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Abstract

The medicinal plant Thymus saturejoides Coss, is traditionally used by the people of the Moroccan High Atlas for
a wide range of therapeutic indications, and is particularly recognized for its gastroprotective effects. However, despite
its widespread use in traditional pharmacopoeia, in vivo investigations dedicated to evaluating its gastroprotective
activities remain limited. This research aimed to examine the protective potency of the hydroethanolic extract of this
species against diarrhea. The hydroethanolic extract of the plant’s aerial parts was analyzed by HPLC. Swiss mice were
used as a castor oil-induced diarrhea model to assess antidiarrheal effects. Markers of intestinal oxidative stress were
evaluated photometrically. Hydroethanolic extracts of 7. saturejoides demonstrated a significant anti-diarrheal efficacy
in mice, with dose-dependent inhibition of symptoms (39.39% and 58.77% at 50 and 100 mg/kg respectively). These
effects were manifested by a decrease in intestinal motility and an improvement in the anti-diarrheal index. In addition,
the extract exerted a protective action against oxidative damage by reducing lipid peroxidation (MDA) and recovering
catalase and peroxidase activities. Histological analyses confirmed a dose-dependent protective effect, with almost
complete restoration of intestinal architecture at 100 mg/kg. Results underline the pharmacological potential of T.
saturejoides in the treatment of gastrointestinal disorders, combining antidiarrheal, antioxidant and mucosa-protective

properties.
Keywords: T. saturejoides, Antidiarrheal, In vivo, Oxidative stress, Castor oil, Polyphenol, Mice

Introduction

Diarrhea is associated with enteric infections and
inflammation. It is mainly characterized by a
disturbance in the absorption and/or secretion of fluids
and electrolytes in the intestine. [1]. Diarrhea is defined
by the WHO as having at least 3 loose or liquid stools in

a single day or having more bowel movements than
normal. Diarrhea is the third most common cause of
death for children aged less than 5 years, resulting in
approximately 444,000 deaths annually [2]. The main
causes of illness are the enteroaggregating bacteria
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Escherichia coli and Giardia lamblia [3]. Although
diarrhea is largely preventable and manageable, it
remains a major public health concern, primarily due to
the limitations and adverse effects associated with
conventional therapeutic strategies [4]. Antibiotic-based
treatments are known to disrupt the homeostasis of the
gastrointestinal microbiota [5], and the escalating
emergence of antibiotic-resistant strains further
underscores the urgent need for -effective and
sustainable alternative therapies [6]. These constraints
have stimulated increasing scientific interest in the
investigation of plant-derived medicinal interventions as
promising complementary or alternative approaches.

In Morocco, aromatic and medicinal plants play a
central role in traditional pharmacopoeia and are a major
resource for many local communities [7]. Among them,
the Thymus genus, belonging to the Lamiaceae family,
stands out for its specific richness, with over 200 species
widely distributed in the Mediterranean basin [§].
Morocco, renowned for its floral biodiversity [9], is
home to 15 species of this genus, including Thymus
saturejoides Cosson, known locally as “Zaitra” or
“Azkuni, an endemic species [10] particularly valued for
its medicinal uses. It is traditionally used to ameliorate
several disorders, particularly those of a digestive nature
[11-16]. Although widely used in folk medicine,
scientific investigations into its biological activity and
pharmacological effects remain limited. Most research
has focused on the in vitro evaluation of its antimicrobial
properties [17-21], while in vivo studies remain rare.

Accordingly, this work is concerned with assaying
for the first time the anti-diarrheal effect of 70%
hydroethanolic extracts of 7. saturejoides (HETS) from
the Central High Atlas of Morocco at an experimental
model of castor oil-induced diarrhea on mice.

Materials and methods

Plant material

The aerial parts of 7. saturejoides were harvested
in May 2024 from the Demnate region, located in the
Central High Atlas of Morocco, at an altitude of 1,446
m (31°38'00.4" N, 7°0823.6" W). The area is
characterized by a semi-arid climate, with winter
temperatures occasionally falling below 0 °C and
summer temperatures frequently exceeding 40 °C. From
a geological standpoint, this sector of the High Atlas is
dominated by a thick, folded Meso-Cenozoic

sedimentary cover that largely overlies the Paleozoic
basement. Moreover, the region displays a highly
heterogeneous  geological  substrate, comprising
limestone, clay, dolomite, marl, volcanic rocks, and
detrital formations [22]. The taxonomic identification of
the plant material was verified by Professor Rachid Ait
Babahmad (Department of Biology, Faculty of Sciences
Semlalia (FSS), Morocco), and a voucher specimen
(MARK-14871) was deposited in the Mark Herbarium
of FSS.

