antioxidant activity due to an increased
rate of radical scavenging. The dose-dependent enhancement in antioxidant potential may be ascribed to an increased
availability of antioxidant molecules capable of scavenging free radicals at elevated concentrations [18]. The antioxidant
capacity is mostly ascribed to the presence of phenols, flavonoids, terpenes, and tannins. Phenols exhibit antioxidant
activity that is dependent on concentration following absorption from the gastrointestinal system. The application of high-
performance liquid chromatography (HPLC) has enabled the identification and quantification of phenolic compounds in
A. crassifolia. The research indicates that the structural chemistry of phenols is very conducive to free radical scavenging
activity. The antioxidant capabilities of flavonoids, both primary and secondary, have been evidenced by their capacity to
diminish lipid peroxidation. These substances may function as regulators for both pro-oxidant and antioxidant enzymes
[19]. The GC-MS analysis revealed the presence of several antioxidant chemicals in ACEA, including phytol, tyrosol,
benzophenone, methyl ethyl and butyl esters of hexadecenoic acid, n-hexadecanoic acid, cetene, linoleic acid, and

Table 2. Percentage scavenging activity of different extracts of A. crassifolia.

Conc %age inhibition %age inhibition %age inhibition %age inhibition %age inhibition
(ng/ml) Ascorbic acid ACNH ACDCM ACEA ACNB
15 35.33+ 27.45+ 34.14+ 33.44+ 34.44+
1.21 0.03™ 0.22m 0.29m 0.14n
30 38.13+ 2452+ 34.48+ 38.13+ 33.66+
1.49 0.01™ 0.31" 0.30m™ 0.15
60 39.66+ 32.42+ 34.76+ 39.53+ 46.42+
0.77 0.08™ 0.54" 0.70m 0.31m
125 45.30+ 33.69+ 35.53+ 44.30+ 42.66+
0.66 0.20™ 0.32™ 0.56" 1.00m
250 65.77+ 37.54+ 36.13+ 61.16+ 60.44+
0.05 0.24™ 0.51™ 0.54 0.35™
500 76.56+ 4151+ 43.81+ 71.36% 81.40+
0.57 0.01™ 0.16™ 0.72m 0.73m
750 85.26x 43.57+ 4471+ 85.27x 85.40+
0.73 0.38™ 0.06™ 0.45m 0.65™
1000 95.33% 4419+ 45.88+ 91.63% 93.51%
0.57 0.08™ 0.31™ 0.20m 0.39m
IC 50 178.6 1166™" 1114 206.06™ 183.19m

Results are shown as mean+ SEM. *¥=<0.01, **=<0.001, ***=<0.0001 respectively by one way ANOVA followed by Dunnet’s multiple comparison test
ACNH: A. crassifolia n-hexane extract, ACDCM: A. crassifolia dichloromethane extract, ACEA: A. crassifolia ethyl acetate extract, ACNB: A. crassifolia
n-butanol extract. IC50 value is determined by preparing the calibration curve for Ascorbic acid.

https://doi.org/10.137 1/journal.pone.0333425.t002
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vitamin E. The ACNB has been shown to contain many antioxidants, such as benzenedicarboxylic acid, hexadecenoic
acid, 1-octadecene, 10-octadecenoic acid methyl ester, 1-heptadecene, and erucic acid. The ACEA and ACNB
compounds exhibited a notable antioxidant capacity, as seen by their substantial percent free radical scavenging activity
presented in Table 2. This finding further supports the notion that A.crassifolia contains bioactive chemicals that hold
promise as possible therapeutic agents for various disorders.

Chemical characterization of active extracts by GC-MS analysis

The chemical components identified through GC-MS analysis in ACEA and ACNB are presented in Tables 3 and 4. The
analysis of active constituents in the extracts validated the presence of many antioxidant, anti-inflammatory, hypocho-
lesterolemic, and antidiabetic compounds that may elucidate the plant’s therapeutic properties. Prominent antidiabetic
compounds identified in ACEA and ACNB include y-sitosterol, B-sitosterol, Phytol, and 1,2-Benzisothiazole. y-sitosterol
facilitates the inhibition of gluconeogenesis and augments insulin secretion. Moreover, it reduces blood cholesterol, LDL,
v-LDL, and triglyceride levels while concurrently elevating HDL levels [20]. 3-sitosterol impedes glycation and promotes
the regeneration of cells that produce antioxidant enzymes. This subsequently restores the impaired extracellular matrix
proteins in hyperglycemic circumstances and facilitates cellular proliferation [21] The terpenes identified in ACEA (Fig 1)
include phytol, cyclohexanol, and 3-ethenyl-3-methyl-2-(1-methylethenyl)-6-(1-methylethyl)-, [1R-(1. a,2. a,3. beta.,6. a)].
The prominent compounds found in ANCB were neophytadiene, a-Tocospiro B, bicyclo [3.1.1] heptane, 2,6,6-trimethyl-,
[M1R-(1. a,2. B,5. B)]-, flexibilide, and phytol (Fig 2).

Phytol is a diterpene classified as an unsaturated long-chain acyclic alcohol. It achieves its antioxidant function by
eliminating reactive oxygen and nitrogen species (ROS and RNS) that are produced in the body due to cellular stress
[22]. Terpenes have been documented to have antioxidant, antidiabetic, and hypolipidemic characteristics. They decrease
the activity of alpha-glucosidase and promote the stability of insulin secretion [23]. Tyrosol and 2,4-Di-tert-butylphenol
in ACEA, while d-a-tocopherol in ACNB demonstrate a hypoglycemic impact by inhibiting alpha glucosidase and alpha
amylase [24]. The compounds 1,2-Benzisothiazole, 3-(hexahydro-1H-azepin-1-yl)-, 1,1-dioxide, found in both ACEA and
ACNB extracts, belong to a group of compounds called benzothiazoles. These compounds are known to have antidia-
betic effects. Benzothiazole derivatives activate PPARy (Peroxisome Proliferator-Activated Receptor Gamma) receptors
resulting in improved insulin sensitivity, regulation of blood glucose level lipid metabolism [25]. Guaifenesin in ACNB has
been reported to have a preventive effect on diabetic neuropathy [26]. Additional biologically active compounds comprise
of fatty acid esters, specifically hexadecanoic acid methyl ester, hexadecanoic acid ethyl ester, n-hexadecanoic acid butyl
ester, and Linoleic acid ethyl ester. These compounds exhibit strong antioxidant properties and have been found to have
notable effects in reducing blood sugar and lipid levels [27].

HPLC analysis of active extracts of A. crassifolia

The flavonoids detected in ACEA were myricetin and quercetin, as illustrated in Fig 3. Sinapic acid and caffeic acid were
identified in ACNB, as shown in Fig 4.

Flavonoids are secondary metabolites that are biologically active and polyphenolic in nature. They have a diverse
array of health advantages. They have a crucial function in regulating oxidative stress by counteracting the reactive
oxygen and nitrogen molecules within the body. Consequently, the extracts were examined for the existence of flavo-
noids and phenols through the utilization of the HPLC. Myricetin and Quercetin are widely dispersed flavonoids found in
various therapeutic plants. They have a substantial antidiabetic impact through many pathways [28]. Quercetin hampers
cell growth by impeding protein kinases. It reduces lipid peroxidation, which leads to the regeneration of beta cells in the
pancreas, hence stimulating the release of insulin and restoring increased blood glucose levels to normal [29]. Addi-
tionally, it reduces the uptake of glucose in the intestines by blocking GLUT2. Myricetin activates the opioid receptors
and stimulates the production of endogenous beta-endorphins, thereby improving insulin sensitivity and reducing blood
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Table 3. Components detected in ACEA by GC-MS analysis.

