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ABSTRACT: Metabolic syndrome (MetS) has become an increasing global health
problem, which leads to cardiovascular diseases and type 2 diabetes. Silybum
marianum extracts have been reported to possess several biological activities. In this
study, an ethyl acetate extract prepared from S. marianum seeds of the Iraqi
Kurdistan region was analyzed to identify its chemical constituents. Subsequently, its
potential for the prevention and treatment of MetS was studied in a rat model
induced by a high-fat/high-fructose diet (HFD/F). Silydianin and silychristin were
the most abundant flavonolignan constituents (39.4%) identified in the S. marianum
extract (SMEE). HFD/F-induced rats treated with SMEE exhibited preventive effects
including reduced serum triglyceride levels (TG), decreased glucose levels in an oral
glucose tolerance test (p < 0.001), attenuated weight gain, and reduced blood
pressure compared to the untreated control group. Therapeutic application of SMEE
after inducing MetS led to lowering of TG (p < 0.001) and glucose levels, in addition
to reducing weight gain and normalizing blood pressure (p < 0.005). Thus, S.
marianum extract rich in silydianin and silychristin may be useful for preventing and attenuating MetS, and further research and
clinical trials are warranted.
KEYWORDS: flavonolignans, metabolic syndrome, prevention, rat model, Silybum marianum, therapeutic

Metabolic syndrome (MetS) is described by a cluster of
symptoms including change in glucose metabolism, insulin
dysfunction, high blood pressure, dyslipidemia, and liver
steatosis.1−3 The syndrome is often associated with obesity1−3

and with increasing low-grade inflammation and oxidative
stress that lead to cardiovascular disorders.4 The prevalence of
this and related risk factors is estimated to rise in future
decades due to lifestyle factors.3 Globally, 25% of the adult
population is suffering from metabolic syndrome as estimated
by the International Diabetes Federation.5

According to the World Health Organization (WHO), the
fundamental diagnostic criteria for MetS included impaired
glucose tolerance, diabetes mellitus, and insulin resistance.6

The National Cholesterol Education Program Adult Treat-
ment Panel (NCEP ATP III) introduced updated guidelines,
requiring patients to fulfill three out of five criteria (increased
waist circumference, elevated triglycerides, reduced high-
density lipoprotein (HDL) cholesterol, elevated blood
pressure, and elevated fasting glucose) to be officially
diagnosed with MetS.7 Subsequently, the International
Diabetes Foundation (IDF) outlined the diagnostic criteria
for MetS as any two of the following factor: obesity, elevated
triglycerides, low HDL cholesterol, elevated blood pressure,
and impaired fasting glucose.8

The high-fat, high-fructose diet (HFD/F) has been
extensively studied and is implicated as a significant
contributor to the epidemic of MetS. It often leads to
excessive calorie consumption, which is a primary driver of
obesity, a central component of MetS;9 also, diets rich in
saturated fats can induce insulin resistance, elevated
triglycerides, and low-density lipoprotein (LDL) cholesterol,
which are components of MetS.10,11

The current management of metabolic syndrome by
therapeutic drugs is insufficient and accompanied by unwanted
side effects.12 Therefore, it is of great importance to explore
alternative approaches not only for the treatment of metabolic
disorders but even more importantly for its prevention. In this
regard, phytochemicals isolated from medicinal plants may be
effective.13
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Medicinal plants are favored in many communities due to
their cost-effectiveness and perceived safety.14 Moreover, the
WHO has advocated for the integration of natural remedies,
including medicinal plants, into healthcare systems, emphasiz-
ing their potential in enhancing treatment strategies.15 In
addition, nutraceuticals, food-derived natural products, have
been reported to have important biological activities with
preventive and therapeutic opportunities for a number of
diseases.16−20

Naturally occurring bioactive organic molecules isolated
from plants, animals, or microorganisms have inspired the
development of many drugs.21 In fact, about 50% of all modern
clinical drugs are estimated to be directly or indirectly derived
from natural products.22

Silybum marianum (L.) Gaertn (Asteraceae), commonly
known as milk thistle, is a medicinal plant traditionally used for
hepatoprotective and -therapeutic applications, e.g., for treating
alcoholic liver disease.23 In addition, it has been reported to
exhibit many other activities, including antimicrobial, anti-
cancer, cardioprotective, neuroprotective, and antidiabetic
effects.24,25 The main component of the plant is silymarin, a
mixture of flavonolignans (70−80%) found in the fruits and
seeds of Silybum marianum. The flavonolignans are composed
of silybin (50%, silybin (A and B), isosilybin (5%, isosilybin A
and B), silydianin (10%), and silychristin (20%); for structures,
see Figure 1). In addition, the plant contains flavanols, mainly

2,3-dehydrosilybin and taxifolin, and flavonols, including
quercetin and kaempferol (Figure 1).26 Silymarin is a
standardized extract of milk thistle fruits with silybin as its
major constituent.27

Several accessions of the plant S. marianum have been
reported in literature, e.g., from Canada, New Zeeland, Egypt,
Europe (Poland, Hungary, Bulgaria, Germany, Italy), Iran, and
USA.28 Our study is the first of its kind to be conducted on the
purple flower type of the Kurdistan-Iraqi origin of S. marianum.
A novel extract was prepared from S. marianum seeds, and

its main chemical constituents were identified and quantified.
Subsequently, its pharmacological effects regarding the
prevention and therapy of MetS induced in rats were
evaluated.