Extract preparation

The aerial parts of T saturejoides were dried in the
shade at ambient temperature. The 100 g of dry matter
powder was macerated in 70% ethanol for 72 h. The
solution was then filtered and vaporized under
diminished pressure at 40 °C. Next, the extract (Yield:
28.46%) was freeze-dried and stored in the dark at 4 + 1
°C.

Phytochemical analysis (HPLC-UV)

The bioactive compound profile of HETS (1
mg/mL) was investigated using chromatographic
separation on an EC NUCLEOSIL C18 column (5 pm,
100 - 250 mm x4.6 mm; Macherey-Nagel, Germany).
The analysis was carried out according to the method
described by Tikent ef al [23] with slight
methodological adaptations. The mobile phase consisted
of 2 solvents: Water-phosphoric acid (0.01%) (A) and
acetonitrile (B), starting with 5% B and using a gradient
to obtain 15% B at 3 min, 25% B at 13 min, 30% at 25
min, 35% at 35 min, 45% at 39 min, 30% at 25 min, 45%
at 42 min, 55% at 47 min, 75% at 56 min, 100% at 60
min, 100% at 65 min, 5% at 73 min and 5% at 80 min.
UV detection was performed at 280 nm. The injection
volume was 20 pL, and the flow rate was 0.9 mL/min.
The HPLC system is controlled by the HPLC software
Chrom NAV2.0 - JASCO. Sixteen reference standards
were  analyzed  separately  under  identical
chromatographic conditions, using 4 concentrations
ranging from 0 to 1 mg/mL to construct calibration
curves, with coefficients of determination (R?) ranging
between 0.995 and 0.998. Identification was performed
by comparing the retention times of detected peaks with
those of the corresponding standards.
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Animal

The experiments were conducted on male Swiss
albino mice weighing between 26 and 32 g (age 7
weeks), provided by the animal facility of the Biology
Department in FSS, Marrakech, Morocco, which were
adapted to the laboratory environment for 7 days before
experimentation under standard living conditions with a
12-hour light/dark cycle and unrestricted access to food
and water. All experimental procedures were carried out
within an academic research framework and in
accordance with the Guide for the Care and Use of
Laboratory Animals (8th ed., 2011) issued by the
National Institutes of Health (NIH, USA), and were
approved by the Institutional Ethics Committee of the
Faculty (approval number: BA-05/2025). The principles
of the 3Rs (Replacement, Reduction, and Refinement)
were strictly applied to minimize animal use and

suffering.

Oral acute toxicity test

The acute toxicity assay was carried out on 5
healthy mice, in accordance with the OECD guideline
for the limit test. After a week of acclimatization and a
4-hour fast, each mouse received 2,000 mg/kg of the
extract via gavage [24]. They were then closely
monitored for the first 4 h, followed by 14 days to detect
any signs of toxicity or behavioral changes.

Antidiarrheal activity

Castor oil-induced diarrhea

Twenty albino mice were used in this study. After
an 18-hour fasting period, during which they had free
access to water but no access to food, they were
arbitrarily assigned to 4 groups of 5 animals each. Group
1 was administered 0.5 ml of distilled water, while group
2 received Loperamide drug (2 mg/kg). The 3™ and 4%
groups received orally, and respectively, the 2 tested
doses (50 and 100 mg/kg) of the HETS [25]. One h after
treatment, each animal received 0.5 ml of castor oil by
gavage. The mice were then placed in cages lined with
white paper and assessed for diarrheal defecation during
a 4-hour period [26].

