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ABSTRACT

Aluminum exposure is linked to oxidative stress and liver damage, primarily due to the excessive formation of
reactive oxygen species. Accordingly, this study investigated the hepatoprotective and antioxidant effects of
methanolic and ethanolic extracts, which were prepared from both the aerial parts and seeds of Coriandrum
sativum L. in Wistar rats with aluminum-induced hepatotoxicity. The animals were randomly assigned to different
experimental groups and received the treatments for 30 days. We evaluated the liver function indicators, lipid
profile changes, antioxidant enzyme activities, DPPH radical scavenging ability, and also the expression levels of
antioxidant-related genes like CAT, GPX1, and SOD2, within the same experimental protocol. Then, GC-MS
analysis revealed several bioactive phytochemicals with reported antioxidant potential. After aluminum
administration, the liver enzyme levels increased significantly, and the oxidative stress markers were significantly
elevated, while antioxidant gene expression decreased significantly. Treatment with Coriandrum sativum L.
extracts improved the biochemical and antioxidant parameters significantly compared to the aluminum-treated
group (P<0.05), particularly in the methanolic seed extracts. These results suggest that Coriandrum sativum L.
has antioxidant and hepatoprotective properties, which may help attenuate aluminum induced liver injury.
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INTRODUCTION

Aluminum (Al) is a naturally occurring metal that is widely distributed in the environment and extensively used in industrial processes,
making it a common environmental contaminant of concern [1]. It poses significant toxicological risks to human health because of its
persistence in the human body and accumulation over time [2]. Long-term exposure to aluminum is known to significantly alter liver
enzymes, such as alanine aminotransferase (ALT) and aspartate aminotransferase (AST), along with alkaline phosphatase (ALP). It also
disturbs lipid metabolism and depletes glutathione, thereby leading to damage to cellular membranes [3]. Given its role as a primarily
detoxifying organ, the liver is especially prone to oxidative stress, secondary to metal toxicity, calling for preventive measures against
aluminum-induced hepatotoxicity [4]. These findings emphasize that additional potential hepatoprotective drugs are still required to
counter the toxic effects of aluminum and to maintain liver function [5]. Given the increasing burden of various hepatic disorders caused
by environmental pollutants, especially in industrial zones and developing countries, the search for cheap natural hepatoprotectors has
been a vital research pursuit [6]. Recent epidemiological studies may have seemed to strengthen the case of heavy metals contributing to
liver dysfunction cases, emphasizing pharmacological interventions for prevention [7]. Due to their ability to scavenge free radicals,
enhance the activities of endogenous antioxidant enzymes, and protect cellular macromolecules from oxidative injury, herbal antioxidants
are considered promising natural agents to counteract metal toxicity [8]. The heightened interest in phytochemical therapeutic agents has
been stimulated by the availability and low toxicity of dietary phytochemicals and their many biological activities, including their
capability to counter oxidative damage from environmental pollutants such as aluminum [9]. Among these, traditional medicinal plants
have received considerable attention due to their multifunctional bioactivity and relatively fewer adverse effects and hence have garnered
special attention [10]. Researchers have observed that natural antioxidants of plant origin have a two-fold function of firstly assisting in
the alleviation of oxidative stress and secondly in the regulation of cell death pathways and mitochondrial functions of hepatocytes [11].
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Coriandrum sativum L., better known simply as "coriander", is an annual herbaceous plant originating in Mediterranean countries [12,
13]. The plant is characterized by intricately branched foliage, with its leaves finely divided. The inflorescences are small and white, while
the fruit is nearly spherical to ovoid, distinguished on all sides by prominent longitudinal ridges [14]. The leaves are edible and are used
in salads, while the seeds can be roasted and then ground, and along with the fruit are believed to be a good treatment for cold, served
when sniffed [15]. It has long been used by many other traditional medical systems, such as Ayurveda and Traditional Iranian Medicine,
to treat a variety of gastrointestinal, metabolic, and hepatic ailments [12]. It is precise to consider that fresh coriander contains
approximately 84% water, low levels of saturated fat and cholesterol, and high levels of thiamine, zinc, and dietary fibers [16]. Coriander
seeds are indeed a source of vitamins, lipids, and minerals like potassium, calcium, phosphorus, magnesium, sodium, and zinc [17]. Pepper,
according to the study, is a source owing to the high fatty alcohols, particularly chenopodiaceous carotenoids [18]. Coriandrum sativum
L. contains a wide range of secondary metabolites such as linalool, vanillic acid, 27 alkaloids, quercetin, tannins, limonene, saponins,
dodecanal, zeaxanthin, phyllodulcin, glycosylated apigenin, oxygenated monoterpenes, y-terpinene, and anethole [19]. The
hepatoprotective properties may be attributed to the antioxidant potential of phenolic compounds present in Coriandrum sativum L., which
simultaneously exert a cardiovascular protective effect [18, 20]. The plant's healing capability can be attributed to an assortment of natural
chemicals with active properties, including limonoids, flavonoids, terpenes, and alkaloids, which have been implicated in several
biological activities [21-23]. Different plant parts have been reported to possess various pharmacological attributes, including antibacterial,
antiviral, antifungal, antifeedant, antioxidant, anti-inflammatory, antiallergic, antidiabetic, analgesic, and nematicidal [19, 24, 25]. While
several studies have reported the antioxidant activity of Coriandrum sativum L., little is known on a molecular basis with respect to its
effects on endogenous antioxidant gene expression [26]. Such genes, including catalase (CAT), glutathione peroxidase (GPX1), and
superoxide dismutase 2 (SOD2), are the main regulators of hepatic oxidative balance and, subsequently, cellular defense associated with
metal-induced ROS accumulation [27, 28]. The increased expression of these genes is considered an important biomarker of antioxidant
therapeutic efficacy, marking an enhanced ability to enzymatically detoxify and maintain mitochondrial stability when oxidative stress
arises [29, 30]. Recent reports have indicated that chitosan has an ability to control the expression of different genes responsible for
antioxidant defense and stress response, including APX, SOD, PAL, P5CS, and PIP, under abiotic stresses [31- 33].

In addition to the aluminum-induced hepatotoxicity model, a cholesterol induced hyperlipidemia model was included in this study to
provide additional insight into the biological activity of Coriandrum sativum L.. Given that oxidative stress and lipid metabolism have a
close connection with hepatic dysfunction, the use of both experimental models allowed the evaluation of the antioxidant, hepatoprotective,
and lipid-modulating properties of the extracts. Accordingly, the cholesterol model was employed as a complementary experimental
approach to broaden the biological evaluation of the extracts rather than as an independent study focus.

Aiming to strengthen the scientific basis, this study explores the biochemical and molecular parameters of hepatic injury. Furthermore,
taking into account the antioxidant mechanism, the expression levels of genes encoding critical antioxidant enzymes, CAT, GPX1, and
SOD2, have been analyzed in the livers of aluminum-intoxicated rats. This integrated gene expression analysis enables us to make
mechanistic claims about the molecular aspects of how Coriandrum sativum L. extracts exert hepatoprotection, and it provides the
necessary translational evidence for the use of Coriandrum sativum L. as a functional nutraceutical or an adjunct to heavy metal toxicity.
This study provides new insights into the mechanisms by which Coriandrum sativum L. exerts hepatoprotective effects, through gene
expression studies and GC-MS metabolite profiling, supporting its potential development as a phytomedicine against heavy metal-induced
oxidative damage to the liver. Altogether, the current work integrates molecular, biochemical, and metabolomic data to provide a holistic
understanding of how coriander extracts might mediate hepatic protection, thus corroborating Coriandrum sativum L. as a potential
nutraceutical candidate against aluminum-induced oxidative hepatotoxicity. Consequently, to the best of our knowledge, this study is
among the first to employ a combined biochemical and gene expression approach to investigate the antioxidant effects and regulation of
antioxidant-related genes of Coriandrum sativum L. in liver tissues affected by aluminum, adding a different approach to the growing field
of phytogenomics in hepatoprotection.

MATERIALS AND METHODS

Plant Material

Collection of Plant Material

Fresh aerial parts and seeds of Coriandrum sativum L. were collected during the flowering stage from an agricultural field in Isfahan, Iran,
and taxonomically identified by a botanist; representative samples were preserved for reference (Fig. 1).
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Fig. 1 Geographical coordinates (latitude and longitude) of the sampling sites.