RT Compound name Compound class Molecular Molecular | Area Biological activity
(min) formula mass
4.649 Benzene, 1,3,5-trimethoxy- Hydrocarbon CH, 120.19 0.13 Anti-bacterial [43]
5.785 2,4-Di-tert-butylphenol Phenol C,H,,0 206.32 0.22 Anti-diabetic [44]
6.377 Butanedioic acid, dibutyl ester Ester C,,H,,0, 230.3 0.14 Anti-microbial [44]
6.661 Tyrosol Phenol C,,H.,0, 180.20 0.25 Antioxidant, antidiabetic [45]
7.193 Benzophenone Ketone C,.H,,0 182.21 0.07 Antioxidant, antimicrobial [46]
7.658 Cyclohexanol, 3-ethenyl-3-methyl-2 Terpenoid C,H,.0 222.36 0.06 Antioxidant, anti-cancer [47]
-(1-methylethenyl)-6-(1-methylethy
I)-, [1R-(1. a,2. a,3. beta
-,6. a)]-
9.483 Neophytadiene diterpene C,oHye 278.5 0.63 Anti-diabetic, antioxidant [48]
9.561 Pentadecanone, 6,10,14-trimethyl 2- ketone C,H..O0 268.5 0.71 -
9.755 1,2-boxylic acid, bis 2-methylpropyl) ester C,H,,0, 278.34 0.76 Cell proliferation inhibitor,
ester antidiabetic [49]
10.292 | 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca- Lactone 1.30 -
6,9-diene-2,8-dione
10.431 Hexadecanoic acid, methyl ester Fatty acid ester C,eH;0, 284 0.50 Anti-bacterial, antioxidant, antihyper-
lipidemic, 5- a reductase inhibitor [50]
11.217 Hexadecanoic acid, ethyl ester Fatty acid ester C,eH;0, 284.5 2.91 Antioxidant, anti- inflammatory [51]
11.555 | n-Hexadecanoic acid Saturated fatty acid | C,.H,,0, 256.42 3.07 Antioxidant, anti-inflammatory [51]
12.208 | Nonanedioic acid, dibutyl ester Saturated fatty C,H.,0, 300.43 0.27 Anti-bacterial [52]
acid
12.594 | Cetene Alkene C.H,, 224.42 3.96 Anti-microbial, antioxidant [53]
12.915 | Phytol Diterpenoid C,H,,0 296.5 0.40 Antioxidant, anti-inflammatory [22]
13.489 | Hexadecanoic acid, 2-methylpropyl Ester C,H,.0, 312.5 0.29 -
ester
13.755 | Linoleic acid ethyl ester Fatty acid ethyl C,,H..0, 308.5 0.06 Antioxidant, anti-inflammatory [51]
ester
13.900 | (Z,Z,2)-6,9,15-Octadecatrienoic acid Fatty acid ester C,H.,0, 292.5 0.14 -
methyl ester
14.202 | Butanoic acid, 2-hydroxy-2-(1- Ester C,.H,,NO, 313.39 0.44 -
methoxyethyl)-3-methyl-, (2,3,5,7a-tet
rahydro-1-hydroxy-1H-pyrrolizin-7-
yl)methyl ester, [1S-[1. a,7(2
R*,3S*),7a. a]]-
14.552 | Hexadecanoic acid, butyl ester Ester C,H,00, 312.5 8.71 Antioxidant [54]
14.945 | Heptadecyl acetate Carboxylic ester C,H,:0, 298.5 0.36 —
16.649 | Heptadecanoic acid, butyl ester Ester C,H,0, 326.6 0.39 -
17.821 | Butyl 9,12-octadecadienoate Ester C,,H,0, 336.6 037 |-
17.948 | n-Propyl 11-octadecenoate Ester C,H,0, 324.5 0.78 Antioxidant, anti-cancer [54]
18.032 | 1,2-Benzisothiazole, 3-(hexahydro- Benzothiazole het- | C,,H,.N,O,S |264.35 0.14 Anti-diabetic, anti-inflammatory [25]
1H-azepin-1-yl)-, 1,1-dioxide erocyclic nucleus
18.383 | Octadecanoic acid, butyl ester Fatty acid ester C,H,0, 340.6 1.06 Anti-microbial, anti-inflammatory,
hypocholestrolemic [55]
18.908 | 1-Hexacosanol Phytosterol C,H,,0 382.7 0.08 Larvicidal [56]
19.198 | 6. a-Pentyl-4-oxa-5.beta.- ketone C,H;0, 360.5 0.06 -
androstane-3,17-dione
19.791 | Octacosyl acetate Ester C,He0, 452.8 025 |-
20.437 | Cis-10-Nonadecenoic acid Carboxylic acid C,H;0, 296.5 0.06 Anti-cancer [57]

(Continued)
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Table 3. (Continued)

RT Compound name Compound class Molecular Molecular | Area Biological activity

(min) formula mass

20.564 | Cycloeicosane Phenol C,Hy, 280.5 0.14 -

20.818 | Arachidic acid Long chain fatty C,,H,.0, 312.5 0.17 -

acid
21.984 | Cyclohexane, Cycloalkane C.H,, 180.33 0.14 -
(2-ethyl-1-methyl-1-butenyl)-

22.667 | Docosanoic acid, butyl ester Ester C,H.,0, 396.7 0.41 -

23.041 a-Tocospiro B Sesterterpenoid C,H.,0, 462.7 0.78 Anti tuberculosis [58]

24.256 | Tetracosanoic acid, butyl ester Ester C,H:0, 424.7 0.65 -

24.395 | 1-Triacontanol Fatty alcohol C,H,0 438.8 0.10 -

24.395 | Tetracosanal Fatty aldehyde C,H,0 352.6 0.10 -

24.781 Ergost-7-en-3-ol, (3.8.)- Ergosteroid C,H,.0 400.7 0.18 Anticancer [59]

25.186 | Vitamin E Tocopherol C,H,,0, 430.7 0.42 Antioxidant [60]

25.851 Ergost-5-en-3-ol, (3. B.)- Ergosteroid C,H,:0 400.7 0.97 -

26.038 | Stigmasterol Phytosterol C,H,0 412.7 1.43 Antifungal, antimutagenic,
antidiabetic, antitumor,
antiosteoarthritic
and
anti-inflammatory [61]

26.570 |y - Sitosterol Phytosterol C,H,,O 414.7 23.23 | Antidiabetic,
Anticancer [62]

26.842 | 3-Sitosterol Phytosterol C,H,,O 414.7 0.23 Anti-microbia [63]

27.035 | Ethyl triacontanate Hydrocarbon C,,H.0, 480.8 3.58 -

27.234 | Stigmasta-3,5-diene Phytosterol C,oH,e 396.7 1.44 Antioxidant [63]

27.307 | Methyl (25RS)-3. Hydrocarbon C,H,:0, 430.7 0.24 -

-hydroxy-5-cholesten-26-oate

28.322 Benzenepropanoic acid, 3,5-bis- Ester C,He, 530.86 9.58 -

dimethylethyl)-4-hydroxy-, octadecyl ester

https://doi.org/10.1371/journal.pone.0333425.t003

glucose level. Moreover, it increases the antioxidant capacity of the cells and significantly improves hyperlipidemia [30].
The inclusion of Myricetin and Quercetin in ACEA may contribute to its strong hypoglycemic properties. The phenols are
another class of physiologically active chemicals. They achieve their hypoglycemic impact by disrupting the metabolic
pathways involved in carbohydrate processing, specifically gluconeogenesis, glycogenesis, and glycolysis. The HPLC
analysis of the ACNB extract indicated the presence of sinapic acid, which enhances the activity of the enzyme glucoki-
nase, leading to a rise in insulin levels. It mitigates the inflammation and oxidative stress linked to diabetes by promoting
the regeneration of the B-cells [31].

Oral glucose tolerance test

The assessment of insulin secretion and insulin resistance can be conducted by the utilization of the commonly employed
oral glucose tolerance test (OGTT). The findings from the oral glucose tolerance test (OGTT), as shown in Table 5, indi-
cate that blood glucose levels peaked 30 minutes after glucose administration, followed by an enhancement in glucose
tolerance after 60 minutes (p<0.05). ACEA and ACNB demonstrated significant outcomes at doses of 500 and 1000 mg/
kg in comparison to the disease control group. ACEA and ACNB had glucose-lowering efficacy like that of the conven-
tional medication glibenclamide at 60 and 120 minutes. Extensive clinical trials and epidemiologic investigations have
conclusively demonstrated that hyperglycemia is the primary cause of diabetes complications. The condition can be
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Table 4. Phytochemical components identified in ACNB by GC-MS analysis.