■ MATERIALS AND METHODS
Plant Material. The seeds of S. marianum, the purple

flower kind, were purchased from a local herbal market in
Erbil, Iraq, and the botanical authentication was performed in
the College of Agriculture, University of Salahaddin, by Dr.
Serwan Taha Al-Dabbagh. The collected fresh S. marianum
seeds of the Kurdistan region of Iraq were dried at room
temperature in the dark and ground to a fine powder by an
electric grinder (Avinas AV-120, Switzerland). A voucher
specimen (No. Naza1) was deposited at the herbarium of the

Figure 1. Polyphenolic compounds identified in silymarin, a commercialized S. marianum extract.
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Department of Pharmacognosy, College of Pharmacy, Hawler
Medical University, for future reference.
Preparation of the S. marianum Ethyl Acetate Extract

(SMEE). Powdered seeds of S. marianum (500 g) were treated
with petroleum ether (40−60 °C) at a ratio of 1:10 (w/v) by
ultrasonic-assisted extraction (200 kHz, 3h, 40 °C), and the
petroleum ether extract was discarded. The remaining plant
solid materials were soaked in a mixture of ethanol/water (7:3)
at a ratio of 1:10 (w/v) by ultrasonic-assisted extraction (200
kHz, 3h, 40 °C).29 The ethanolic extracts were combined and
filtered through a Whatman No.1 filter paper in a Buchner
funnel, and the filtrate was evaporated in a rotary evaporator at
40 °C, yielding 33.1 g of gummy materials. The resulting
mixture was redissolved in 10% aqueous ethanol (50 mL)
followed by liquid−liquid fractionation (10 × 50 mL) with an
equal volume of ethyl acetate in a separatory funnel. The
obtained extracts in ethyl acetate (SMEE) were concentrated
under a vacuum to obtain solid materials (14.7 g). The extracts
were kept at 4 °C until used for further investigations.
Liquid Chromatography−Mass Spectrometry (LC−

MS). Liquid chromatography−mass spectrometry (LC−MS)
analyses were performed on a 1260 Infinity II instrument with
a diode array detector and with an Infinity LC-MSD mass
detector with a single quadrupole equipped with electrospray
ionization (both Agilent, Germany). The quantification was
performed on a Nucleodur Gravity EC 50/23 μm (Macherey
and Nagel, Germany) equipped with a precolumn under
gradient elution (mobile phase: A = 5% acetonitrile, 0.1%
formic acid; B = 80% methanol, 0.1% formic acid; gradient: 0
min 30% B, within 12 min to 60% B, for 12−15 min 100% B,
flow rate 0.5 mL/min, t = 25 °C). The diode array detector
(DAD) data were acquired in the 190−600 nm range, with
sampling at 40 Hz and a response time of 0.013 s, and signals
at 220−600 nm were extracted; the injection volume was 4 μL.
This method was analogous to a previously described
procedure.30

Acute Toxicity Study. The ethyl acetate extract of S.
marianum seeds (SMEE) was investigated for acute oral
toxicity in accordance with the Organization for Economic
Cooperation and Development (OECD) guideline no. 423 for
testing chemicals.31 In brief, rats were selected randomly (n =
6) and fasted for 12 h prior to the experiment, and a single
dose of 2000 mg/kg of SMEE suspended in carboxymethyl-
cellulose (CMC) 1% was administered. The rats were observed
for development of any toxicity and gross behavioral changes
after 30 min and then every 2, 4, 8, 24, and 48 h.
In Vivo Assessment of Anti-MetS Potential. Exper-

imental Animals. Twenty-seven male albino rats (8 weeks old,
mean weight 150 ± 50 g) were obtained from the experimental
animal house, College of Pharmacy, Hawler Medical
University. The rats were housed in custom-made poly-
propylene cages (33 × 46 cm). The animal facility was well-
ventilated and maintained under conditions with a standard 12
h light/dark cycle at an environmental temperature of 22 ± 2
°C having 50−60% relative humidity. Rats were acclimatized
to the laboratory conditions for 1 week before experimentation
and provided with a normal diet (ND) and water ad libitum.
All experimental and animal management protocols were
approved by the College of Pharmacy, Hawler Medical
University ethics committee (code number HMU ECPH-
02112021-707) and complied with the guide for the care and
use of laboratory animals of the Institutes of Health, Kurdistan
region, Iraq. All efforts were made to minimize animal suffering