Preparation of Plant Material and Extraction Procedure

The aerial portions (stems, leaves, and fruits) of Coriandrum sativum L. were gathered from a nearby farming plot in Isfahan Province,
Iran, during the period of active growth. The plant specimens were taxonomically recognized, by looking at usual botanical traits, by a
qualified botanist in the Department of Biology, Islamic Azad University, Falavarjan Branch, Isfahan, Iran, before they were taken into
the experimental procedures.

The gathered plant materials were washed thoroughly with distilled water to get rid of surface contaminants, and then they were shade-
dried at room temperature (25 + 2 °C) for 7-10 days, until a constant weight was reached. After that, the dried plant parts were ground to
a fine powder using a lab mill, and they were kept in airtight containers at 4 °C until the next step of extraction. The extraction method
was picked based on earlier phytochemical reports, and also on the polarity of the target bioactive compounds. A hydroalcoholic solvent
system, made of methanol and n-butanol, was used to extract a broad range of polar plus semi-polar phytochemicals. This included
phenolic compounds, flavonoid types, and other antioxidant related constituents. The powdered plant material was macerated with the
solvent at a ratio of 1:10 (w/v) for 72 h at room temperature, with intermittent shaking to improve extraction efficiency. After extraction,
the mixtures were passed through Whatman No. 1 filter paper. The filtrates were then concentrated under reduced pressure with a rotary
evaporator (Heidolph, Germany) at 4045 °C until complete removal of the organic solvents. These concentrated fractions were afterward
dried to get the crude extract. The extraction yield was calculated as a representative example the percentage of the dried crude extract
compared to the initial dry weight of the plant material using this equation.

Extraction yield (%) = (Weight of dried extract / Weight of dried plant material) x 100

The dried crude extracts were moved into airtight amber glass containers and then stored at —20 °C until the phytochemical characterization
and the biological analyses were done. All extractions were carried out under the same experimental conditions to ensure methodological
consistency throughout the study [34].

Gas Chromatography—Mass Spectrometry (GC-MS) Analysis

The chemical composition of the volatile constituents in the Coriandrum sativum L. extracts was determined using a gas
chromatography—mass spectrometry (GC-MS) system consisting of an Agilent 7890A gas chromatograph coupled to an Agilent 5975
mass selective detector operating in electron ionization (EI) mode. Chromatographic separation was achieved on an HP-5MS capillary
column (30 m x 0.25 mm i.d., 0.25 um film thickness). The injector temperature was set at 280 degrees Celsius using helium as the carrier
gas at a constant flow rate of 1.2 mL/min. The tune mode of the MS was used with an ionization energy of 70 eV. The ion source was set
at 150 °C whilst the quadrupole had a temperature of 230 °C and the GC-MS interface was kept at 280 °C. The temperature program was
initiated, leaving the oven at a temperature of 50 °C for 3 min, then ramped to 200 °C at 8 °C/min, then increased to 290 °C at 12 °C/min
and kept isothermal for 3 min at 290 °C. For the volatile compound analysis, the headspace method was used, whereby the samples were
incubated at 85 °C for 3 min prior to injection. Compounds were identified by comparing the mass spectra to NIST and Wiley libraries,
and the retention index (RI) was calculated compared to a set of n-alkanes (which were run with the sample under the same conditions)
[35].

GC-MS analysis was done in triplicate, with independently prepared extract samples so that the reproducibility of the chromatographic
profiles is ensured. In the Results section, you can find the representative chromatograms.

Animal Model and Experimental Design
In all, 120 adult male Wistar rats (200250 g) were procured from Royan Institute (Isfahan, Iran). Animals were housed in the animal
facility of the Research Laboratory at Islamic Azad University, Falavarjan Branch, under standardized environmental conditions



(temperature: 22 +2 °C, humidity: 55+ 5%, 12:12-h light/dark cycle). Standard pelleted diet and tap water were provided ad libitum.
Animals were acclimatized for one week prior to the commencement of experimental procedures.

The study design involved 20 experimental groups (n=6 per group), designed to assess the individual and combined effects of aluminum
chloride, cholesterol, and hydroalcoholic (based on ethanol and methanol) extracts of coriander (Coriandrum sativum L.). The grouping
was as follows: A negative control was also included when phosphate buffered saline (PBS; 0.9%; intraperitoneally) was administered.
Two groups each received aluminum chloride at doses of 100 and 200 mg/kg (i.p.) to induce hepatotoxicity. Four groups received coriander
extract alone, with extract being made from ethanol or methanol or being derived from seed or aerial parts (100 mg/kg, p.o.). Eight groups
received aluminum chloride at 100 mg/kg or 200 mg/kg (i.p.), with the same coriander extracts based on ethanol or methanol, seed or
aerial parts at 100 mg/kg (p.o.), to evaluate their protective effects. One group received cholesterol alone (50 mg/kg, p.o.) to generate
hyperlipidemia, while the other five groups were given cholesterol (50 mg/kg, p.o.) and the plant extracts from ethanol or methanol of
both the seed and aerial parts of coriander (100 mg/kg, p.o.) to find their antihyperlipidemic potential [36, 37]. The selected dose of
coriander extract (100 mg/kg body weight) was chosen based on earlier in vivo work that reported strong antioxidant and hepatoprotective
activities, and also no clear signs of treatment related toxicity. This amount had already been used successfully in animal experiments to
measure the biological efficacy of Coriandrum sativum extracts, so it was considered appropriate for the current study [38, 39].

All experimental procedures received prior approval from the Institutional Animal Ethics Committee of Islamic Azad University,
Najafabad Branch (Approval Code: IRIAU.NAJAFABAD.REC.1397.022) and were carried out accordingly, in accordance with the
respective national and international guidelines on care and use of laboratory animals.

Preparation and Administration of Test Compounds

Phosphate-buffered saline (PBS, 0.9%) was mixed on a daily basis by diluting the concentrated PBS solution with distilled water. The
negative control group was treated via intraperitoneal injections of 2 mL PBS as the vehicle blank. Stock solutions of aluminum chloride
(AICls) were freshly prepared before each injection by dissolving the appropriate amount of AlCls in PBS to provide doses of 100 or 200
mg/kg body weight via intraperitoneal injection as a positive control in aluminum-induced toxicity. The selected AICls regimen (100
mg/kg body weight oral gavage for 30 days) was chosen based on earlier experimental models that show this type of exposure reliably
induces hepatic oxidative stress, biochemical malfunction, and also provides a reproducible framework for testing hepatoprotective
interventions [40, 41]. The coriander seed and aerial part extracts were prepared using methanol and ethanol as extraction solvents. After
filtration, these were concentrated under reduced pressure to about 25% solids; dried extracts weighing approximately 7 g were obtained.
Extract suspensions were freshly prepared in distilled water and were administered daily by oral gavage at 100 mg/kg body weight for
groups receiving coriander alone or in combination with aluminum or cholesterol substances. The administration of cholesterol was done
via oral gavage at the specified dose after being dissolved in a suitable vehicle (olive oil or Tween-80 solution). The cholesterol-alone
group was taken as a positive control for hyperlipidemia, while the combined treatment groups were used to evaluate the protective effects
of coriander extracts.

Serum Biochemistry and Liver Sampling

After completing the 28-day treatment, animals were fasted overnight and anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg)
intraperitoneally. Once deep anesthesia was confirmed, blood samples were taken by cardiac puncture using sterile syringes. The collected
blood was put inside serum-separating tubes with clot activator gel and centrifuged at 3000 rpm for 10 minutes at 4 °C. The obtained
serum was then distributed into sterile microtubes that were stored at —20 °C until further biochemical analyses were performed. Liver
function markers were measured: alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total
bilirubin (TBIL), and direct bilirubin (DBIL). The methods used for determination were performed on an automated biochemistry analyzer
(e.g., BT3000 Plus, Biotecnica Instruments, Italy), according to the instructions supplied by the manufacturer. Liver tissues were removed
surgically, washed with ice-cold saline, and portioned for biochemical assays [42-44].

Determination of Antioxidant Enzymes (SOD and CAT)

The SOD and CAT activities were measured in liver tissue homogenates using the ELISA kit for rats by Novand Salamat Co. (Iran)
following the manufacturer's instructions. The homogenization took place in cold phosphate-buffered saline (PBS), with a pH of 7.4; A
centrifugation step was performed at 10,000 x g for 15 minutes at 4 °C. After centrifugation, the supernatant was taken for biochemical
analysis. The activity of SOD was quantified at 405 nm using a sandwich ELISA method. The kit determines SOD concentration based
on the interaction of the antigen and antibody through color development by enzyme activity. The SOD activity was expressed as U/mg
protein. The CAT activity was obtained from an ELISA kit that measured the absorbance at 540 to 550 nm following a colorimetric
detection of the catalase enzyme concentration. The assay utilized the conversion of a substrate followed by a colorimetric reaction. The
data were expressed as U/mg protein. The assay was measured in duplicate, and the optical density was determined using a microplate
reader (BioTek ELX800) that had been zeroed. The manufacturer supplied the sensitivity and repeatability values for the assay, which
were determined to be acceptable.