RT Compound name Compound class | Molecular formula | Molecu- |Area Biological activity
(min) lar mass
3.187 L-Alanine, N-methyl- Amino acid C4H9NO2 103.12 16.15 -
5.634 1,4-Benzenedicarboxylic acid, dimethyl ester | Diester C,H,(COOCH,)2 194.18 0.33 Antimicrobial, antioxidant [49]
8.250 Isomethadone Di aryl methane C,,H,,NO 309.4 0.14 Analgesic [64]
8.655 4-Amino-1-hexanol Amino alcohol C,H,,NO 117.19 0.92 -
9.078 Guaifenesin Methoxy benzene |C, H, O, 198.22 3.49 Antidiabetic [26]
9.441 Bicyclo[3.1.1]heptane, 2,6,6-trimethyl-, terpene C,Hy 138.25 1.52 Antimicrobial [65]
[1R-(1.0,2. B,5. B)]-
9.507 Stearic Acid Fatty acid CH,(CH,),,COCH 284.5 1.07 Antimicrobial, antidepressant
[66]
10.389 Hexadecanoic acid Fatty acid C,H.,0, 256.42 3.17 Antioxidant, anti-inflammatory
[67]
12.371 1-Hexacosanol Fatty alcohol C,H.,0 382.7 0.25 Larvicidal [68]
12.371 1-Octadecene Hydrocarbon C.eHys 252.5 0.25 Anti-bacterial, antioxidant,
anti-cancer [69]
12.371 Heptacosyl acetate Carboxylic ester C,H:0, 438.8 0.25 -
12.456 9,11-Octadecadienoic acid, methylester, Ester C,H,,0, 294.5 0.45 Anti-cancer, anti-inflammatory,
(E,E)- hypocholestrolemic, hepato-
protective [67]
12.576 10-Octadecenoic acid, methyl ester Ester C,H;0, 296.5 1.02 Antibacterial, antifungal,
antioxidant, decrease blood
cholesterol [67]
12.576 13-Octadecenoic acid, methyl ester Fatty acid Ester C,H,0, 296.5 1.02 Antimicrobial [67]
12.576 9-Octadecenoic acid, methyl ester, (E)- Fatty acid Ester C,H;0, 296.5 1.02 Antioxidant, anti-cancer [67]
12.740 | Phytol diterpenoid C,H,,0 296.5 1.65 Antioxidant, anti-inflammatory
[22]
13.042 Heptadecanoic acid, 16-methyl-ester Fatty acid ester C,H.0, 284.5 0.42 -
13.042 Pentadecanoic acid, methyl ester Fatty acid ester C,:H.,0, 256.42 0.42 Antimicrobial, Antioxidant
antifungal [67]
14.196 Hexadecanoic acid, butyl ester Fatty acid ester C,H,00, 312.5 2.16 Antimicrobial, antioxidant [67]
14.196 Hexadecanoic acid, 1,1-dimethylethyl ester | Fatty acid ester C,,H,,02 172.2 2.16 -
16.782 1-Heptadecene Alkane C,Hys 240.5 1.15 Antioxidant, antimicrobial,
anticancer [69]
17.501 2(3H)-Furanone, dihydro-4,4-dimethyl- B-unsaturated CH,,0, 114.4 0.27 -
Lactone
17.766 | 2-Methyl-Z,Z-3,13-octadecadienol Hydrocarbon C,H,0 280.5 0.64 Pheromone, pesticide, insecti-
cide, herbicide [69]
18.226 Octadecanoic acid, butyl ester Fatty acid ester C,H.0, 340.6 0.20
19.132 2(5H)-Furanone, 3-chloro-5- Lactone C,H,,CINO, 206.66 0.13 -
((dimethylamino)methyl)-4,5-dimethyl-
20.383 1,2-Benzisothiazole, 3-(hexahydro- Benzothiazole C,,HN,O,S 264.35 0.25 Anti-diabetic, anti-
1H-azepin-1-yl)-, 1,1-dioxide inflammatory [25]
20.383 1-Tridecene Hydrocarbon C.H,g 182.35 0.25 Antibacterial [70]
20.951 7 Oxabicyclo[4.1.0]heptane, 1,5-dimethyl- | Oxabicyclic CH,0 126.20 0.16 -
compound
21.283 4,6-Decadienal, 8-ethyl-10-[4-hydroxy- Hydrocarbon C,,H,O, 450.7 0.17 -

8-(2-hydroxypropyl)-3,9-dimethyl-1,7-
dioxaspiro[5.5]undec-2-yl]- 2-methyl-

(Continued)
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Table 4. (Continued)

RT Compound name Compound class | Molecular formula | Molecu- |Area Biological activity
(min) lar mass
21.283 Erucic acid Fatty acid C,,H,,0, 338.6 0.17 Antioxidant, anti-inflammatory,
hypolipidemic [71]
22.081 Octadecanoic acid, 12-hexyl-, methyl ester | Methyl ester C,H,,0, 382.7 0.24 -
23.204 Methyl 2-hydroxy-tetracosanoate Methyl ester C,sH:,0, 398.7 0.73 -
24.316 Hexadecanoic acid, octadecyl ester Methyl ester C,,H:O, 508.9 0.20 -
25.108 dl-a-Tocopherol Phenol C,H,,0, 430.7 0.13 Antioxidant [60]
26.340 B -Sitosterol Phytosterol C,H,,O 414.7 4.77 Antimicrobial [63]
26.340 y-Sitosterol Phytosterol C,H,0 414.7 4.77 Antidiabetic,
Anticancer [62]
26.527 9,19-Cycloergost-24(28)-en-3-ol, Acetate C,H,,0, 468.8 0.53
4,14-dimethyl-, acetate, (3. B,4. a,5. a)-
26.914 Stigmasta-3,5-dien-7-one Stigmastan type C,H,:0 410.7 1.20 Synthetic progesterone [72]
steroid
27.222 Octasiloxane, 1,1,3,3,5,5,7,7,9,9, Silicon ether C16H4807Si8 577.2 0.30 Antimicrobial [73]
11,11,13,13,15,15-hexadecamethyl-
27.428 Acetic acid, 17-(1,5-dimethyl-hexyl)- Ester C,,H,,0, 468.8 1.26 -
4,4,10,13,14-pentamethyl-2,3 4,
5,8,10,12,13,14,15,16,17-dodecahydro-
1H-cyclopenta[a]phenanthren-3-ol (ester)
27.778 Pyridine-3-carboxamide, oxime, oxime C,,H,,F.N,O 281.23 0.98 Antioxidant, antibacterial,
N-(2-trifluoromethylphenyl)- antifungal [74]
27.899 Methyl 3.beta.-hydroxyolean-18-en-28-oate | Ester C,,H,,0, 470.7 3.1 -
20.226 Flexibilide Terpene C,H,.0, 334.4 0.28 Anti-inflammatory, cytotoxic,
antimicrobial [75]
28.117 Antra-9,10-quinone, Amine C,H,;:N,O, 343.3 0.14 -
1-(3-hydrohy-3-phenyl-1-triazenyl)-

https://doi.org/10.1371/journal.pone.0333425.t004

prevented or reversed with continuous lowering or regulation of blood glucose levels. This served as the foundation for
choosing a diabetes model that was loaded with glucose to evaluate the potential of plant extracts as antidiabetic agents.
The main biochemical marker utilized in clinical and experimental settings to diagnose and track the progression of diabe-
tes mellitus is the concentration of glucose in the blood or serum/plasma [32]. The findings of our investigation revealed
that the blood glucose levels of untreated diabetic rats were elevated during the oral glucose tolerance test in comparison
to untreated healthy rats. The results align with the findings of other writers who conducted experiments on rats with dia-
betes induced by alloxan.

Anti-hyperglycemic effect of active extracts of A. crassifolia in alloxan induced hyperglycemic rats

Fig 5 demonstrates the anti-hyperglycemic benefits of A.crassifolia extracts. The animals identified a significant increase
in blood glucose levels, on 3" day after the administration of alloxan at a dosage of 150 mg/kg. The groups treated with
ACEA exhibited a decrease in glucose levels that was dependent on the dosage administered, as observed through-

out the duration of the trial. No significant impact on hyperglycemia was observed at doses of 250 mg/kg/day of ACEA.
Nevertheless, administering a dosage of 500 and 1000 mg/kg/day of ACEA resulted in a considerable reduction in blood
glucose levels starting from the 9th day of the trial, and this decline continued steadily until the 28th day. ACNB, adminis-
tered at doses of 250, 500, and 1000 mg/kg/day, eliminated the rise in blood glucose levels induced by alloxan. This effect
was observed starting from day 9, with the maximum impact occurring on day 28. Glibenclamide, taken as standard drug,
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Fig 1. GC-MS spectra of ACEA.

https://doi.org/10.1371/journal.pone.0333425.9001
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Fig 2. GC-MS spectra of ACNB.

https://doi.org/10.1371/journal.pone.0333425.9002

effectively reversed high blood sugar levels, just like ACEA and ACNB. ACEA and ACNB demonstrated a dose-dependent
hypoglycemic effect. This may correlate with the quantity of hypoglycemic phytoconstituents present, as demonstrated

by GC-MS and HPLC analyses. Plant extracts demonstrate antidiabetic effects via many pathways, including modulation
of glucose absorption, insulin secretion, and oxidative stress, contingent upon the type and concentration of bioactive
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Fig 3. HPLC chromatograms for the detection of flavonoids in ethyl acetate extract of A. crassifolia (i=standard, ii=ethyl acetate extract).
ACEA: A. crassifolia, STD: standard, i: Chromatogram for standards for Myricetin(A), Quercetin(B) and Kaempferol(C), ii: Chromatogram for ACEA
showing peaks for Myricetin (A) and Quercetin (B) compared with standard (i).

https://doi.org/10.1371/journal.pone.0333425.9003
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Fig 4. HPLC chromatograms for the detection of phenols in n-butanol extract of Atriplex crassifolia. ACNB: A.crassifolia n-butanol extract, STD:
Standard, i.Chromatogram for phenol standards, Sinapic acid(X), Caffeic acid(Y), Gallic acid(Z), ii. Chromatogram for ACNB showing peaks for Sinapic

acid (X) Compared with standard (i).

https://doi.org/10.1371/journal.pone.0333425.9004

chemicals they contain [33]. This may influence the varied hypoglycemic response of ACEA and ACNB at varying dos-
ages.The reduction in blood glucose levels can be attributed to the plant’s ability to enhance the secretion of insulin from
undamaged B cells. ACEA and ACNB may induce a similar increase of insulin secretion as glibenclamide. Reports indicate
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Table 5. Oral glucose tolerance test of different extracts of A. crassifolia in Alloxan induced diabetic rats.