Gastrointestinal transit time
The charcoal protocol outlined by Capasso et al.
[27] was used to evaluate gastrointestinal transit. After

an 18-hour fast, the animals were given either

Loperamide, the HETS, or the vehicle. Each mouse was
given 0.2 mL of castor oil after 45 min. A charcoal meal
(0.5 mL of a 3% aqueous suspension in 0.5% gum
arabic) was given orally 30 min later. Thirty min
following this final administration, the mice were
sacrificed. As soon as the abdominal cavity was opened,
the small intestine was extracted. Using the method of
Rao et al. [28], the distance covered by charcoal from
the pylorus to the cecum was determined as follows:

Intestinal propulsion % = (d/D)x100

where, “d” is the distance travelled by the charcoal meal
in suspension, “D” is the total length of the small
intestine.

The inhibition of motility was measured according the

following equation [29]:
Inhibition % = ~— x 100

where, H is the average distance in the treated group,

and T is the average distance in the control group.

Anti-diarrheal index

The anti-diarrheal index (ADI) was calculated
based on the data obtained from the castor oil-induced
diarrhea test, the charcoal meal gastrointestinal motility
test, and the number of wet stools. The ADI was
determined using the formula described by Than ef al.
[30]:

ADI =3/Dfreq x Gmeq X Pfreq
where [5]:

Dfreq =

Onset of diarrhea inminute of the (test—control)groupe

Onset of diarrhea inminute of the control groupe

100

Gmeq =

Distance travelled by the characol marker in (control—test)groupe

Distance travelled by the characol marker in the control groupe

100
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Pfreq =

Mean number of wet stool of the (control—test)groupe

X 100

Mean number of wet stool of the control groupe

Oxidative stress markers and antioxidant
engymes

Malondialdehyde level

The quantity of intestinal tissue (50 - 100 mg) was
homogenized in 1 mL of 10% TCA (W/V) and 1 mL of
90% acetone (V/V). The broth was centrifuged at 8,000
g for 15 min. 0.5 mL 0.1% (V/V) H3PO4 and 0.5 mL
0.6% (W/V) TBA were combined with 250 pL of
supernatant. Following 30 min of incubation at 100 °C,
the reaction was finished using an ice bath. and 0.75 mL
of 1-butanol was added. A second centrifugation at
8,000 g was carried out to recover the butanol layer. The
absorbance was read at 532 and 600 nm [31].

Catalase activity (CAT)

Samples of intestinal tissue were ground in cold
PBS (pH 7.4), and the extracts were centrifuged for 15
min at 10,000xg. The supernatants obtained were used
for the enzymatic assay. The reaction solution consisted
of 1.0 mL of PBS (0.01 M, pH 7.0), 0.1 mL of tissue
extract, and 0.4 mL of hydrogen peroxide 1 M.
dichromate-acetic acid (2.0 mL) was used to stop the
reaction.

Catalase activity was determined calorimetrically
at 620 nm and presented in pmol of H>O, disintegrated
per minute per gram of fresh tissue [32].

Peroxidase activity

PBS (pH 7.4) was used to homogenize 100 mg of
intestinal tissue in order to calculate peroxidase activity
(POD). At 4 °C, the extract was centrifuged for 10 min
at 12,000xg. The assay was conducted in a
spectrophotometric cuvette that contained 0.1 mL of the
enzyme extract, 2.9 mL of PBS (pH 7.4), 0.5 mL of
guaiacol (0.05 M), and 0.5 mL of H,O; (0.03%). The
absorbance was Dignified at 470 nm for 5 to 10 min
[32].

Histological assessment
Intestinal tissues were fixed in formalin solution
(10%) for 48 h, then dehydrated using a series of ethanol

grades, embedded in paraffin wax, and sectioning into 5

pm slices. The sections were stained with hematoxylin
and eosin.

Statistical analysis

The mean + SEM (standard error of the mean) was
used to calculate the results. For statistical analysis,
GraphPad Prism 8 software was used to conduct a 1-way
analysis of variance (ANOVA) with a Tukey post-hoc
test. At p-values below 0.05, differences were deemed

statistically significant.