Each biological specimen stood for one individual animal, with n = 6 per group and all ELISA readings were done in duplicate technical
replicates, namely two measurements per sample so it was to ensure analytical consistency.

Measurement of Free Radical Scavenging Activity (DPPH Assay)



DPPH assay measures the free radical scavenging activity of the extracts of Coriandrum sativum L., described as the most common
method for assessing antioxidant activity. In each experimental group (Control; Lead Acetate; Soxhlet Extract; Soaking Extract), 1 mL of
liver tissue homogenate was prepared and mixed with 2 mL of 0.1 mM DPPH solution in methanol. The mixtures were allowed to incubate
for 30 mins at room temperature in the dark prior to measurements of absorbance at 517 nm using a UV-Vis spectrophotometer. The
percentage of scavenging activity towards DPPH radicals was measured using the following formula: [(Ao — A1)/Ac] x 100, where Ao is
the absorbance of DPPH without a sample (control) and A is the absorbance with a sample (under investigation). All experiments were
done in triplicate, and results are reported as mean + SD. The data obtained were statistically analyzed using one-way ANOVA, followed
by Tukey's post hoc test, and a p-value less than 0.05 was considered significant.

RNA Extraction and cDNA Synthesis

Total RNA was extracted from liver tissue via the lithium chloride method as detailed in [45] and [46]. RNA was extracted from liver
tissue containing high levels of polysaccharides and secondary metabolites. The initial spectrophotometric analysis was completed to
evaluate RNA purity and integrity. cDNA was synthesized using the GeneALL cDNA synthesis kit (catalog no. 601-602, GeneALL
Biotechnology, South Korea), and the protocol was performed according to the manufacturer's protocol. In brief, 2.5 pL of total RNA was
combined with 0.5 pL of ANTP mix, 0.5 pl of oligo (dT), and 0.5 pL of random hexamer primers into a sterile 0.2 mL PCR tube. The
mixture was incubated at 70 °C for 5 minutes to denature any secondary structures present in the RNA, and then placed on ice for 2
minutes. Next, 0.5 uL of reverse transcriptase enzyme, 0.5 pL of 2X reaction buffer, and 0.5 pL of an RNase inhibitor (RNasin) were
added and the procedure continued with primer annealing (25 °C for 10 min), and next, cDNA synthesis (42 °C for 50 min) and finally
enzyme inactivation (80 °C for 10 min). In the next step, cDNA was put at —20 °C until the time the qPCR analysis for its expression
could be performed.

Real-Time PCR Analysis

Quantitative real-time PCR was performed using the ABI StepOne™ Real-Time PCR System (Applied Biosystems, USA) according to
the manufacturer's guidelines, utilizing the BioFACT™ Real-Time PCR MasterMix. The real-time system recorded the Ct values
automatically after amplification; data were subsequently exported to a worksheet in Microsoft Excel for further examination. The gene
expression data were analyzed by the AACt method relative to the housekeeping gene used. Relative expression differences were calculated
using GenEx (MultiD, Sweden); statistical analysis/graphing were performed using SPSS 20.0. Primers targeting the genes CAT, GPX1,
SOD2, and the reference gene 18S rRNA, were designed by Gene Runner v6.5.5 x64 software. Primers were designed to ensure sequence
specific optimum target specificity with high-efficiency amplification based on the referenced protocol described [36]. Specificity primers
were checked by observing one amplification product and only one peak in the melting curve; analysis was done for each target gene. The
amplification efficiencies were within the acceptable range, about 90-110% and that backs the use of the 2"—~AACt method for relative
gene expression. The reference gene, 18S rRNA, was selected since its transcript levels remain stable in all experimental conditions, even
across the different groups. Also, no template controls (NTCs) were run in every batch to rule out carryover contamination or non-specific
amplification. Oligonucleotides were synthesized on an ABI 394 DNA/RNA synthesizer (Applied Biosystems, USA) by standard
phosphoramidite chemistry to provide assurance of sequence fidelity and purity. Table 1 lists Primer sequences, Amplicon sizes,
Annealing Temperature, and NCBI accession numbers.

formulal: ACT = CT (a target gene*) — CT (a reference gene**)

*= CAT «GPX1 5 SOD2

**=mCtrRNA

Table 1 Primers for RT-qPCR analysis of antioxidant and inflammatory gene expression.

Gene Symbol Forward Primer (5'-3") Reverse Primer (5'-3") Product Size (bp) Tm (°C) OLIGO
CAT GCTCAGCTGACACAGTTCGT TTGCCATCGCCAATGGCAAT 172 52-54

GPX1 TTGAGTCCCAACATCTCCAGTA TACTGGAGATGTTGGGACTCAA 198 53

SOD2 TGGTGAACCAGTTGTGTTGTC CCTGGTACTTCTCCTCGGTG ~185 52-56

The gene expression analysis was conducted with six biological replicates per experimental group. Each sample was analyzed in triplicate technical
replicates according to standardized conditions.

Statistical Analysis

When the observational data were collected, the initial statistics provided an indication of the potential to study them as potential candidates
for Analysis of Variance (ANOVA). Both Pearson correlation matrices and hierarchical heatmap clustering were used to evaluate linear
correlative relationships among all parameters studied. To lessen the effects of discrepancies in magnitude on the measurement scales, the
data were Z-score standardized (mean = 0; standard deviation = 1) before running any analyses. Data visualization was performed using
XLSTAT (version 2019) for graphical presentation, ClustVis (https://biit.cs.ut.ee/clustvis/) for hierarchical heatmap clustering, and SRplot
(https://www .bioinformatics.com.cn/en) for Pearson correlation matrix visualization. Next, the results were interpreted and presented
graphically and in a Tabular format. All quantified results are shown as mean + SD, as in the average value plus standard deviation. Then
statistical analyses were carried out with SPSS software (version 20.0; IBM Corp., Armonk, NY, USA), including one-way analysis of
variance (ANOVA), Tukey’s multiple comparison post hoc test, and the Shapiro—Wilk normality test. When comparing differences
between groups, we used one-way analysis of variance (ANOVA) and, when appropriate, followed by Tukey’s multiple comparison post
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hoc test. Before running the ANOVA, we checked normality of the data and whether the variances were similar, using the Shapiro-Wilk
test and Levene’s tests, respectively. A P value that was <0.05 was taken as statistically significant.

RESULTS

Gas Chromatography-Mass Spectrometry (GC-MS) composition of Coriandrum sativum L. aerial part extracts obtained using methanol
and ethanol.

Following extraction of the aerial parts of Coriandrum sativum L. with methanol and ethanol and their GC-MS analysis, GC-MS analysis
revealed a diverse range of phytochemical constituents in both extracts (Table 2). The methanolic extract was characterized by the presence
of several major compounds, including: Methane, dichloro (10.49%), Neophytadiene (7.34%), Stigmastan-3,5-diene (8.94%), and Oleic
acid (2.16%), as well as n-Hexadecanoic acid (0.82%) and trans-Traumatic acid (1.11%). Z-(13,14-Epoxy) tetradec-11-en-1-ol acetate
(0.78%), Methylene chloride (1.39%). These results indicate the chemical complexity of the methanolic extract. In contrast, the ethanol
extract showed a different chemical profile, with the predominant compounds being Linoleic acid at 40.814%, Decane at 12.761%, and
Cyclohexane at 20.455%. Other abundant compounds detected in the ethanol extract included n-Hexadecanoic acid at 9.673%, Palmitic
acid at 2.221%, Pulegone at 8.149%, and Methyl chavicol at 3.095%. Major terpenoid constituents included Beta-pinene — 5.321%,
Farnesene — 3.776%, Nerolidol — 3.912%, and Carvacrol — 3.086%. The ethanol extract contained a broad range of fatty acids, terpenes,
and aromatic compounds, which have been reported to exhibit biological activities. The methanol extract, having considerable fatty acids,
hydrocarbons, and sterols, contained a relatively high proportion of Stigmastan-3,5-diene. In addition, both extracts revealed diverse
phytochemical profiles of Coriandrum sativum L., with terpenes and fatty acids representing major constituents in the ethanol extract
(Table 2).