Groups Dose (mg/kg) Blood Glucose level(mg/dl)
—-30 minutes Base line 30 minutes 60 minutes 120 minutes
Normal D/W 100.6x 92.20+ 96.95+ 92.0% 94.0%
control 0.55™ 1.00™ 0.15™ 0.80™ 0.40™
Diabetic D/W 264.75+ 264.4+ 263.7t 231.8+ 261.5+
control 0.25 2.15 0.9 0.35 0.75
Stan- 10 269.3+ 209.9+ 204.8+ 116+ 146.7+
dard 1.14ns 1.85™ 0.35™ 0.82™ 1.10™
control
ACNH 250 258.6x 261.1% 264.9% 244.3+ 268.4+
0.42m 0.35™ 0.420s 2.25m 0.20m
500 258.5¢ 269.7% 274.6x 275.6x 253.5%
3.05m 1.65" 0.40" 0.55" 1.50m
1000 270.6x 264.5+ 266.8% 253.6x 253.6%
0.40m 0.55m 0.45" 1.53" 4.75"
ACDCM 250 255.7+ 276.6x 258.1% 242.9+ 257.2+
0.5" 0.36" 0.58m 0.87 0.39m
500 258+ 254.6x 261.5% 240.5% 264.9%
0.59" 1.0 1.26" 0.71n 0.43m
1000 257.9+ 250.9+ 258+ 221.5% 229+
0.83" 0.71" 0.05" 3.0m 3.0
ACEA 250 266.5+ 259.8+ 258.0% 238.0% 245.8+
0.55 1.55m 0.92" 1.86™ 0.95
500 259.2+ 236.7% 244.5% 153.9+ 145+
0.60m 0.52" 1.30" 1.32™ 0.40™
1000 261.6x 244 4+ 243.2+ 153.3+ 136.8+
10ms 1.21° 0.80" 2.52™ 452
ACNB 250 262.2+ 241.9+ 262.5+ 185.7+ 162.1+
0.71n 0.36" 0.71ms 9.96™ 3.25™
500 263.0+ 256.9+ 241.4+ 165.0+ 143.0+
0.51n 0.32" 1.18™ 0.51™ 0.32"™
1000 266.4+ 255.9+ 250.3+ 121.6+ 112.2+
0.61m 0.72 0.71™ 0.54™ 0.38™

Results are shown as mean+ SEM. The results are compared with diabetic control.

ACNH: A. crassifolia n hexane extract, ACDCM: A. crassifolia Dichloromethane extract, ACEA: A. crassifolia Ethyl acetate extract, ACNB: A. crassifolia
n-butanol extract, *=<0.01, **=<0.001, ***=<0.0001 respectively by one way ANOVA followed by Dunnet’s multiple comparison test. (n=5).

https://doi.org/10.137 1/journal.pone.0333425.t005

that glibenclamide stimulates insulin production by blocking ATP-sensitive potassium channels in the pancreatic (3 cells
[34]. Extracts of A. crassifolia may possess the capacity to promote the regeneration of B cells damaged by alloxan admin-
istration and improve glucose absorption and utilization by tissues. The medicinal properties of most plants are ascribed
to their strong antioxidant potential. Free radicals are crucial in the pathophysiology of numerous ilinesses. Phytocon-
stituents, specifically phenols and flavonoids, function as optimal exogenous antioxidants. They not only inhibit reactive
oxygen species (ROS) but also enhance the body’s intrinsic defense mechanisms against free radicals. Plants contain-
ing phenols and flavonoids have a broader spectrum of biological activities compared to traditional hydrogen-donating
substances [35]. The antioxidant properties of A. crassifolia may account for its notable antidiabetic effects in our study.
Arobust link exists between oxidative stress in diabetes and a reduction in antioxidant levels. Oxidative stress induces
increased generation of reactive oxygen species (ROS), concurrently diminishing the antioxidative defense mechanisms
in diabetic animals [34]. Plants rich in phenols, terpenes, and flavonoids have been shown to mitigate oxidative stress,
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https://doi.org/10.1371/journal.pone.0333425.t005

PLO\Sﬁ\\.- One

7 NC  E= ACEA250 moke T NC E= ACNB 250
4003 g3 DC (1) ACEA 500 me/k 400+ @@ DC (10 ACNB 500 mg
] @ SC 222 ACEA 1000 m/ke ] @ SC 7z ACNB 1000 mgke

TITTT

ANNRNRRNNNNNRRRRNRRRRRRRIEE)
* k%

T

Blood glucose level (mg/dl)
Blood glucose level (mg/dl)

t
Day6 Day9 Dayl2 Dayl5s Dayl8 Day2l Day24 Day28

T T T —& T
Day0 Day3 Day6 Day9  Dayl2 Dayl5 Dayl8 Day2l Day24 Day28

Fig 5. Effects of active extracts of Atriplex crassifolia on blood glucose levels of alloxan induced diabetic rats. Results are shown as
mean + SEM, ACEA: A. crassifolia Ethyl acetate extract, ACNB: A. crassifolia n-butanol extract, *=<0.01, **=<0.001, ***=<0.0001 respectively by one
way ANOVA followed by Dunnet’s multiple comparison test.

https://doi.org/10.1371/journal.pone.0333425.9005

hence avoiding or decelerating the advancement of diseases such as diabetes. Consequently, plants possessing elevated
antioxidant capacity significantly enhance human health and physical condition. This results from their improved thera-
peutic efficacy attributed to the presence of antioxidant phytoconstituents [35]. A crucial aspect of general well-being is the
improvement of metabolic health. Meta-analysis of randomized controlled trials has substantiated clinical evidence that
antioxidant supplementation in obese persons significantly lowers fasting blood glucose levels, enhances insulin resis-
tance, and diminishes lipid peroxidation [36]. Flavonoids possess a stable structure that enables them to function as free
radical scavengers and inhibit oxidases. They regulate oxidative stress levels in the body below a crucial threshold, hence
playing an essential role in the management of numerous neurodegenerative, inflammatory, and metabolic illnesses [37].
The HPLC analysis of several extracts of A. crassifolia revealed the presence of phenols and flavonoids. The GC-MS
study additionally revealed the existence of antioxidant compounds, which may account for the plant’s biological activity.

Effect of active extracts of A.crassifolia on weight of hyperglycemic rats

Diabetes mellitus can cause weight loss as a physical symptom. The study animals’ weights were measured weekly until
the 28th day of the trial to assess the impact of ACEA and ACNB extracts (Table 6). At first, the rats’ weights declined fast
because of the advancement of diabetes. The control animals exhibited a rise in body weight throughout the study period,
but the diabetes control group saw a significant decrease in weight. The weight reduction associated with diabetes can be
linked to the depletion of structural proteins [38].

After the 21st day of treatment, a dose-dependent positive shift in weight increase was observed. The results were
highly significant in ACEA and ACNB treated groups (P <0.05) at 1000 mg/kg, when compared with the diseased control
group. The improvements in body weight after the administration of plant extracts support that these extracts possess
both pancreatic and extra-pancreatic mechanisms of action to reduce the blood glucose levels.

Assessment of metabolic biomarkers in various experimental groups

An elevation in total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL), very low-density lipoprotein (vLDL),
and a reduction in high-density lipoprotein (HDL) levels is indicative of lipid metabolic problems associated with diabetes
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Table 6. Weight variation in various groups treated with active A. crassifolia extracts.

Groups Dose Weight
(mg/kg) 0 7 14 21 28
Normal control Vehicle 251+ 271.5% 266.5+ 282.5% 300+
1.02" 6.54™ 1.59™ 3.5™ 2.19™
Diabetic control Vehicle 231+ 209+ 170+ 166+ 146+
1.05 1.23 2.00 2.0 1.54
Standard control 10 224+ 196+ 183.5+ 174+ 173.5+
1.23m 1.51° 1.5m 2.0ms 1.5™
ACEA 250 227.5+ 210.5+ 184+ 170+ 172.5+
2.52ns 2.51ms 2.20m 2.0m 1.59n
500 221+ 195.5+ 183.9+ 173.8+ 179.6+
1.02" 2.51ms 1.59ms 1.5m 1.02"
1000 220+ 200+ 182.5+ 185.5+ 186.2+
5.0m 2.23m 2.56" 2.02™ 1.15™
ACNB 250 226.5+ 210.5+ 186+ 175.8+ 170.7+
2.45m 0.51n 3.20° 0.05" 0.45"
500 229+ 212.5+ 187+ 176.9+ 174.4+
1.10m 2.58" 2.23 3.5m 2.1ms
1000 230+ 184.5+ 175+ 181.7+ 185.1+
1.25m 1.59 4.09" 0.2" 1.35™

Results are shown as mean+ SEM, ACEA: A. crassifolia Ethyl acetate extract, ACNB: A. crassifolia n-butanol extract, *=<0.01, **¥=<0.001, ***=<0.0001
respectively by one way ANOVA followed by Dunnet’s multiple comparison test (n=5).

https://doi.org/10.1371/journal.pone.0333425.t006

mellitus. Insulin significantly influences lipid metabolism by suppressing the principal enzyme responsible for cholesterol
synthesis. This complication of diabetes arises from heightened mobilization of fatty acids from adipose tissue. Insulin
inhibits the action of HMG-CoA, the essential enzyme responsible for cholesterol synthesis. Increased blood cholesterol
levels arise from insulin insufficiency or insulin resistance [39]. The study found that the disease group had elevated
blood cholesterol levels and an overall high lipid profile (Fig 6). Treatment of alloxan induced diabetic animals with differ-
ent extracts of A. crassifolia particularly ACEA and ACNB, exhibited contrasting effects compared to the diabetic control
group (p<0.05), as indicated by a reduction in blood TC, TG, LDL, and vLDL, with an elevation in HDL levels. This was
evidenced by a decrease in total cholesterol, triglycerides, low-density lipoprotein, and very low-density lipoprotein levels,
alongside an elevation in high-density lipoprotein levels (S1 Table in S1 File). Glibenclamide produced similar results. The
extracts of A. crassifolia unequivocally exhibit hypolipidemic effects, offering alleviation. The potential explanation may be
diminished cholesterol absorption in the intestines or a reduction in HMG-CoA reductase activity, resulting in decreased
cholesterol production [39].