Results and discussion

HETS was evaluated for the first time in this study
for its antidiarrheal properties using castor oil-induced
diarrthea and gastrointestinal motility assays. These
investigations were motivated by the traditional use of
T. saturejoides, commonly prepared as an aqueous
decoction to treat digestive ailments. To optimize the
extraction of bioactive compounds, the present study
employed a hydroethanolic extract containing 70%
ethanol, which yielded a high extraction efficiency
(28.46%), markedly exceeding that previously reported
for the aqueous extract [33]. This choice is justified by
the fact that ethanol concentration is a key factor
influencing extraction yield, with increasing ethanol
proportions up to 70% significantly enhancing
extraction efficiency [34]. Hydroethanolic solvents with
higher ethanol content exhibit an improved capacity to
solubilize both polar and non-polar compounds, thereby
promoting a more comprehensive recovery of bioactive
molecules [34-36].

This superiority was further substantiated by
HPLC-UV analysis (Table 1 and Figure 1), which
revealed a phytochemical profile dominated by
flavonoids and phenolic acids, with the identification of
4 major bioactive compounds: Rutin (184.32 ug/mL), p-
coumaric acid (173.70 pg/mL), vanillic acid (138.94
pg/mL), and trans-ferulic acid (71.08 pg/mL). These
compounds are widely distributed in medicinal plants
and are well recognized for their broad biological
activities [37]. Rutin, a flavonoid glycoside, exhibits
antioxidant,  anti-inflammatory, anti-ulcer, and
vasoprotective properties and has been associated with
gastrointestinal protection through the modulation of
inflammatory mediators [38,39]. p-Coumaric acid, a
hydroxycinnamic acid, is known for its free radical

scavenging, anti-inflammatory, and antimicrobial
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activities, as well as its role in maintaining intestinal
[40,41].
antioxidant, anti-inflammatory, hepatoprotective, and

barrier function Vanillic acid exerts
gastroprotective effects by attenuating oxidative stress
and inflammatory responses [6,7,42,43], while ferulic
acid displays potent antioxidant and anti-inflammatory
properties and contributes to mucosal defense by
inhibiting lipid peroxidation and preserving intestinal
epithelial integrity [44-46]. In addition to these
identified constituents, the chromatographic profile
revealed several unresolved peaks that could not be

unequivocally assigned due to the lack of appropriate
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reference standards, which represents a limitation of the
present study and suggests the presence of additional
bioactive compounds that may contribute to the
observed antidiarrheal activity through individual or
effects. Notably, the
composition obtained here differs from that reported for

synergistic phytochemical
the aqueous extract by Khouya ef al. [33], underscoring
the influence of solvent polarity on both the qualitative
and quantitative extraction of secondary metabolites
and, consequently, on the resulting biological activity.
The characteristics of the chromatographic peaks

numbered 1 to 8 are presented in Table 1.
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Figure 1 Chromatographic profile of 70% hydroethanolic extract of 7. Saturejoides.

Table 1 Chromatographic parameters of the main compounds detected by HPLC-UV.

Compound Compound name  RT (min) Area (uV-s)  Height (uV) Concentration % of total
number (ng/mg) area
1 NI 9.37 579.82 17.95 NQ 10.65%
2 Vanillic acid 12.80 475.87 18.06 138.94 8.74%
3 Trans-ferulic acid 15.40 997.95 38.43 71.08 18.33%
4 p-Coumaric acid 18.60 334.06 12.52 173.70 6.14%
5 Rutin 19.30 978.13 27.99 184.32 17.97%
6 NI 21.10 714.44 16.42 NQ 13.13%
7 NI 26.20 1084.05 21.71 NQ 19.91%
8 NI 47.10 339.90 11.33 NQ 6.24%
Total - 5442.22 - - 100.00%

RT: Retention times, NI: Not identified, NQ: Non-quantified.

An acute toxicity test was conducted to evaluate
the safety of HETS. During the 4 h’ observation period

following oral administration of 2,000 mg/kg, no

mortality or signs of severe toxicity (vomiting, dyspnea,
or altered respiration) were observed in treated mice

compared to controls. Behaviors such as urination,
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grooming, and licking were present at similar levels in
both groups (Table 2), indicating the absence of
abnormal behavioral responses. No mortality was
observed during the 14-day follow-up period. These

findings, which are consistent with those reported by
Khouya et al. [24] using the crude extract of the same
species, suggest that the extract does not induce acute
toxic effects at the tested dose.

Table 2 Behavioral and physiological parameters observed in mice after administration of HETS (2,000 mg/kg).