Table 2 GC-MS Composition of Coriandrum sativum L. Aerial Part Extract Using Methanol and Ethanol
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31.69
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44 Terpineol 36.72 CioHi50 154.25 1.871% Ethanol
45  Alpha-Terpinene 36.953 CioHie 136.23 0.801% Ethanol
46  Caryophyllene 41.208 CisHas 204.36 1.085% Ethanol
47  Germacrene 41.759 CisHas 204.36 0.719% Ethanol
48  Beta-Elemene 42.888 CisHas 204.36 0.703% Ethanol
49  Dihydrocarvone 43.278 C10H160 152.23 1.804% Ethanol

Methyl chavicol 43.307 CioH120 148.20 3.095% Ethanol
50 Farnesene 45.269 CisHas 204.36 3.776% Ethanol
51  Nerolidol 46.184 Ci5Ha60 222.36 3.912% Ethanol
22 Beta-Pinene 46.233 CioHie 136.23 5.321% Ethanol

Comparative Clustering of Biochemical and Antioxidant Profiles via Heatmap Analysis

The heatmap displays the hierarchical clustering and relative expression profiles of many biochemical and molecular indicators for twenty
experimental groups. These indicators consisted of liver function enzymes such as ALT, AST, and ALP; lipid profile indicators such as
LDL, HDL, total cholesterol, and triglycerides; indicators of oxidative stress; and gene expression of common antioxidant genes SOD2,
CAT, GPXI, and DPPH radical scavenging capacity. The color scheme ranged from blue (low expression or activity) to red (high
expression and activity), with standardized Z-scores presented for comparison purposes across all groups (Fig. 2).
The Aluminum 200 mg/kg group significantly increased the liver damage markers, particularly ALP and AST (deep red), as well as LDL
and total cholesterol levels, and decreased the expression of the antioxidant genes SOD2, CAT, and GPX1, indicating the hepatotoxic and
pro-oxidative effect of high-dose aluminum. In contrast, The Aluminum 200 + coriander extract treated groups (both ethanol and methanol
extracts, seed and aerial parts) partially reversed these pathological changes through decreased liver enzyme levels (shift towards
green/yellow) and increased antioxidant gene expression (shift away from blue towards green). Among them, the combination with higher
polyphenol content and antioxidant DPPH activity profile showed a more pronounced protective effect in the methanol seed extract. The
Control (PBS) group is used as a comparison because it shows normal physiological values by having stable baseline values for all
parameters. In the non-Coriander extract group, all parameters showed expression of antioxidant genes and small decreases in hepatic
enzymes compared to the Control group, which indicates a possible hepatoprotective and antioxidant effect conferred by the extract
without induced toxicity (Fig. 2). The methanol extracts exhibited stronger effects than the ethanol extracts, although all extracts are
effective in inducing expression of SOD2, CAT, and GPXI. The Cholesterol-only group showed a significant rise in LDL, total cholesterol,
and triglycerides, thus confirming hyperlipidemia induction. However, the Coriander extract treatments, especially the seed methanol and
aerial parts methanol extracts, significantly reduced these elevations and positively affected the HDL level, suggesting potential
antihyperlipidemic effects. In addition, increases in DPPH scavenging activity, which were also more pronounced than in the Cholesterol-
only group, were observed along the same trend. This suggests a potential association between the lipid-lowering effect and the activity
of the extracts as antioxidants. Moreover, hierarchical clustering shows that the treatment groups separate according to similarity in
biochemical profiles. The Aluminum 200 mg/kg group clustered separately from most of the treatment groups, indicating its unique



pathological signature. The coriander-treated groups formed sub-clusters closer to the control group, thus showing their ameliorative effect
against aluminum-and cholesterol-induced damage (Fig. 2).
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Fig. 2 Clustered heatmap for combined experimental groups showing biochemical, antioxidant, and gene expression outcomes. The heatmap shows group-
wise standardized z-scores for serum indicators of liver function (ALT, AST, ALP), lipid profile indicators (LDL, HDL, total cholesterol, triglycerides),
activities of antioxidant enzymes (SOD, CAT), gene expression (SOD2, CAT, GPX1), and elimination potential of DPPH radicals. Dendrograms and
heatmaps were created with two-way clustering based on Pearson Correlation using Euclidean distance, while treatments were clustered with a full linkage
method. Red in the heatmap indicates upregulation/increased value and blue indicate downregulation/decreased value compared to the mean of the
respective features.

Integrative Visualization of Parameter Deviations Using Flower Plot

The flower plot is a graphical visualization that represents relationships among various parameters and their respective deviation from a
defined reference value (value: 500) or standardized reference state. Each individual petal radiating from the central core represents a
specific biochemical or molecular parameter; the petals represent the measured values during this specific research project, reflecting the
measured concentration of that particular parameter in the specific sample under consideration. This study included 12 parameters. These
include markers of hepatic function (ALT, AST, ALP), lipid profile (LDL, HDL, total cholesterol), oxidative stress enzymes (SOD, CAT),
gene expressions of antioxidant markers (SOD2, CAT, GPX1), and total antioxidant capacity (DPPH %) (Fig. 3). The range of colors on
the petals indicates departure from normal: green values are close to or slightly above the reference, indicating a favorable biological
status; red indicates markedly increased values or imbalances, largely indicative of pathological changes. Red petals were observed for
the ALP (121 U/L) and cholesterol (81 mg/dL) results, showing significantly elevated values relative to the reference range, illustrating
hepatic stress or cholestatic injury and hypercholesterolemia respectively- typically caused by aluminum or dietary cholesterol exposure
(Figure 3). Both ASTM (36 U/L) and DPPH scavenging activity (69%) are moderately high, in the intermediate range, suggesting a
moderate oxidative/hepatic imbalance, or evidence of a partial response. Both LDL, at 31 mg/dL, and ALT, at 29 U/L, within the normal
range, represented gray-green petals, meaning that while some indicators were elevated (e.g. ALP, total cholesterol) and some remained
relatively stable, indicating either: either selected organ involvement or, possibly, partial relief from organ malfunction due to intervention.



Therefore, the flower plot seeks to represent a comprehensive integrated snapshot of the biological response to experimental interventions,
based on the evaluated parameters. A selective recovery of antioxidant gene expression (SOD2, CAT, GPXI) and enzymatic activity (SOD,
CAT) is found, likely mediated by the protective effects of coriander extracts; meanwhile, parameters like ALP and cholesterol remain
elevated, suggesting that while oxidative stress may not be as severe, hepatic and lipid dysfunctions are not completely restored (Fig. 3).
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Fig. 3 A flower plot depicting deviations from each biochemical and molecular parameter as compared to the reference core value. In the flower plot, each
petal corresponds to a single measured parameter: the liver enzymes actively released into plasma (ALT, AST, ALP), lipid components (LDL, HDL,
cholesterol), antioxidant enzyme activities (SOD, CAT), the expression levels of antioxidant genes (SOD2, CAT, GPXI), and DPPH activity. The center of
the plot (value =500) corresponds to the standardized baseline. The color of the petal refers to the magnitude of deviation from green, referring to those
parameters that are close to the core (normal/restored), to red, which describes a significant elevation or pathological change from baseline.

Correlation Patterns Among Biochemical, Antioxidant, and Gene Expression Parameters

The Pearson correlation matrix of the major biochemical parameters (cholesterol, HDL, LDL, ALT, AST, ALP), the antioxidant enzyme
activities (SOD, CAT), the non-enzymatic antioxidant capacity (DPPH), and the expression of the major antioxidant enzymes (SOD2,
CAT, GPXI) is illustrated in figure 4.
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Fig. 4 Correlation matrix based on the Pearson correlation coefficient among biochemical markers (cholesterol, HDL, LDL, ALT, AST, ALP), enzymatic
antioxidants (SOD, CAT), non-enzymatic antioxidant capacity (DPPH), and antioxidant enzyme gene expression (SOD2, CAT, GPXI). The intensity of
color indicates correlation strength and direction (red = positive correlation; blue = negative correlation). Asterisks (*) denote statistically significant
correlations (P < 0.05).