Urea and creatinine are considered as significant biomarkers to estimate renal dysfunction (S2 Table in S1 File). Dia-
betic complications affect kidneys thereby causing the elevation in plasma levels of urea and creatinine. Our results (Fig
7) displayed a rise in level of plasma urea and creatinine in diabetic control group. This gives an estimation that diabetes
elicits renal dysfunction [40]. Treatment of diabetic groups with extracts of A.crassifolia reverted the levels of urea and
creatinine towards normal when compared to the mean values of diabetic group (p<0.05) shown in Fig 7. This validates
the utility of A.crassifolia in the management of complications accompanying diabetes.

Diabetes is linked to alterations in metabolic function, resulting in aberrant variations in the activity of blood enzymes
involved in metabolism. Numerous researchers have documented an elevation in liver enzyme activity in hyperglycemic
animal models. In diabetes, heightened ketogenesis and gluconeogenesis elevate amino acid activity, thus increasing
transaminase levels [41]. Increased activity of liver enzymes like aspartate transaminase (AST), alanine aminotransferase
(ALT) and alkaline phosphatase (ALP) in present study indicates liver dysfunction caused by hyperglycemia (S2 Table
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Fig 6. Effects of active extracts of Atriplex crassifolia on lipid profiles of diabetic rats. Results are shown as mean+ SEM, ACEA: A. crassifolia
Ethyl acetate extract, ACNB: A. crassifolia n-butanol extract, *=<0.01, **=<0.001, ***=<0.0001 respectively by one way ANOVA followed by Dunnet’s
multiple comparison test.

https://doi.org/10.1371/journal.pone.0333425.9g006

in S1 File). Diabetic control group displayed high plasma levels whereas ACEA and ACNB at all doses (250, 500 and
1000 mg/kg/day) depicted a fall in liver enzymes towards normal comparable to glibenclamide as presented in Fig 7. This
further displays the efficacy of A.crassifolia extracts in ruling diabetes associated complications.

The histological study demonstrated that administration of ACEA at a dosage of 500 mg/kg effectively protected the
pancreas from damage, as illustrated in Fig 8F. The acinar cells, characterized by a square shape, and the interlobular
ducts, distinguished by a triangular shape, remain intact. Compared to the diabetic control group, the cellular architecture
of the pancreatic islet, denoted by an arrow, is preserved, as illustrated in Fig 8B. Administering a dose of 500 mg/kg in
ACNB maintained the cellular architecture. The islets, acinar cells, and interlobular ducts are intact, as illustrated in Fig.
8H. Diabetes cause pancreatic impairment and diminishes islet cell functioning. The administration of alloxan induces
chemical diabetes and results in oxidative damage to the islets of Langerhans [42]. The extracts successfully reduced
cellular damage by potentially reducing oxidative stress.

Conclusion

This study clearly demonstrates that ACEA and ACNB extracts of A. crassifolia exhibit glucose lowering effect and posi-
tively influence diabetes-induced hyperlipidemia and related complications. The biological benefits may be ascribed to the
presence of bioactive substances, including phenols, flavonoids, terpenes, and phytosterols, as indicated by phytochemi-
cal analysis. Nonetheless, the study presents certain limitations as it fails to elucidate the methods and target receptors by
which the plant compounds produce their effects. Advanced investigations, including molecular docking, pathway-specific
elucidations, and receptor binding analysis, are necessary to discover and validate the target sites of active compounds.
Furthermore, future research on Atriplex crassifolia should investigate the interacting mechanisms of its phytochemicals
with various antidiabetic agents and the elucidation of hypoglycemia pathways. The current findings corroborate the hypo-
glycemic effects of Atriplex crassifolia extracts; however, dose-response experiments were not included in this research.
Subsequent research may be conducted to determine dose-dependent effects to more accurately delineate the medicinal
potential of the plant.
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Fig 7. Biochemical parameters of normal and hyperglycemic rats treated with active extracts of A. crassifolia. Results are shown as

mean + SEM, ACEA: A. crassifolia Ethyl acetate extract, ACNB: A. crassifolia n-butanol extract, *=<0.01, **=<0.001, ***=<0.0001 respectively by one
way ANOVA followed by Dunnet’s multiple comparison test. a: effect on urea, b: effect on creatinine, c: effect on bilirubin d: effect on aspartate transami-
nase e: effect on alanine aminotransferase, f: effect on alkaline phosphatase.

https://doi.org/10.137 1/journal.pone.0333425.9007
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Fig 8. Histopathological examination of pancreas excised from various experimental groups. A: Normal control, B: Diabetic control, C: Standard
control, D: ACEA 250 mg/kg, E: ACEA 500 mg/kg, F: ACEA 1000 mg/kg, g: ACNB 250 mg/kg, H: ACNB 500 mg/kg, I: ACNB 1000 mg/kg1000 mg/kg, g:

ACNB 250 mg/kg, H: ACNB 500 mg/kg, I: ACNB 1000 mg/kg A presents Interlobular ducts, . presents Acinar cells and Arrows represent

Pancreatic islets of Langerhans.

https://doi.org/10.137 1/journal.pone.0333425.9008

Supporting information
S1 File. Hypoglycemic study complete data.
(ZIP)

S2 File. Supplemetary file of A. crassifolia.
(DOCX)

Author contributions

Conceptualization: Saiqga Ishtiaq.

Data curation: Sarah Rehman, Syeda Farheen Fatima.
Formal analysis: Sarah Rehman, Syeda Farheen Fatima.

Investigation: Sarah Rehman.

Methodology: Sairah Hafeez Kamran, Muhammad Khalil-ur-Rehman.

Project administration: Saiga Ishtiaq, Sairah Hafeez Kamran.

PLOS One | https://doi.org/10.1371/journal.pone.0333425 September 25, 2025

19/23


http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333425.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333425.s002
https://doi.org/10.1371/journal.pone.0333425.g008

PLO\Sﬁ\\.- One

Resources: Saiga Ishtiaq, Muhammad Khalil-ur-Rehman.
Supervision: Saiqa Ishtiag, Sairah Hafeez Kamran.
Visualization: Sairah Hafeez Kamran.

Writing — original draft: Sarah Rehman.

Writing — review & editing: Saiga Ishtiaq, Sairah Hafeez Kamran, Muhammad Khalil-ur-Rehman, Numera Arshad, Saira
Rehman.

References

1. Alam U, Asghar O, Azmi S, Malik RA. General aspects of diabetes mellitus. Handb Clin Neurol. 2014;126:211-22. https://doi.org/10.1016/B978-0-
444-53480-4.00015-1 PMID: 25410224

2. Aloke C, Nwachukwu N, Ugwuja El, Idenyi JN, Nwachi EU, Obasi |0, et al. Effects of Zanthoxylum zanthoxyloides leaves on blood glucose, lipid
profile and some liver enzymes in alloxan induced diabetic rats. Int J Sci Nat. 2012;3(3):497-501.

3. Asadi-Samani M, Moradi M-T, Mahmoodnia L, Alaei S, Asadi-Samani F, Luther T. Traditional uses of medicinal plants to prevent and treat diabetes;
an updated review of ethnobotanical studies in Iran. J Nephropathol. 2017;6(3):118-25. https://doi.org/10.15171/jnp.2017.20 PMID: 28975089

4. Benhammou N, Bekkara FA, Kadifkova Panovska T. Antioxidant activity of methanolic extracts and some bioactive compounds of Atriplex halimus.
Comptes Rendus Chimie. 2009;12(12):1259-66. https://doi.org/10.1016/j.crci.2009.02.004

5. Meyer SE, Bonner F, Karrfalt R. Atriplex L.: the woody plant seed manual. Agric Handbook. 2008;727:283-90. https://doi.org/10.52700/pjbb.v2i1.38

Ali B, Musaddiq S, Igbal S, Rehman T, Shafig N, Hussain A. The therapeutic properties, ethno pharmacology and phytochemistry of Atriplex Spe-
cies: a review. PJBB. 2021;2(1):49-64. https://doi.org/10.52700/pjbb.v2i1.38

7. Wazir SM, Dasti AA, Saima S, Shah J, Hussain F. Multivariate analysis of vegetation of Chapursan valley: an alpine meadow in Pakistan. Pak J
Bot. 2008;40(2):615-26.