Signs HETS 2,000 mg/kg Control
Mortality - -
Defecation - -
Urination ++ ++
Grooming +++ +++
Licking ++ ++

Grooming (alt)

Respiration

Dyspnea

Vomiting

(-) no activity; (+) increasing activity intensity.

Our results demonstrate that the hydroethanolic
extract of Thymus saturejoides (HETS) exerts a
significant antidiarrheal effect in established in vivo
models (Table 3). In the castor oil-induced diarrhea
assay, HETS markedly reduced both the frequency and

weight of wet stools in a dose-dependent manner, with

inhibition rates of 39.39% and 58.77% at 50 and 100
mg/kg, respectively. Although Loperamide showed the
highest inhibitory effect (73.48%), the activity of HETS,
particularly at 100 mg/kg, indicates a strong
pharmacological potential and supports its traditional

use in gastrointestinal disorders.

Table 3 The effect of hydroethanolic extract of 7. Saturejoides on the castor oil-induced diarrhea model.

Types of treatment OD (min) NWF WWF (g) % ID
NC 20 +2.94° 24 + 3 .46 2.32+0.19° -
HETS 50mg/Kg 21+0.82° 14.33 +0.58° 0.91+0.12° 39.39 +0.09°
HETS 100mg/Kg 29 +4.55b 10 £ 3.00° 1.40 + 0.25° 58.77 + 0.08°
LOP 38 + 6.24° 6.33 +1.15¢ 1.29+0.12° 73.48 + 0.05¢

OD: Onset of Diarrhea; NWF: Number of Wet Feces; WWF: Weight of Wet Feces; % ID: Percentage Inhibition of
Diarrhea, NC: Negative Control; HETS: Hydroethanolic Extract of 7. Saturejoides; LOP: Loperamide Drug. Values are
presented as mean =+ SEM (n = 5). Different letters (a, b, ¢) within the same column indicate statistically significant

differences at p < 0.05.

The antidiarrheal efficacy observed in the castor
oil model was further corroborated by the charcoal meal
test, where HETS
gastrointestinal motility (Table 4), The extract reduced

significantly  attenuated

the intestinal transit progression to 69.25% and 71.49%

at 50 and 100 mg/kg, corresponding to motility
inhibition rates of 30.75% and 28.51%, respectively.
This reduction is comparable to that induced by
loperamide (71.12%), suggesting that HETS may exert
its antidiarrheal action, at least in part, through
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modulation of intestinal motility. Since castor oil-
induced diarrhea is closely associated with enhanced

intestinal secretion and hypermotility mediated by

ricinoleic acid, the dual inhibitory effect of HETS on
stool output and intestinal transit highlights a broad

antidiarrheal profile.

Table 4 Effects of hydroethanolic extract of 7. Saturejoides on gastrointestinal transit in castor oil-induced diarrhea.

Types of The total length of Length of intestine marked PI (%) Inhibition of
treatment the intestine (cm) with charcoal (cm) motility (%)
NC 45.10 £ 1.56 39.65 +3.32° 87.84 £ 0.04° 12.16 + 0.04°

HETS 50mg/Kg 49.00 + 1.41 34.00 + 5.66* 69.25 +0.10° 30.75+0.10°
HETS 100mg/Kg 4525 +5.30 32.50 £ 6.36% 71.49 £ 0.06° 28.51+0.06°
LOP 50.30+ 11.31 14.55 + 3.46° 28.88 + 0.00° 71.12 £0.00°

NC: Negative control; HETS: Hydroethanolic extract of 7. Saturejoides; LOP: Loperamide drug. PI: The progression

index. Values are presented as mean +£ SEM (n = 5). Different letters (a, b, ¢) within the same column indicate statistically

significant differences at p < 0.05.

To provide an integrative assessment of
antidiarrheal efficacy, the Antidiarrheal Index (ADI)
was calculated (Table 5), combining effects on diarrhea
onset, stool frequency, and intestinal transit. HETS
displayed a clear dose-dependent increase in ADI
values, reaching 42.29 at 100 mg/kg, compared with
18.49 at 50 mg/kg. Although this value remains lower
than that of Loperamide (77.76), it reflects a pronounced
antidiarrheal activity for a plant extract administered at

a relatively low dose.