The findings showed a moderate negative relationship between serum lipid markers (cholesterol and LDL) with the liver enzymes (ALT,
AST, and ALP) both in relation to enzymatic antioxidant activity and the gene expression of the enzymes that were related to the
antioxidants, with a high level of confidence statistically. This indicates that while increased oxidative stress would negatively impact
hepatic functioning and lipid metabolism, increases in antioxidant defense may bolster biochemical status. The antioxidant gene expression
levels exhibited a markedly different and more robust positive correlation statistically with the activities of their respective enzymes,
providing evidence of the congruency between transcriptional regulation and functional antioxidant response. Expression of GPX1genes
exhibited a positive correlation with DPPH radical scavenging activity, suggesting that the GPXIgenes are valuable for the removal of
ROS. Interestingly, when assessing the entire lipid profile, HDL was the only measured variable that was positively correlated with
antioxidant parameters, which aligns with the presumed protective effects of HDL against oxidative damage. Overall, our findings
underscore the central importance of modulating oxidative stress in maintaining both metabolic and hepatic health, thereby suggesting the
expression of certain antioxidant-related genes as potential biomarkers for monitoring oxidative and physiological status (Fig. 4).

DISCUSSION

In the present study, the modulatory and protective activity of aerial part extracts (methanolic and ethanolic) of Coriandrum sativum L.
(coriander) was tested for aluminum-induced liver damage and disturbance of lipid metabolism. The findings show that the administration
of coriander extracts, especially the methanolic fraction, has opposed aluminum generated pathological biochemical changes. These
abilities to potentially have therapeutic actions are associated with the phytochemical constituents of the extracts and their ability to modify
important antioxidant gene expression, including SOD2, CAT, and GPXI; restore enzymatic antioxidant activity and lipid profile
homeostasis. Physiological mechanisms can be interpreted by considering biochemical, genomic, and antioxidant activity data through
coriander's phytochemicals acting upon cellular redox signaling and liver metabolic pathways. The assessment of the extracts using GC-
MS, phytoconstituents were identified that had a wide range of variation. The methanolic and ethanolic extracts had different chemical
profiles. The methanol extract of the aerial parts of Coriandrum sativum L. contained many bioactive components such as Neophytadiene,
Stigmastan-3,5-diene, and oleic acid. Of particular interest, Stigmastan-3,5-diene is a plant sterol that is widely recognized for its
cholesterol reducing and anti-inflammatory activity by inhibiting cholesterol absorption in the gut and altering membrane fluidity [47-49].
Neophytadiene is a diterpene hydrocarbon that has been reported to show antioxidant and hepatoprotective properties, primarily by
reducing oxidative stress and also by blocking lipid peroxidation [43, 44]. Its presence in the methanolic extract may have contributed to
the biological effects we saw in the present study [50, 51]. Additionally, oleic acid plus trans-tubenoic acid have been reported as
stimulators of cellular antioxidant defenses, and they also seem to reduce the inflammatory load via activation of PPAR-a and inhibition
of the NF-kB signaling route, suggesting that these pathways may be regulated in opposite directions [52, 53].
The ethanolic extract contains the highest amounts of linoleic acid, cyclohexane, decanf-pinene, nerolidol, and carvacrol. Linoleic acid,
a polyunsaturated fatty acid, operates in modulating lipid metabolism, the oxidation of LDL, and the suppression of pro-inflammatory
eicosanoid production [54, 55]. Terpenes such as B-pinene and nerolidol have been shown to scavenge ROS, stabilize membranes, and
modulate genes, specifically highlighting the activation of the Nrf2/ARE pathway, which is important for regulating antioxidant gene
expression [56, 57]. Carvacrol is an aromatic monoterpenoid that can counter oxidative stress and enhance lipid parameters in HFD models
through a mechanism of direct downregulation of hepatic lipogenic enzymes and upregulation of endogenous antioxidant enzymes [58,
59]. The differences in the biological activities of the methanolic and ethanolic extracts might be linked with the differences in their
phytochemical composition and also with possible synergistic interaction among their bioactive components. The methanolic extract is
enriched in sterols and some unsaturated fatty acids and could have improved hepatoprotective and antioxidant capacities simply through
a synergism of a polar and non-polar component [60, 61]. On the other hand, due to its strong antioxidant action, methanol extraction was
found to be more powerful in extracting polyphenols, flavonoids, and other polar compounds from the extract. Therefore, biochemical
analysis results for the current study show that Al intoxication significantly increased serum enzyme activities of AST, ALT, and ALP,
suggesting possible liver damage, in addition to increased LDL and total cholesterol, consistent with other publications identifying
aluminum as a hepatotoxic and hyperlipidemic agent [62, 63]. Moreover, Al affects normal iron storage, thus inducing the breakdown of
allied defensive antioxidant enzymes such as catalase and superoxide dismutase, developing an oxidative stress factor [64]. The
administration of extracts of Coriandrum sativum L. promoted recovery from these biochemical changes. The methanolic extracts from
the seeds, and also the aerial parts, showed comparatively stronger effects in reducing serum liver enzyme levels, along with lipid markers
too, and even steering the expression of genes that are associated with antioxidant defenses. The liver protective effects in this case may
be due to increases in enzymatic antioxidant defenses (SOD, CAT), changes in lipid metabolism regarding cholesterol biosynthesis and
absorption, and/or inhibition of pro-inflammatory cytokines [65, 66]. Since SOD2, CAT, and GPXI expression were up in the treated
groups, coriander extracts could be affecting antioxidant related transcription regulation indirectly. Nrf2 signaling involvement remains a
plausible mechanism, but it really needs more investigation [67]. Also referred to as nuclear factor erythroid 2-related factor 2 (Nrf2) it is
important for maintaining redox balance. Nrf2, upon activation, will interact with many specific sequences of the antioxidant response
element (ARE). These sequences are located in the promoter region of certain genes. This binding leads to increased transcription of genes
that code for antioxidant enzymes [68]. Terpenoids and polyphenols identified in coriander have been previously reported to activate the
Nrf2 signaling pathway. So, this suggests that signaling activation might at least partly account for the higher expression of SOD2, CAT,
and GPX1 that we saw in the current study, even though that specific mechanism was not directly examined [69]. Although the heightened
expression of genes tied to antioxidant defense observed in the present study is consistent with a possible role for Nrf2/ARE signaling, we



did not directly test activation of this pathway, so the contribution of Nrf2 signaling remains a plausible mechanism requiring further
investigation. Flower plot and heatmap analyses support this case and present visually how the normalization of hepatic enzymes and
antioxidant gene expression occurs in coriander treated groups. The decreases in ALP and cholesterol did not fully revert to control levels
but did remain a plausible mechanism requiring further investigation into hepatocellular damage and lipid dysregulation. The research
conducted by Mishra et al. [67], "Lowers Blood Sugar and Antioxidative Potential of Coriandrum sativum L. Seed Extract in Alloxan-
Induced Diabetic Rats," indicated that a treatment with crude methanolic coriander seed extract significantly increased the activity of
antioxidant enzymes in the kidney tissue, including catalase (CAT) and glutathione peroxidase (GPx), compared to the untreated diabetic
controls [70]. Collectively, all these observations support the hypothesis that the therapeutic response attenuation of coriander is a form
of response mediated by gene-regulatory mechanisms in addition to free-radical scavenging. The Pearson correlation matrix indicated that
cholesterol, LDL, and liver enzymes had a strong negative correlation with antioxidant enzyme activities and gene expression. HDL had
a positive correlation with the antioxidant markers, which is expected with HDL's well-studied role in reverse cholesterol transport, and
HDL has antioxidant properties of its own, transduced via paraoxonase-1. The substantial and strong association between GPXI and DPPH
is especially noteworthy, further demonstrating that the increased antioxidant status in the coriander-treated groups is functionally related
to increased expression of endogenous antioxidant genes. Coriander's biochemical effects have broader consequences. Beyond activating
Nrf2, its active terpenoids and fatty acids might have an impact on pathways that control inflammation, lipid metabolism, and the creation
of new mitochondria [54, 71]. Other polyunsaturates, such as linoleic acid, may also affect PPAR signaling and modulate fatty acid
oxidation and lipid metabolism, thereby modifying the normalization of lipid profiles. The increased activity of methanolic extracts,
especially from coriander seeds, may be due to a more complex mixture of bioactive compounds that include phytosterols that compete
for intestinal absorption of dietary cholesterol and play a role in the modulation of hepatic lipid homeostasis [12, 72]. This may explain
the notable difference in the reduction obtained in the LDL and cholesterol concentrations in the group treated with methanol and ethanol.
These findings continue to be significant for the application of coriander as a natural agent against aluminum-induced oxidative stress and
liver dysfunction. These data illustrate a wide-spectrum mechanism of action of the coriander extracts: (1) direct scavenging of ROS; (2)
stimulation of transcription of antioxidants and detoxifying enzymes; (3) reversing alteration of lipid profiles; and (4) limiting the
inflammatory process. Given the range of this combined effect, coriander may represent a promising adjunct or complementary agent for
continued research regarding oxidative stress-related liver diseases. These results indicate a number of constraints of the study, albeit with
positive outcomes. One limitation in the present study is the lack of histopathological evaluation of liver tissues. Even though the
biochemical, antioxidant, molecular, and phytochemical results were consistent and consistently demonstrated protective effects of
Coriandrum sativum extracts against aluminum induced hepatic damage, a histopathological examination would provide additional
evidence of tissue level protection and overall structural integrity. Future studies should include histological analyses, like H&E staining
and a quantitative readout of hepatic lesions, to further validate the hepatoprotective benefits that were observed in this study. Second,
while the mRNA levels of the antioxidant genes were reported, protein levels and/or enzymatic activity were not examined. In order to
confirm transcriptional alterations at the protein level, future studies would benefit from Western blots or activity assays. Third, this study
dealt with acute aluminum exposure, therefore the chronic toxicity situation highlighted the potential of coriander extracts to be protective;
this remains to be explored. Fourth, the GC-MS analysis carried out in this study gave semi-quantitative information, mostly as relative
peak area percentages, not true absolute quantification of each phytochemical. So, when we compare the relative presence of compounds
between the methanolic and ethanolic extracts, the results should be read with caution, because it can be potentially misleading. Going
forward, future work that uses authentic reference standards along with calibration curves for absolute determination would be more
appropriate, it would measure phytochemical concentrations more reliably, and then, that should further reinforce the comparisons among
different extract types.