8. Solikhah TI, Setiawan B, Ismukada DR. Antidiabetic activity of papaya leaf extract (Carica papaya L.) isolated with maceration method in
alloxan-induces diabetic mice. Syst Rev Pharm. 2020;11(9):774-8.

9. Banu KS, Cathrine L. General techniques involved in phytochemical analysis. Int J Adv Res Chem Sci. 2015;2(4):25-32.

10. Ishtiag S, Hanif U, Shaheen S, Bahadur S, Liagat |, Awan UF, et al. Antioxidant potential and chemical characterization of bioactive compounds
from a medicinal plant Colebrokea oppositifolia Sm. An Acad Bras Cienc. 2020;92(2):e20190387. https://doi.org/10.1590/0001-3765202020190387
PMID: 32696843

11. Fan X, Jiao X, Liu J, Jia M, Blanchard C, Zhou Z. Characterizing the volatile compounds of different sorghum cultivars by both GC-MS and HS-GC-
IMS. Food Res Int. 2021;140:109975. https://doi.org/10.1016/j.foodres.2020.109975 PMID: 33648211

12. Sultana B, Anwar F. Flavonols (kaempeferol, quercetin, myricetin) contents of selected fruits, vegetables and medicinal plants. Food Chem.
2008;108(3):879-84. https://doi.org/10.1016/j.foodchem.2007.11.053 PMID: 26065748

13. Akhtar N, Akram M, Daniyal M, Ahmad S. Evaluation of antidiabetic activity of Ipomoea batatas L. extract in alloxan-induced diabetic rats. Int J
Immunopathol Pharmacol. 2018;32:2058738418814678. https://doi.org/10.1177/2058738418814678 PMID: 30477357

14. Okokon JE, Davies K, John L, Iwara K, Li W-W, Thomas PS. Phytochemical characterization, antihyperglycaemic and antihyperlipidemic activities
of Setaria megaphylla in alloxan-induced diabetic rats. Phytomedicine Plus. 2022;2(1):100182. https://doi.org/10.1016/j.phyplu.2021.100182

15. Jelodar G, Mohsen M, Shahram S. Effect of walnut leaf, coriander and pomegranate on blood glucose and histopathology of pancreas of alloxan
induced diabetic rats. Afr J Tradit Complement Altern Med. 2007;4(3):299-305. https://doi.org/10.4314/ajtcam.v4i3.31223 PMID: 20161893

16. Lamba SS, Buch KY, Lewis H Ill, Lamba J. Phytochemicals as potential hypoglycemic agents. Stud Nat Prod Chem. 2000; 21:457-96. https://doi.
org/10.1016/s1572-5995(00)80012-5

17. Kannan M, Kumar TS, Rao MV. Antidiabetic and antioxidant properties of Waltheria indica L., an ethnomedicinal plant. Int J Pharma Res Health
Sci. 2016;4(5):1376-84. https://doi.org/10.21276/ijprhs.2016.05.07

18. Raja B, Pugalendi KV. Evaluation of antioxidant activity of Melothria maderaspatana in vitro. Cent Eur J Biol. 2010;5:224-30.

19. Photolo MM, Mavumengwana V, Sitole L, Tlou MG. Antimicrobial and antioxidant properties of a bacterial endophyte, methylobacterium radiotol-
erans MAMP 4754, isolated from combretum erythrophyllum Seeds. Int J Microbiol. 2020;2020:9483670. https://doi.org/10.1155/2020/9483670
PMID: 32184829

20. Tripathi N, Kumar S, Singh R, Singh CJ, Singh P, Varshney VK. Isolation and identification of y- Sitosterol by GC-MS from the leaves of Girardinia
heterophylla (Decne). TOBCJ. 2013;4(1):25—7. https://doi.org/10.2174/1874847301004010025

21. Gupta R, Sharma AK, Dobhal MP, Sharma MC, Gupta RS. Antidiabetic and antioxidant potential of B-sitosterol in streptozotocin-induced experi-
mental hyperglycemia. J Diabetes. 2011;3(1):29-37. https://doi.org/10.1111/j.1753-0407.2010.00107.x PMID: 21143769

PLOS One | https://doi.org/10.1371/journal.pone.0333425 September 25, 2025 20/23



https://doi.org/10.1016/B978-0-444-53480-4.00015-1
https://doi.org/10.1016/B978-0-444-53480-4.00015-1
http://www.ncbi.nlm.nih.gov/pubmed/25410224
https://doi.org/10.15171/jnp.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28975089
https://doi.org/10.1016/j.crci.2009.02.004
https://doi.org/10.52700/pjbb.v2i1.38
https://doi.org/10.52700/pjbb.v2i1.38
https://doi.org/10.1590/0001-3765202020190387
http://www.ncbi.nlm.nih.gov/pubmed/32696843
https://doi.org/10.1016/j.foodres.2020.109975
http://www.ncbi.nlm.nih.gov/pubmed/33648211
https://doi.org/10.1016/j.foodchem.2007.11.053
http://www.ncbi.nlm.nih.gov/pubmed/26065748
https://doi.org/10.1177/2058738418814678
http://www.ncbi.nlm.nih.gov/pubmed/30477357
https://doi.org/10.1016/j.phyplu.2021.100182
https://doi.org/10.4314/ajtcam.v4i3.31223
http://www.ncbi.nlm.nih.gov/pubmed/20161893
https://doi.org/10.1016/s1572-5995(00)80012-5
https://doi.org/10.1016/s1572-5995(00)80012-5
https://doi.org/10.21276/ijprhs.2016.05.07
https://doi.org/10.1155/2020/9483670
http://www.ncbi.nlm.nih.gov/pubmed/32184829
https://doi.org/10.2174/1874847301004010025
https://doi.org/10.1111/j.1753-0407.2010.00107.x
http://www.ncbi.nlm.nih.gov/pubmed/21143769

PLO\Sﬁ\\.- One

22.

23.

24.

25.
26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Islam MT, Ali ES, Uddin SJ, Shaw S, Islam MA, Ahmed M, et al. Phytol: a review of biomedical activities. Food Chem Toxicol. 2018;121:82-94.
https://doi.org/10.1016/j.fct.2018.08.032 PMID: 30130593

Panigrahy SK, Bhatt R, Kumar A. Targeting type Il diabetes with plant terpenes: The new and promising antidiabetic therapeutics. Biologia.
2021;76(1):241-54.

Sansenya S, Payaka A, Mansalai P. Biological activity and inhibition potential against a-glucosidase and a-amylase of 2,4-di-tert-butylphenol from
bamboo shoot extract by in vitro and in silico studies. Process Biochem. 2023;126:15-22. https://doi.org/10.1016/j.procbio.2022.12.033

Ali R, Siddiqui N. Biological aspects of emerging benzothiazoles: a short review. J Chem. 2013;2013(1). https://doi.org/10.1155/2013/345198

Hadimani MB, Purohit MK, Vanampally C, Van der Ploeg R, Arballo V, Morrow D, et al. Guaifenesin derivatives promote neurite outgrowth and
protect diabetic mice from neuropathy. J Med Chem. 2013;56(12):5071-8. https://doi.org/10.1021/jm400401y PMID: 23758573

Ashraf SN, Zubair M, Rizwan K, Tareen RB, Rasool N, Zia-Ul-Haqg M, et al. Compositional studies and Biological activities of Perovskia abrotanoi-
des Kar. oils. Biol Res. 2014;47(1):12. https://doi.org/10.1186/0717-6287-47-12 PMID: 25052892

Ong KC, Khoo HE. Effects of myricetin on glycemia and glycogen metabolism in diabetic rats. Life Sci. 2000;67(14):1695-705. https://doi.
org/10.1016/s0024-3205(00)00758-x PMID: 11021354

Azeem M, Hanif M, Mahmood K, Ameer N, Chughtai FRS, Abid U. An insight into anticancer, antioxidant, antimicrobial, antidiabetic and anti-
inflammatory effects of quercetin: a review. Polym Bull (Berl). 2023;80(1):241-62. https://doi.org/10.1007/s00289-022-04091-8 PMID: 35125574

Qian J, Zhang J, Chen Y, Dai C, Fan J, Guo H. Hypoglycemic activity and mechanisms of myricetin. Nat Prod Res. 2022;36(23):6177-80.