Notably, the ADI value obtained for HETS at 100
mg/kg (ADI = 42.29) is substantially higher than that
reported for the methanolic leaf extract of Olinia
rochetiana administered at the same dose (ADI =
20.08). Moreover, the antidiarrheal performance of
HETS at 100 mg/kg is comparable to that of O.
rochetiana methanolic extract at 200 mg/kg (ADI =
43.06) [5]. This finding indicates that HETS achieves
similar therapeutic efficacy at half the dose, suggesting
a higher pharmacological potency and a more favorable
efficacy-dose relationship.

Table 5 In vivo anti-diarrheal index of hydroethanolic extract of 7. Saturejoides.

Dfreq (%) Gmeq (%) Pfreq (%) ADI

LOP 91.67 73.48 77.76
HETS 50mg 5.00 40.28 18.49
HETS 100mg 45.00 58.33 42.29

Dfreq: Delay in the onset of diarrhea, Gmeq: Reduction in intestinal transit, Pfreq: Reduction in the number of wet stools,
ADI: in vivo Anti-Diarrheal Index, LOP: Loperamide drug, HETS: Hydroethanolic extract of T. Saturejoides.

When compared with other species of the genus
Thymus, the antidiarrheal activity of HETS remains
consistent with previously reported data, while
exhibiting some distinctive features. For instance, the
aqueous extract of Thymus algeriensis showed
inhibition rates of 71.9% and 68.62% at 50 and 100
mg/kg, respectively [47]. Although these inhibition
percentages are higher than those observed for HETS in
the present study, differences in extraction solvent,

phytochemical  composition, and  experimental

conditions may account for this variability. Importantly,
the hydroethanolic solvent used in this study is known
to efficiently extract a broader spectrum of bioactive
compounds, which may act synergistically to produce
the observed antidiarrheal effects.

This functional activity aligns with the
pharmacological processes underlying castor oil-
induced diarrhea. Ricinoleic acid, the active metabolite
of castor oil, activates prostaglandin EP3 receptors and
the nitric oxide (NO) pathway, triggering intestinal
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hypersecretion and hypermotility. The antioxidant and
anti-inflammatory properties of HETS may counteract
this overstimulation, thereby reducing diarrheal output
and improving intestinal function [48].

On a mechanistic level, this activity is further
supported by the extract’s anti-inflammatory
constituents. Rutin likely contributes substantially by
inhibiting the NF-kB and MAPK signaling pathways,
leading to decreased expression of COX-2 and iNOS
and to reduced secretion of key pro-inflammatory
cytokines, including TNF-a, IL-6 and IL-8 [49]. Other
phenolic compounds may act synergistically: p-
coumaric acid suppresses TNF-a and IL-6 [50], vanillic
acid reduces TNF-a and IL-8 [42], and ferulic acid limits
NF-kB activation and COX-2/PGE, expression [51].
This coordinated modulation of inflammatory mediators
likely contributes to preserving epithelial barrier
integrity and reducing mucosal permeability.

Overall, the findings suggest that the antidiarrheal
effect of 7. saturejoides extract is mediated through a
multifaceted mechanism involving the modulation of
oxidative, inflammatory, and motility-related pathways.
Histological examination further substantiated the
protective effects of HETS against castor oil-induced
intestinal injury (Figure 2). Treatment with 50 mg/kg

produced moderate preservation of the mucosal

architecture (Figure 2(D)), characterized by partially
maintained villous structures and a modest reduction in
inflammatory infiltration. In contrast, administration of
100 mg/kg resulted in an almost complete restoration of
intestinal morphology (Figure 2(E)), as evidenced by
elongated and well-organized villi, an intact epithelial
lining, and markedly reduced inflammation. This dose-
dependent improvement confirms the extract’s ability to
preserve mucosal integrity and attenuate tissue injury.
At the higher dose, HETS provided protection
comparable, and in some aspects superior, to
Loperamide (Figure 2(C)), notably in restoring villous
height and reducing inflammatory lesions, highlighting
its therapeutic potential against diarrheal disorders.