Fifth, besides oxidative stress, aluminum-induced hepatotoxicity appears to engage a set of linked cellular pathways, such as mitochondrial
malfunction, an inflammatory switch, ferroptotic processes, and apoptosis. When aluminum builds up inside the cells, it can damage
mitochondrial structure, and that, in turn, promotes excessive reactive oxygen species (ROS) and disturbs normal energy production. This
oxidative mismatch can also intensify lipid peroxidation and may steer the cell toward ferroptosis via iron-dependent mechanisms. On top
of that, aluminum has been described as boosting inflammatory mediators, including IL-1f3, TNF-a, and NF-xB, which then may worsen
liver damage. Also, when oxidative stress occurs together with inflammatory pressure, apoptotic signaling in hepatocytes can get turned
on. Even though these exact routes were not directly checked in the current work, the antioxidant responses that were seen, and the changes
in antioxidant-related gene expression after Coriandrum sativum extract treatment, hint that such pathways could partly explain the
hepatoprotective action. More mechanistic research will be needed to truly verify whether these pathways are involved, and how strongly
they contribute. Furthermore, the Pearson correlation analysis carried out in this study ought to be viewed as exploratory, kind of a first
sweep. Even though significant statistical associations were noticed among multiple biochemical and molecular parameters, using
correlation by itself cannot really show causality or prove mechanistic relationships. So, the patterns that were observed should be taken
with a bit of caution and later confirmed through additional future mechanistic studies. Finally, the study utilized whole-tissue
homogenates, which may mask cell-type specific gene regulation; therefore, future studies may have to use single-cell or
immunohistochemistry. In conclusion, this study clearly states that extracts of Coriandrum sativum L., especially the methanol fraction
containing either the seeds and/or aerial parts, significantly ameliorated aluminum-induced hepatotoxicity and oxidative stress via
biochemical improvements and modulation of antioxidant-related gene expression, which may help contribute to strengthened cellular
defense against oxidative stress, sort of indirectly, even if it is not always so straightforward, and return lipid metabolism to normal. These
results give experimental backing for how coriander is traditionally used, and yeah, they sort of point to its possible role as a nutraceutical



option for dealing with oxidative stress linked hepatic dysfunction, so in the end it looks promising and not just theoretical, and thus
suggests the use of coriander as a nutraceutical agent in the treatment of acute liver and metabolic disorders associated with exposure to
oxidative stress.

CONCLUSION

The current study demonstrated significant hepatoprotective effects, antioxidant, and lipid-lowering profiles of Coriandrum sativum L.
aerial part extracts, especially the methanol extracts. Various bioactive compounds, including phytosterols, fatty acids, and terpenes were
detected which was shown by GC-MS analysis that showed differences in the composition of methanol and ethanol extracts. The methanol
extract, which contained abundant Stigmastan-3,5-diene, Neophytadiene, and Oleic acid compounds, exhibited the highest biological
activity, likely due to its composition with a more diverse mixture of lipophilic and antioxidant compounds. The biochemical and
molecular analyses showed significant modifications of the hepatic laboratory indicators, increased oxidative stress, and lipid
abnormalities after exposing the animals to HD, followed by raised levels of liver enzymes, LDL cholesterol, and total cholesterol, while
antioxidant enzymes were suppressed. Coriandrum sativum L.: methanolic aerial and seed extracts significantly reduced the
pathological modifications. Notably, the amelioration of pathological conditions correlated with increased antioxidant gene expression
(SOD2, CAT, GPXI) and enhanced DPPH scavenging activity, as well as improvement in hepatic and lipid profiles. Flower plot
visualizations and hierarchical clustering revealed partial recovery of physiological parameters toward control values in the extract-treated
groups, with only ALT, LDL, and antioxidant markers returning to control levels, while ALP and total cholesterol remained elevated. The
correlation analysis, regarding physiological parameters alone, supported the mechanistic relationship between enhanced antioxidant
defense and improved metabolic status, illustrating the ability of these natural extracts to modulate oxidative stress pathways. Thus, the
extracts of aerial parts of Coriandrum sativum L., particularly methanolic extracts, may be well considered as natural therapeutic agents
for oxidative liver damage and hyperlipidemia. These findings enhance the evaluation of the further pharmacological activity of coriander-
based formulations for the prevention and treatment of hepatic and metabolic disorders.

Acknowledgements
Not applicable.

Authors’ contributions

The study was conceptualized and designed by M.R., with S.B. contributing equally to the experimental design and analysis. Laboratory
experiments were conducted collaboratively by A.M., and M.N., with equal contributions. All authors reviewed and approved the final
manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Funding Declaration
The research project that resulted in this article was not funded or supported by any external organization.

Consent for Publication
Not applicable.

Data availability
Data are provided within the manuscript information files.

Competing Interests
The authors state that they do not have any conflicts of interest.

Clinical Trial Number
Clinical trial number: not applicable.

REFERENCES

1. Niu Q. Overview of the relationship between aluminum exposure and human health. In: Neurotoxicity of Aluminum. 2023:1-32.

2. Edo G.I, Samuel P.O., Oloni G.O., Ezekiel G.O., Ikpekoro V.0., Obasohan P., et al. Environmental persistence, bioaccumulation, and ecotoxicology of heavy metals.
Chemistry and Ecology. 2024;40(3):322-349.

3. El-Demerdash F.M., Hussien D.M., Ghanem N.F., Al-Farga A.M. Bromelain modulates liver injury, hematological, molecular, and biochemical perturbations induced
by aluminum via oxidative stress inhibition. BioMed Research International. 2022;2022:5342559.

4. Rapti E., Adamantidi T., Efthymiopoulos P., Kyzas G.Z., Tsoupras A. Potential applications of the anti-inflammatory, antithrombotic and antioxidant health-promoting
properties of curcumin: a critical review. Nutraceuticals. 2024;4(4):562-595.

5. Prajapati]., Bhatt N., Rawal R. Hepatoprotective effects of phytochemicals and plant extracts against chemotherapy-induced liver damage in animal models: a systematic
review. Archives of Toxicology. 2025;99(3):887-914.

6. Pandey B., Baral R., Kaundinnyayana A., Panta S. Promising hepatoprotective agents from the natural sources: a study of scientific evidence. Egyptian Liver Journal.
2023;13(1):14.



10.
11.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Fatima G., Raza A.M., Dhole P. Heavy metal exposure and its health implications: a comprehensive review. Indian Journal of Clinical Biochemistry. 2026;41(2):152-
180.

Chaudhary P., Janmeda P., Docea A.O., Yeskaliyeva B., Abdull Razis A.F., Modu B., et al. Oxidative stress, free radicals and antioxidants: potential crosstalk in the
pathophysiology of human diseases. Frontiers in Chemistry. 2023;11:1158198.

Sokan-Adeaga A.A., Sokan-Adeaga M.A., Sokan-Adeaga E.D., Oparaji A.N., Edris H., Tella E.O., et al. Environmental toxicants and health adversities: a review on
interventions of phytochemicals. Journal of Public Health Research. 2023;12(2):22799036231181226.