Vinayagam R, Jayachandran M, Xu B. Antidiabetic effects of simple phenolic acids: a comprehensive review. Phytother Res. 2016;30(2):184-99.
https://doi.org/10.1002/ptr.5528 PMID: 26634804

Kasabri V, Afifi FU, Hamdan I. In vitro and in vivo acute antihyperglycemic effects of five selected indigenous plants from Jordan used in traditional
medicine. J Ethnopharmacol. 2011;133(2):888-96. https://doi.org/10.1016/j.jep.2010.11.025 PMID: 21093568

Hu'Y, Liang P, Wang Z, Jiang C, Zeng Q, Shen C, et al. Explore the effect of the structure-activity relationship and dose-effect relationship on the
antioxidant activity of licorice flavonoids. J Mol Struct. 2023;1292:136101.

Sokolovska J, Isajevs S, Sugoka O, Sharipova J, Paramonova N, Isajeva D, et al. Comparison of the effects of glibenclamide on metabolic param-
eters, GLUT1 expression, and liver injury in rats with severe and mild streptozotocin-induced diabetes mellitus. Medicina. 2012;48(10):78. https://
doi.org/10.3390/medicina48100078

Kasote DM, Katyare SS, Hegde MV, Bae H. Significance of antioxidant potential of plants and its relevance to therapeutic applications. Int J Biol
Sci. 2015;11(8):982-91. https://doi.org/10.7150/ijbs. 12096 PMID: 26157352

Wang J, Liao B, Wang C, Zhong O, Lei X, Yang Y. Effects of antioxidant supplementation on metabolic disorders in obese patients from random-
ized clinical controls: a meta-analysis and systematic review. Oxid Med Cell Longev. 2022;2022:7255413. https://doi.org/10.1155/2022/7255413
PMID: 36092166

Hernandez-Rodriguez P, Baquero LP, Larrota HR. Flavonoids: potential therapeutic agents by their antioxidant capacity. Bioactive compounds.
Woodhead Publishing; 2019: 265-88.

Thomson M, Al-Qattan KK, Js D, Ali M. Anti-diabetic and anti-oxidant potential of aged garlic extract (AGE) in streptozotocin-induced diabetic rats.
BMC Complement Altern Med. 2016;16:17. https://doi.org/10.1186/s12906-016-0992-5 PMID: 26786785

Musabayane CT, Mahlalela N, Shode FO, Ojewole JAO. Effects of Syzygium cordatum (Hochst.) [Myrtaceae] leaf extract on plasma glucose and
hepatic glycogen in streptozotocin-induced diabetic rats. J Ethnopharmacol. 2005;97(3):485—90. https://doi.org/10.1016/j.jep.2004.12.005 PMID:
15740884

Sharma SB, Nasir A, Prabhu KM, Murthy PS, Dev G. Hypoglycaemic and hypolipidemic effect of ethanolic extract of seeds of Eugenia jambolana
in alloxan-induced diabetic rabbits. J Ethnopharmacol. 2003;85(2—3):201—6. https://doi.org/10.1016/s0378-8741(02)00366-5 PMID: 12639741

Jarald EE, Joshi SB, Jain DC, Edwin S. Biochemical evaluation of the hypoglycemic effects of extract and fraction of cassia fistula Linn. in
alloxan-induced diabetic rats. Indian J Pharm Sci. 2013;75(4):427-34. https://doi.org/10.4103/0250-474X.119823 PMID: 24302797

Sarfraz M, Khalig T, Khan JA, Aslam B. Effect of aqueous extract of black pepper and ajwa seed on liver enzymes in alloxan-induced diabetic
Wister albino rats. Saudi Pharm J. 2017;25(4):449-52.

Saeed A, Khera RA, Abbas N, Latif M, Sajid I, Flérke U. Synthesis, characterization, crystal structures, and antibacterial activity of some new
1-(3,4,5-trimethoxybenzoyl)-3-aryl thioureasreas. Turkish J Chem. 2010;34(3):335—46. https://doi.org/10.3906/kim-0810-44

Mukovoz PP, Dankovtseva ES, Mukovoz VP, Slepukhin PA, Ganebnykh IN, Sizentsov AN, et al. Synthesis, structure, and biological activity of (2
Z)-2-[(2, 4-dinitrophenyl) hydrazinylidene] butanedioic acid esters. Russ J Gen Chem. 2019;89:1-7.

Zang H, Shen P, Xu Q, Zhang L, Xia G, Sun J, et al. Synthesis and biological activities of tyrosol phenolic acid ester derivatives. Chem Nat Compd.
2019;55:1043-9.

Baggett S, Mazzola EP, Kennelly EJ. The benzophenones: Isolation, structural elucidation and biological activities. Stud Nat Prod Chem.
2005;32:721-71. https://doi.org/10.1016/s1572-5995(05)80067-5

Naine SJ, Devi CS, Mohanasrinivasan V, Doss CGP, Kumar DT. Binding and molecular dynamic studies of sesquiterpenes (2R-acetoxymethyl-

1,3,3-trimethyl-4t-(3-methyl-2-buten-1-yl)-1t-cyclohexanol) derived from marine Streptomyces sp. VITJS8 as potential anticancer agent. Appl Micro-
biol Biotechnol. 2016;100(6):2869-82. https://doi.org/10.1007/s00253-015-7156-2 PMID: 26590587

PLOS One | https://doi.org/10.1371/journal.pone.0333425 September 25, 2025 21/23



https://doi.org/10.1016/j.fct.2018.08.032
http://www.ncbi.nlm.nih.gov/pubmed/30130593
https://doi.org/10.1016/j.procbio.2022.12.033
https://doi.org/10.1155/2013/345198
https://doi.org/10.1021/jm400401y
http://www.ncbi.nlm.nih.gov/pubmed/23758573
https://doi.org/10.1186/0717-6287-47-12
http://www.ncbi.nlm.nih.gov/pubmed/25052892
https://doi.org/10.1016/s0024-3205(00)00758-x
https://doi.org/10.1016/s0024-3205(00)00758-x
http://www.ncbi.nlm.nih.gov/pubmed/11021354
https://doi.org/10.1007/s00289-022-04091-8
http://www.ncbi.nlm.nih.gov/pubmed/35125574
https://doi.org/10.1002/ptr.5528
http://www.ncbi.nlm.nih.gov/pubmed/26634804
https://doi.org/10.1016/j.jep.2010.11.025
http://www.ncbi.nlm.nih.gov/pubmed/21093568
https://doi.org/10.3390/medicina48100078
https://doi.org/10.3390/medicina48100078
https://doi.org/10.7150/ijbs.12096
http://www.ncbi.nlm.nih.gov/pubmed/26157352
https://doi.org/10.1155/2022/7255413
http://www.ncbi.nlm.nih.gov/pubmed/36092166
https://doi.org/10.1186/s12906-016-0992-5
http://www.ncbi.nlm.nih.gov/pubmed/26786785
https://doi.org/10.1016/j.jep.2004.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15740884
https://doi.org/10.1016/s0378-8741(02)00366-5
http://www.ncbi.nlm.nih.gov/pubmed/12639741
https://doi.org/10.4103/0250-474X.119823
http://www.ncbi.nlm.nih.gov/pubmed/24302797
https://doi.org/10.3906/kim-0810-44
https://doi.org/10.1016/s1572-5995(05)80067-5
https://doi.org/10.1007/s00253-015-7156-2
http://www.ncbi.nlm.nih.gov/pubmed/26590587

PLO\Sﬁ\\.- One

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ak G, Zengin G, Ceylan R, Fawzi Mahomoodally M, Jugreet S, Mollica A, et al. Chemical composition and biological activities of essential oils from
Calendula officinalis L. flowers and leaves. Flavour Fragrance J. 2021;36(5):554—63. https://doi.org/10.1002/ff].3661

Kumar A, Kaur S, Dhiman S, Singh PP, Thakur S, Sharma U, et al. 1,2-benzenedicarboxylic acid, bis (2-methyl propyl) ester isolated from Onosma
bracteata Wall. inhibits MG-63 cells proliferation via Akt-p53-cyclin pathway. Research Square Platform LLC; 2021. https://doi.org/10.21203/
rs.3.rs-182390/v1

Shaaban MT, Ghaly MF, Fahmi SM. Antibacterial activities of hexadecanoic acid methyl ester and green-synthesized silver nanoparticles against
multidrug-resistant bacteria. J Basic Microbiol. 2021;61(6):557—68. https://doi.org/10.1002/jobm.202100061 PMID: 33871873

Huang CB, George B, Ebersole JL. Antimicrobial activity of n-6, n-7 and n-9 fatty acids and their esters for oral microorganisms. Arch Oral Biol.
2010;55(8):555-60. https://doi.org/10.1016/j.archoralbio.2010.05.009 PMID: 20541177

Charnock C, Brudeli B, Klaveness J. Evaluation of the antibacterial efficacy of diesters of azelaic acid. Eur J Pharm Sci. 2004;21(5):589-96. https://
doi.org/10.1016/j.ejps.2003.12.006 PMID: 15066659

Edet ML, Hemalatha S. Identification of natural CTXM-15 inhibitors from aqueous extract of endophytic bacteria Cronobactersakazaki. Braz J
Microbiol. 2023;54(2):827-39. https://doi.org/10.1007/s42770-023-00945-z PMID: 36899290

Perumal GM, Prabhu K, Rao MR, Janaki CS, Kalaivannan J, Kavimani M. The Gc Ms Analysis Of Ethyl Acetate Extract Of One Herbal Plant,
‘Jatrophacurcus’. Nat Volatiles Essent QOils. 2021:6347-54.