Overall, the histological findings provide clear
visual support for the biochemical and functional
outcomes. Whereas castor oil caused severe villous
atrophy, mucosal erosion, and pronounced
inflammatory infiltration, HETS treatment mitigated
these alterations and preserved the structural integrity of
the mucosa. This protection likely reflects the combined
antioxidant,  anti-inflammatory, @ and  motility-
modulating actions of the extract, which collectively
contribute to maintaining epithelial stability and limiting
the progression of intestinal damage.

Figure 2 Histological features of small intestine segments stained with hematoxylin and eosin (x100); (A) Normal
control, (B) Negative control, (C): Loperamide drug, (D) HETS 50 mg and (E) HETS 100 mg.

The evaluation of oxidative stress markers in
intestinal tissues revealed pronounced alterations
following castor oil administration and their modulation
by loperamide and HETS treatment (Figure 3).
Compared with the negative control (NC), the

Loperamide (LOP) group exhibited a significant
reduction in malondialdehyde (MDA) levels (p <
0.001). Treatment with HETS at 50 and 100 mg/kg
further decreased MDA concentrations in a clear dose-
dependent manner (p <0.01 and p < 0.001, respectively)
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(Figure 3(A)). In parallel, catalase (CAT) activity was
significantly increased in the LOP group (p < 0.01) and
remained markedly elevated in mice treated with HETS
at both doses (p < 0.01 and p < 0.05), although to a
slightly lower extent than in the LOP group (Figure
3(B)). By contrast, peroxidase (POD) activity followed
a non-linear pattern: While LOP induced a strong
increase (p < 0.001), HETS at 50 mg/kg produced the
highest POD activity among all groups (p < 0.001),
whereas the 100 mg/kg dose led to a significant
reduction in POD activity (Figure 3(C)).

These findings suggest that oxidative stress may
represent a potential mechanistic contributor to castor
oil-induced diarrhea. The elevation of MDA levels,
combined with alterations in antioxidant enzyme
activities, reflects a disturbed redox balance that may
compromise intestinal mucosal integrity and favor tissue
damage [52]. The ability of HETS to markedly reduce
lipid peroxidation and enhance CAT activity supports
the involvement of antioxidant-related mechanisms in
its protective effect. The dose-dependent inhibition of
MDA further indicates an effective attenuation of
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oxidative injury at higher extract concentrations. The
non-linear response observed for POD activity may be
indicative of a hormetic effect, in which moderate doses
of plant-derived bioactive compounds optimally
stimulate antioxidant enzymes, whereas higher doses
trigger regulatory feedback mechanisms, enzyme
saturation, or reduced enzymatic demand due to more
efficient suppression of oxidative stress. Similar
biphasic responses of antioxidant enzymes have been
widely reported for phenolic-rich plant extracts, lending
support to this interpretation [53].

Taken together, these findings show that HETS
effectively counters oxidative imbalance by reducing
MDA levels and modulating antioxidant enzymes,
suggesting activation of the Nrf2/HO-1 signaling
pathway, a central regulator of cellular antioxidant
responses. This effect is likely attributable to the
extract’s rich polyphenolic profile, particularly rutin,
well-known for its potent antioxidant activity [54-56],
as well as p-coumaric, vanillic, and ferulic acids, which
may act synergistically to neutralize ROS and prevent

lipid degradation [42,50,51,57].

o
o

POD (nmol of oxidized gayacol mg*'FM min™")

(CAT), and (C) pyroxydase (POD) levels.

NC: Negative control, LOP: Loperamide drug, HETS: Hydroethanolic extract of 7.Saturejoides. Values are presented as

mean + SEM, *: p <0.05; **p <0.01; ***: p <0.001.

In summary, the anti-diarrheal activity of HETS

may involve a combination of complementary
mechanisms. The observed attenuation of oxidative
damage suggests a possible involvement of antioxidant
pathways, potentially related to Nrf2/HO-1 activation,
while the reduction of inflammatory markers may
hypothetically reflect modulation of NF-kB and MAPK

signaling. In addition, the regulation of intestinal

motility could be partly associated with prostaglandin-
and NO-mediated pathways, and the histological
findings indicate a protective effect on the intestinal
mucosa. Although these mechanistic interpretations
remain speculative and were not directly investigated in
the present study, the overall findings support the
pharmacological relevance of this plant and are
consistent with its traditional use in the management of
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conditions associated with oxidative stress and Supervision.
inflammation.
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