and to reduce the number of animals used to perform this
study.
Induction of Metabolic Syndrome. MetS was induced by

feeding the animals with a high-fat and high-fructose (HFD/F)
diet for 6 weeks ad libitum. The employed model was
according to a previously published work with minor
modification.32 The HFD/F diet (in weight percent)
contained approximately 60% fat, 20% proteins, and 20%
carbohydrates, and in addition to this diet, the drinking water
contained 10% dissolved fructose. Meanwhile the normal diet
contained 18% fat, 24% protein, and 58% carbohydrates. After
administration of the HFD/F diet, the induction of MetS was
confirmed by significant elevation of three or more of the
following parameters with respect to initial values: triglycerides
(TG), total cholesterol (TC), body weight (BW), fasting blood
sugar (FBS), diastolic blood pressure (DBP), and systolic
blood pressure (SBP). The rats showed significantly higher
average values for TG, BW, DBP, and SBP after MetS
induction compared with initial values (Figure 2).

Experimental Protocol. Five experimental groups were
established after 1 week of adaptation: (A) metabolic
syndrome control group (n = 5), (B and C) positive control
groups (n = 5), (D) preventive group (n = 6), and (E)
treatment group (n = 6), comprising 27 animals in total
(Figure 3). In the MetS control group (A), MetS was induced
and no treatment was administered. The preventive group (D)
received SMEE (200 mg/kg/day) for 3 weeks before HFD/F
was initiated. The treatment group (E) received SMEE (200
mg/kg/day) for 3 weeks after MetS induction, and the positive
control groups received metformin 100 mg/kg/day (B) or
atorvastatin 10 mg/kg/day (C) for 3 weeks after MetS
induction. The final measurements from the preventive groups
were compared with those from the control group at week 9,
whereas measurements from the treatment groups were
compared with those from the positive and negative control
groups at week 12.33

Treatments of the MetS Induced Rats. The plant seed
extract (SMEE), metformin, or atorvastatin (200, 100, and 10
mg/kg/day), respectively, was suspended in 1% carboxyme-
thylcellulose sodium salt (CMC; Awamedica) and adminis-

Figure 2. Induction of metabolic syndrome in rats by the HFD/F for
6 weeks. SBP, systolic blood pressure (mmHg); DBP, diastolic blood
pressure (mmHg); TC, total cholesterol (mg/dL); TG, triglycerides
(mg/dL); FBS, fasting blood sugar (mg/dL); BW, body weight (g).
Values are represented as mean ± SEM; ** p < 0.001 compared to
initial values.
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tered daily by oral gavage 30 min before the dark phase of the
circadian light/dark. The dose of S. marianum extract was
determined based on the acute toxicity study, whereas doses
for metformin and atorvastatin were chosen on the basis of the
literature.34

Biochemical Analysis. Blood samples from all animal
groups were analyzed for various biochemical parameters at
two time intervals. For the preventive study animal group, the
parameters were determined after week 9 of feeding, whereas
for the treatment study animal group, the parameters were
determined after week 12 of feeding. Blood was collected from
the retro-orbital sinus of 12 h fasting rats under mild anesthesia
with intraperitoneal injection (5 mg/kg of xylazine hydro-
chloride and 40 mg/kg of ketamine hydrochloride). Serum was

separated from clotted blood by centrifugation at 4000 rpm for
10 min and stored at −20 °C until it was analyzed for
biochemical parameters. Samples were analyzed for FBS, TG,
and TC levels using a Cobas analyzer (Cobas 6000 Analyzer
Roche) as previously reported.35

Oral Glucose Tolerance Test (OGTT). An oral glucose
tolerance test (OGTT) was conducted on week 9 of feeding
for the preventive rat group and on week 12 of feeding for the
treatment rat group. After 12 h of fasting, all groups were
administered glucose (2 g/kg) by gastric gavage. Blood
samples were collected from a small cut in the tail vein and
measured by a glucometer (STANDARD GlucoNavii/Home
Health UK) at 0, 30, 60, and 120 min. OGTT data are
expressed as the area under the curve (AUC).
Measurement of Body Weight. Body weight was measured

at the starting time, at the end of week 9 of feeding for the
preventive rat group, and at the end of week 12 of feeding for
the treatment rat group.
Measurement of Blood Pressure (SBP and DBP). Blood

pressure (SBP and DBP) was measured under the conditions
intended to minimize stress using the CODA Non-Invasive
Blood Pressure system. In a silent room, rats were warmed on a
warming platform of 38 °C for 20 min to dilate their veins. The
rats were put in an acrylic unrestricted breathing holder with
the platform heater on level 3 corresponding to 36−38 °C and
time set up for 5−6 h. Blood pressure was measured at the
starting time, then on week 9 of feeding for the preventive rat
group, and on week 12 of feeding for the treatment rat group
using an occlusive tail-cuff plethysmograph (Kent Scientific
Corporation model, United States). A sensor-type transducer
and cuff were placed 2 cm from the proximal end of the rat tail;
the potentiometer was then adjusted to stabilize the signal. The
SBP and DBP were measured as the average of 25 consecutive
measurements following a published procedure.36