Gantait S., Majumder J., Sharangi A.B. Biotechnology of medicinal plants with antiallergy properties: research trends and prospects. Singapore: Springer. 2024. 672 p.
Kiikner A., Soyler G., Toros P., Dede G., Merigli F., Isik S., et al. Protective effect of Coriandrum sativum extract against inflammation and apoptosis in liver
ischaemia/reperfusion injury. Folia Morphologica. 2021;80(2):363-371.

. Agarwal U., Kanupriya, Tonk R.K., Verma S. A comprehensive review of supernatural coriander herb (Coriandrum sativum): phytochemical insights, pharmacological

potential and future perspective. Phytochemistry Reviews. 2025:1-47.

. Afshari M., Pazoki A., Sadeghipour O. Biochemical changes of coriander (Coriandrum sativum L.) plants under drought stress and foliar application of salicylic acid

and silicon nanoparticles. Journal of Medicinal Plants and By-products. 2023;12(3):197-207.

. Hosseini M., Boskabady M.H., Khazdair M.R. Neuroprotective effects of Coriandrum sativum and its constituent, linalool: a review. Avicenna Journal of

Phytomedicine. 2021;11(5):436-446.

. Banerjee S., Sarkar K., Sil P.C. Coriander leaves and seeds (Coriandrum sativum). In: Medicinal Spice and Condiment Crops. CRC Press. 2024:225-263.
. Zambelli R.A. Chemical, functional, and nutritional properties of coriander (Coriandrum sativum). In: The Chemistry Inside Spices & Herbs: Research and

Development. Vol. 4. Bentham Science Publishers. 2024:19-43.

. Alqudah A., Qnais E., Sabi S.H., Bseiso Y., Gammoh O., Wedyan M. Effects of Coriandrum sativum seeds on memory, anxiety, depression, and sleep quality in

students: a randomized controlled study. Nutrition & Food Science. 2024;54(2):377-390.

. Hernandez-Almanza A., de la Fuente-Salcido N.M., Valenzuela-Gloria M., Cano-Gonzalez C.N., Contreras-Esquivel J.C. Nutritional and multi-therapeutic traits of

coriander (Coriandrum sativum) to enhance human health. In: The Role of Nutrition in Integral Health and Quality of Life. Apple Academic Press. 2024:183-214.

. Ismail F., Ismail W.U., Muhammad G., Hussain M.A., Zulfiqar Z. Phytochemistry, pharmacological attributes, and clinical evaluations of Coriandrum sativum: a

comprehensive review. Natural Product Communications. 2025;20(1):1934578X241312791.

Behrad Z., Sefidkon F., Ghasemzadeh H., Rezadoost H., Balandary A. Determination of phenolic compounds and antioxidant activities of 55 Iranian Berberis genotypes.
Journal of Medicinal Plants and By-products. 2023;12(2):181-189.

Ramadan M.M., El-Ghorab A.H., Ghanem K.Z. Volatile compounds, antioxidants, and anticancer activities of Cape gooseberry fruit (Physalis peruviana L.): an in vitro
study. Journal of the Arab Society for Medical Research. 2015;10(2):56-64.

Roy A., Khan A., Ahmad I., Alghamdi S., Rajab B.S., Babalghith A.O., et al. Flavonoids, a bioactive compound from medicinal plants and its therapeutic applications.
BioMed Research International. 2022;2022:5445291.

Chaudhry N., Tariq P. Bactericidal activity of black pepper, bay leaf, aniseed and coriander against oral isolates. Pakistan Journal of Pharmaceutical Sciences.
2006;19(3):214-218.

Keservani R.K., Tung B.T., Kesharwani R.K., Ahire E.D. Plant Metabolites and Vegetables as Nutraceuticals. Boca Raton: CRC Press. 2024.

Shahimoridi Y., Hassanzadazar H., Aminzare M. Antioxidant effects of chitosan coating containing Thymus fedtschenkoi Ronneger essential oil and thymol on the
chicken fillet during refrigeration. Journal of Medicinal Plants and By-products. 2024;13(Special):815-824.

Pérez-Ochoa M.L., Vera-Guzman A.M., Chavez-Servia J.L. Antioxidant compounds and activity of the medicinal plants Tagetes sp. and Clinopodium sp. from
indigenous communities in Mexico. Journal of Medicinal Plants and By-products. 2024;13(2):417-428.

Dini¢ S., Arambasi¢ Jovanovi¢ J., Uskokovi¢ A., Mihailovi¢ M., Grdovi¢ N., Toli¢ A., et al. Oxidative stress-mediated beta cell death and dysfunction as a target for
diabetes management. Frontiers in Endocrinology. 2022;13:1006376.

SuW.,Raza A, Gao A., Jia Z., Zhang Y., Hussain M.A., et al. Genome-wide analysis and expression profile of superoxide dismutase (SOD) gene family in rapeseed
(Brassica napus L.) under different hormones and abiotic stress conditions. Antioxidants. 2021;10(8):1182.

SardarR., Ahmed S., Akbar M., Yasin N.A., Li G. Alleviation of cadmium phytotoxicity in triacontanol treated Coriandrum sativum L. by modulation of physiochemical
attributes, oxidative stress biomarkers and antioxidative system. Chemosphere. 2022;295:133924.

Sakr S., Eisa H.S., Abbas M.A., Abdelrahman S.A., Khayal E.E.-S. Role of ethanolic Allium sativum extract in perfluorooctanoic acid-induced hepatotoxicity in adult
albino rats. Egyptian Society of Clinical Toxicology Journal. 2025;13(1):24-40.

Soostani S.B., Ranjbar M., Memarian A., Mohammadi M., Yaghini Z. Investigating the effect of chitosan on the expression of PSCS, PIP, and PAL genes in rapeseed
(Brassica napus L.) under salt stress. BMC Plant Biology. 2025;25(1):215.

Bigham Soostani S., Ranjbar M., Memarian A., Mohammadi M., Yaghini Z. Regulation of APX, SOD, and PAL genes by chitosan under salt stress in rapeseed (Brassica
napus L.). BMC Plant Biology. 2025;25(1):824.

Bigham Soostani S., Ranjbar M., Memarian A., Afshari M. Chitosan pre- and post-treatment modulates molecular and physiological responses to salinity in Brassica
napus L. Scientific Reports. 2025;15(1):28219.

Oyugi J.O. Analysis of Proximate, Micronutrients and Determination of Phytochemicals in Selected Medicinal Plants in Mbita-Homabay County [thesis]. Nairobi:
Kenyatta University. 2016.

Cheng L., Ji T., Zhang M., Fang B. Recent advances in squalene: biological activities, sources, extraction, and delivery systems. Trends in Food Science
& Technology. 2024;146:104392. https://doi.org/10.1016/].tifs.2024.104392.

Soogh E.H., Saghaei F. Comparison of the effects of hydroalcoholic extract of Dracocephalum kotschyi and silymarin on diclofenac-induced
hepatotoxicity in rats: inflammation signaling HMGB1, NLRP3, IL1B. Research Square. 2024. https://doi.org/10.21203/rs.3.rs-5403870/v1.
Rengasamy K.R., Mahomoodally M.F., Joaheer T., Zhang Y. A systematic review of traditionally used herbs and animal-derived products as potential analgesics.
Current Neuropharmacology. 2021;19(4):553-588.

Pandey A., Bigoniya P., Raj V., Patel K. Pharmacological screening of Coriandrum sativum Linn. for hepatoprotective activity. Journal of Pharmacy and Bioallied
Sciences. 2011;3(3):435-441.

Sreelatha S., Padma P., Umadevi M. Protective effects of Coriandrum sativum extracts on carbon tetrachloride-induced hepatotoxicity in rats. Food and Chemical
Toxicology. 2009;47(4):702-708.

Shahabuddin F., Naseem S., Alam T., Khan A.A., Khan F. Chronic aluminium chloride exposure induces redox imbalance, metabolic distress, DNA damage, and
histopathologic alterations in Wistar rat liver. Toxicology and Industrial Health. 2024;40(11):581-595.

Kadhim A., Ben Slima A., Alneamah G., Makni M. Assessment of histopathological alterations and oxidative stress in the liver and kidney of male rats following
exposure to aluminum chloride. Journal of Toxicology. 2024;2024:3997463.


https://doi.org/10.1016/j.tifs.2024.104392
https://doi.org/10.21203/rs.3.rs-5403870/v1

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

Pimpdo A.B., Teixeira-Santos L., Coelho N.R., Correia M.J., Morello J., Antunes A.M., et al. Biotransformation of ketamine in terminal in vivo experiments under
chronic intermittent hypoxia conditions and the role of AhR. Archives of Toxicology. 2025:1-10.