Kumari N, Menghani E, Mithal R. GCMS analysis of compounds extracted from actinomycetes AlIA6 isolates and study of its antimicrobial efficacy.
Indian J Chem Technol. 2019;26(4):362-70.

Gade S, Rajamanikyam M, Vadlapudi V, Nukala KM, Aluvala R, Giddigari C, et al. Acetylcholinesterase inhibitory activity of stigmasterol & hexaco-
sanol is responsible for larvicidal and repellent properties of Chromolaena odorata. Biochim Biophys Acta Gen Subj. 2017;1861(3):541-50. https://
doi.org/10.1016/j.bbagen.2016.11.044 PMID: 27916676

Gao P, Hirano T, Chen Z, Yasuhara T, Nakata Y, Sugimoto A. Isolation and identification of C-19 fatty acids with anti-tumor activity from the spores
of Ganoderma lucidum (reishi mushroom). Fitoterapia. 2012;83(3):490-9. https://doi.org/10.1016/j.fitote.2011.12.014 PMID: 22230194

Chen J-J, Lin W-J, Shieh P-C, Chen I-S, Peng C-F, Sung P-J. A new long-chain alkene and antituberculosis constituents from the leaves of Pour-
thiaea lucida. Chem Biodivers. 2010;7(3):717-21. https://doi.org/10.1002/cbdv.200900198 PMID: 20232337

Hadisaputri YE, Andika R, Sopyan |, Zuhrotun A, Maharani R, Rachmat R, et al. Caspase cascade activation during apoptotic cell death of human
lung carcinoma cells A549 induced by marine sponge Callyspongia aerizusa. Drug Des Devel Ther. 2021;15:1357-68. https://doi.org/10.2147/
DDDT.S282913 PMID: 33824580

Niki E, Traber MG. A history of vitamin E. Ann Nutr Metab. 2012;61(3):207—12. https://doi.org/10.1159/000343106 PMID: 23183290
Javaid A, Khan IH, Ferdosi MF. Bioactive constituents of wild Cannabis sativa roots from Pakistan. Pak J Weed Sci Res. 2021;27(3):359-68.

Njinga NS, Sule MI, Pateh UU, Hassan HS, Abdullahi ST, Ache RN. Isolation and antimicrobial activity of 3-sitosterol-3-O-glucoside from Lannea
kerstingii engl. & K. Krause (Anacardiacea). J Health Allied Sci. 2016;6:004-8.

Naqvi SF, Khan IH, Javaid A. Hexane soluble bioactive components of Chenopodium murale STEM. PJWSR. 2020;27(2):425-32. https://doi.
0rg/10.28941/pjwsr.v26i4.875

Beckett AH, Kirk G, Thomas R. 262. Configurational studies in synthetic analgesics. Part IV. The configuration of (—)-isomethadone. J Chem Soc.
1962;0(0):1386-8. https://doi.org/10.1039/jr9620001386

Shaima AF, Mohd Yasin NH, Ibrahim N, Takriff MS, Gunasekaran D, Ismaeel MYY. Unveiling antimicrobial activity of microalgae Chlorella
sorokiniana (UKM2), Chlorella sp. (UKM8) and Scenedesmus sp. (UKM9). Saudi J Biol Sci. 2022;29(2):1043-52. https://doi.org/10.1016/j.
sjbs.2021.09.069 PMID: 35197773

Jubie S, Ramesh PN, Dhanabal P, Kalirajan R, Muruganantham N, Antony AS. Synthesis, antidepressant and antimicrobial activities of some novel
stearic acid analogues. Eur J Med Chem. 2012;54:931-5. https://doi.org/10.1016/j.ejmech.2012.06.025 PMID: 22770606

Belakhdar G, Benjouad A, Abdennebi EH. Determination of some bioactive chemical constituents from Thesium humile Vahl. J Mater Environ Sci.
2015;6(10):2778-83.

Sianipar NF, Assidqi K, Hadisaputri YE, Salam S, Tarigan R, Purnamaningsih R. Determination of bioactive compounds of superior mutant

rodent tuber (Typhoniumflagelliforme) in various fractions using GC-MS. IOP Conf Ser: Earth Environ Sci. 2021;794(1):012144. https://doi.
org/10.1088/1755-1315/794/1/012144

Adeyemi MA, Ekunseitan DA, Abiola SS, Dipeolu MA, Egbeyale LT, Sogunle OM. Phytochemical analysis and GC-MS determination of Lagenaria
breviflora R. Fruit. Int J Phyto Res. 2018;9(7):1045-50. https://doi.org/10.25258/phyto.v9i07.11178
Aravinth A, Dhanasundaram S, Perumal P, Vengateshwaran TD, Thavamurugan S, Rajaram R. Biological activities of the brown seaweed Dictyota

ciliolata with special reference to the human diseases transmitting Aedes aegypti’s larvae. Biomass Conv Bioref. 2023. https://doi.org/10.1007/
$13399-023-03928-0

Akhtar MJ, Khan SA. Chemistry and biological activity of mustard oil: therapeutic benefits and risk to healthcare. Rev Bras Farmacogn.
2023;34(1):65-79. https://doi.org/10.1007/s43450-023-00450-2

Pant V, Rao PB. Antioxidant and GC-MS analysis of Thamnolia subuliformis (Ehrh.) WL Culb. from western Himalaya. Pharma Innov.
2018;7:12-82.

PLOS One | https://doi.org/10.1371/journal.pone.0333425 September 25, 2025 22/23



https://doi.org/10.1002/ffj.3661
https://doi.org/10.21203/rs.3.rs-182390/v1
https://doi.org/10.21203/rs.3.rs-182390/v1
https://doi.org/10.1002/jobm.202100061
http://www.ncbi.nlm.nih.gov/pubmed/33871873
https://doi.org/10.1016/j.archoralbio.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20541177
https://doi.org/10.1016/j.ejps.2003.12.006
https://doi.org/10.1016/j.ejps.2003.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15066659
https://doi.org/10.1007/s42770-023-00945-z
http://www.ncbi.nlm.nih.gov/pubmed/36899290
https://doi.org/10.1016/j.bbagen.2016.11.044
https://doi.org/10.1016/j.bbagen.2016.11.044
http://www.ncbi.nlm.nih.gov/pubmed/27916676
https://doi.org/10.1016/j.fitote.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22230194
https://doi.org/10.1002/cbdv.200900198
http://www.ncbi.nlm.nih.gov/pubmed/20232337
https://doi.org/10.2147/DDDT.S282913
https://doi.org/10.2147/DDDT.S282913
http://www.ncbi.nlm.nih.gov/pubmed/33824580
https://doi.org/10.1159/000343106
http://www.ncbi.nlm.nih.gov/pubmed/23183290
https://doi.org/10.28941/pjwsr.v26i4.875
https://doi.org/10.28941/pjwsr.v26i4.875
https://doi.org/10.1039/jr9620001386
https://doi.org/10.1016/j.sjbs.2021.09.069
https://doi.org/10.1016/j.sjbs.2021.09.069
http://www.ncbi.nlm.nih.gov/pubmed/35197773
https://doi.org/10.1016/j.ejmech.2012.06.025
http://www.ncbi.nlm.nih.gov/pubmed/22770606
https://doi.org/10.1088/1755-1315/794/1/012144
https://doi.org/10.1088/1755-1315/794/1/012144
https://doi.org/10.25258/phyto.v9i07.11178
https://doi.org/10.1007/s13399-023-03928-0
https://doi.org/10.1007/s13399-023-03928-0
https://doi.org/10.1007/s43450-023-00450-2

PLO\S\% One

73. More K, Tayade S, Gawande P, Manik S, Shelke D. Antioxidant and antimicrobial potential of Canavalia gladiata (Jacq.) DC. leaves and seeds:
GC-MS based metabolic profiling. Indian J Nat Prod Resour. 2022;13:163-69. https://doi.org/10.56042/ijnpr.v13i2.47499

74. Chandra JH, Gunasekaran H. Screening of phytochemical, antimicrobial and antioxidant activity of glycyrrhiza glabra root extract. J Environ Biol.
2017;38(1):161-5.

75. Chen N-F, Huang S-Y, Lu C-H, Chen C-L, Feng C-W, Chen C-H, et al. Flexibilide obtained from cultured soft coral has anti-neuroinflammatory and
analgesic effects through the upregulation of spinal transforming growth factor-f1 in neuropathic rats. Mar Drugs. 2014;12(7):3792—-817. https://doi.
0rg/10.3390/md 12073792 PMID: 24979268

PLOS One | https://doi.org/10.1371/journal.pone.0333425 September 25, 2025 23/23



https://doi.org/10.56042/ijnpr.v13i2.47499
https://doi.org/10.3390/md12073792
https://doi.org/10.3390/md12073792
http://www.ncbi.nlm.nih.gov/pubmed/24979268
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