Toaima N.N., Mohsen E.M., Talaat LM., Shaaban M.A.A., Mahmoud R.A.E.-H. Assessment of thyroid gland status in children and adolescents with chronic liver
disease. Ain Shams Medical Journal. 2025;76(1):265-275.

Motamedi-Tehrani J., Peyghan R., Shahriari A., Razijalali M., Ebrahimi E. The influence of ammonia-N and salinity levels on oxidative stress markers, hepatic enzymes,
and acid phosphatase activity in Nile tilapia (Oreochromis niloticus). Scientific Reports. 2025;15(1):559.

Huang Z., Ren H., Dong L., Cai Z., Fang W., Wang X., et al. A modified method of total RNA isolation for mango leaf tissues. Bioscience Methods. 2023;14.
Vennapusa A.R., Somayanda LM., Doherty C.J., Jagadish S.K. A universal method for high-quality RNA extraction from plant tissues rich in starch, proteins and fiber.
Scientific Reports. 2020;10(1):16887.

Hussain A., Arif M.R., Ahmed A., Fiaz L., Zulfigar N., Ali M.Q., et al. Evaluation of leaves, flowers, and seeds of coriander (Coriandrum sativum L.) through microwave
drying and ultrasonic-assisted extraction, for biologically active components. Journal of Food Processing and Preservation. 2024;2024:2378604.

Abdelkader, A.F. and Nosair, H.R., 2018. Volatile oil production, proline, protein and DNA profile in three medicinal plants exposed to short-term drought stress.
Bangladesh Journal of Botany, 47(4), pp.975-983.Sharma M.K., Diwan A., Sardana S., Yadav N., Gupta T., Kumawat M.K. Isolation and characterization of cellulose
derived from prominent agricultural waste (sugarcane bagasse) and its utilization in various biomedical field. Journal of Applied Pharmaceutical Research.
2025;13(1):136-146.

Dania O.E., Dokunmu T.M., Iweala E.E.J. Comparism of bioactive components in hydroethanol extract of Corchorus olitorius and Amaranthus
hybridus leaves. Tropical Journal of Natural Product Research. 2024;8(8):8150-8154. https://doi.org/10.26538/tjnpr/v8i8.34.

Salem M.A., Khalil H.M., Manaa E.G., Bass A.K., Osama N., Samaka R.M., et al. Antioxidant potential of selected apiaceae plant extracts: a study focused on the
chemical composition and neuroprotective effect of Coriandrum sativum L. extract against lead (Pb)-induced neurotoxicity in rats. Biological Trace Element Research.
2025:1-22.

Kawata A., Murakami Y., Suzuki S., Fujisawa S. Anti-inflammatory activity of B-carotene, lycopene and tri-n-butylborane, a scavenger of reactive oxygen species. In
Vivo. 2018;32(2):255-264.

Mandal S., Mandal M. Coriander (Coriandrum sativum L.) essential oil: chemistry and biological activity. Asian Pacific Journal of Tropical Biomedicine. 2015;5(6):421-
428.

Al-Khayri J.M., Banadka A., Nandhini M., Nagella P., Al-Mssallem M.Q., Alessa F.M. Essential oil from Coriandrum sativum: a review on its phytochemistry and
biological activity. Molecules. 2023;28(2):696.

Scandar S., Zadra C., Marcotullio M.C. Coriander (Coriandrum sativum) polyphenols and their nutraceutical value against obesity and metabolic syndrome. Molecules.
2023;28(10):4187.

Shan Y., Jin S. Biosynthetic machinery to abiotic stress-driven emission: decoding multilayer regulation of volatile terpenoids in plants. Antioxidants. 2025;14(6):673.
Khanam S., Mishra P., Faruqui T., Alam P., Albalawi T., Siddiqui F., et al. Plant-based secondary metabolites as natural remedies: a comprehensive review on terpenes
and their therapeutic applications. Frontiers in Pharmacology. 2025;16:1587215.

Khazdair M.R., Moshtagh M., Anaeigoudari A., Jafari S., Kazemi T. Protective effects of carvacrol on lipid profiles, oxidative stress, hypertension, and cardiac
dysfunction: a comprehensive review. Food Science & Nutrition. 2024;12(5):3137-3149.

GuM.J., Ahn Y., Lee Y.R., Yoo G., Kim Y., Choi I, et al. Coriandrum sativum L. leaf extract ameliorates metabolic dysfunction-associated steatotic liver disease by
modulating the AMPK pathway in high fat-fed C57BL/6 mice. Nutrients. 2024;16(23):4165.

Msaada K., Ben Jemia M., Salem N., Bachrouch O., Sriti J., Tammar S., et al. Antioxidant activity of methanolic extracts from three coriander
(Coriandrum sativum L.) fruit varieties. Arabian Journal of Chemistry. 2017;10(Suppl. 2). https://doi.org/10.1016/j.arabjc.2013.12.011.

Nhut P., Quyen N., Truc T., Minh L., An T., Anh N. Preliminary study on phytochemical, phenolic content, flavonoids and antioxidant activity of
Coriandrum sativum L. originating in Vietnam. IOP Conference Series: Materials Science and Engineering. 2020;991(1):012022.
https://doi.org/10.1088/1757-899X/991/1/012022.

Anyanwu E., Nwachukwu J., Obasi K., Ekwueme P., Anyanwu C. Fisetin attenuates AIC13-induced neurodegeneration by modulating oxidative stress and inflammatory
cytokine release in adult albino Wistar rats. Toxicology Reports. 2024;13:101812.

Ghasemi H., Rostampour F., Ranjbar A. The role of oxidative stress in metals toxicity/mitochondrial dysfunction as a key player. Galen Medical Journal. 2014;3(1):2-
13.

Jomova K., Alomar S.Y., Nepovimova E., Kuca K., Valko M. Heavy metals: toxicity and human health effects. Archives of Toxicology. 2025;99(1):153-209.
Chupradit S., Bokov D., Zamanian M.Y., Heidari M., Hakimizadeh E. Hepatoprotective and therapeutic effects of resveratrol: a focus on anti-inflammatory and
antioxidative activities. Fundamental & Clinical Pharmacology. 2022;36(3):468-485.

MaS., Kang L., Gao Z., Pan Z., Huang L., Chen J., et al. Hepatoprotective effects of Citri reticulatae Pericarpium and Chaenomeles speciosa (Sweet) Nakai extracts in
alcohol-related liver injury: modulation of oxidative stress, lipid metabolism, and gut microbiota. Antioxidants. 2025;14(3):343.

Tripathi S., Kharkwal G., Mishra R., Singh G. Nuclear factor erythroid 2-related factor 2 (Nrf2) signaling in heavy metals-induced oxidative stress.
Heliyon. 2024;10(18). https://doi.org/10.1016/j.heliyon.2024.e37545.

Nathan D., Nathan H. Eat to Heal: Over 65 Simple, Stress-Free Recipes to Supercharge Your Health and Reduce Inflammation and Disease. Thread;
2020. 350 p.

Mishra B.B., Padmadeo S.R., Thakur K.R., Jha D.K., Vibhaw V., Kumar P., Kumar P. Hypoglycemic and antioxidative potential of Coriandrum
sativum seed extract in alloxan induced diabetic rats. Bioscience Biotechnology Research Communications. 2021;14(1):275-281.
https://doi.org/10.21786/bbrc/14.1/39.

Mishra B.B., Padmadeo S.R., Thakur K.R., Jha D.K., VyomeshVibhaw K.P., Kumar P. Hypoglycemic and antioxidative potential of Coriandrum sativum seed extract
in alloxan induced diabetic rats. Bioscience Biotechnology Research Communications. 2021;14(1):275-281.

Mahleyuddin N.N., Moshawih S., Ming L.C., Zulkifly H.H., Kifli N., Loy M.J., et al. Coriandrum sativum L.: a review on ethnopharmacology,
phytochemistry, and cardiovascular benefits. Molecules. 2022;27(1):209. https://doi.org/10.3390/molecules27010209.

Mahleyuddin N.N., Moshawih S., Ming L.C., Zulkifly H.H., Kifli N., Loy M.J., et al. Coriandrum sativum L.: a review on ethnopharmacology, phytochemistry, and
cardiovascular benefits. Molecules. 2021;27(1):209.


https://doi.org/10.26538/tjnpr/v8i8.34
https://doi.org/10.1016/j.arabjc.2013.12.011
https://doi.org/10.1088/1757-899X/991/1/012022
https://doi.org/10.1016/j.heliyon.2024.e37545
https://doi.org/10.21786/bbrc/14.1/39
https://doi.org/10.3390/molecules27010209