Statistical Analysis. Statistical analysis of the results was
carried out using IBM SPSS software, Version 26. The
outcomes are presented as means ± SEM (standard error of
the mean) from the experiments. Post hoc comparisons were
performed using the Lilliefors and Shapiro−Wilk procedures,
with the significance determined by a p value less than 0.05.
The data were analyzed utilizing one-way ANOVA, paired
sample, and independent sample tests.

Figure 3. Schematic diagram of the experimental design. (A) HFD/F
(negative control): HFD/F was given for 6 weeks with no treatment
at any time. (B) Met (positive control): HFD/F was given for 6 weeks
followed by metformin (100 mg/kg/day) for 3 weeks. (C) Ato
(positive control): HFD/F was given for 6 weeks followed by
atorvastatin 10 mg/kg/day for 3 weeks. (D) SMEE/P (preventive):
SMEE (200 mg/kg/day) was administered for 3 weeks followed by
HFD/F for 6 weeks. (E) SMEE/T (treatment): HFD/F was given for
6 weeks followed by SMEE (200 mg/kg/day) for 3 weeks.
Comparisons were made with the negative control group at the end
of week 9 for the preventive groups or with the positive and negative
control groups at the end of week 12 for the treatment groups.

Figure 4. HPLC-DAD-UV chromatograms of the S. marianum seed ethyl acetate extract (SMEE). For assignment, see Figure 1 and Table 1. AU,
arbitrary units.
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■ RESULTS
Preparation of the S. marianum Ethyl Acetate Extract

(SMEE). The resulting dried solid material (SMEE, 14.7 g)
corresponded to 2.94% of the employed S. marianum seed
material (500 g). The SMEE contains a mixture of compounds
expected to be enriched in polyphenols of the plant S.
marianum, which are flavonolignans and flavonoids derived
from the taxifolin scaffold.
Liquid Chromatography−Mass Spectrometry (LC-MS)

Analysis. Qualitative and quantitative phytochemical analysis
of the S. marianum ethyl acetate extract (SMEE) was
conducted by liquid chromatography coupled to mass
spectrometry (LC−MS, Figure 4). SMEE was confirmed to
be rich in polyphenolic compounds, including flavonolignans
and flavonols (Table 1 and Figure 1). The polyphenol

constituents at the particular retention times (Rt's) were
identified using a previously developed protocol for the
separation of silymarin mixtures, and their molecular weights
were determined by mass spectrometry.30 The quantity of the
flavonolignans was estimated based on the area under the
curve (area %) using high-performance liquid chromatography
coupled to a diode array ultraviolet detector (HPLC-DAD-
UV). Among the identified constituents, silydianin and
silychristin B showed the highest concentration (39.4%)
followed by 2,3-dehydrosilybin and isosilybin A (12.3%) and
silychristin A (11.8%), whereas, surprisingly, silybin (A and B)
was found to amount to only 7.3%.
Acute Toxicity Study of the S. marianum Ethyl Acetate

Extract (SMEE). The animals showed normal behavioral,
neurological, and autonomic profiles at the high dose of tested
SMEE (2000 mg/kg). No mortality or sign of physiological
impairment was detected during the 48 h period of

observation; therefore, a 10-fold lower dose (200 mg/kg)
was selected for subsequent pharmacological studies.
Preventive Effect of the S. marianum Ethyl Acetate

Extract (SMEE). A potential preventive effect of the plant
extract was studied in healthy rats fed with healthy food for 3
weeks followed by feeding the rats with an HFD/F diet for 6
weeks. Only during the initial 3 weeks did the rats receive
SMEE (200 mg/kg/day) (Figure 5). The results indicated a
significantly lower triglyceride (TG) value (p < 0.05) in the
preventive SMEE/P group compared to the HFD/F control
group. At the same time, the oral glucose tolerance test
(OGTT) in the preventive treatment group showed signifi-
cantly lower blood glucose levels (p < 0.001) compared to the
control animals (HFD/F). The preventive group did not
significantly differ from the controls with regard to the total
cholesterol (TC) and fasting blood sugar (FBS) levels (Table
2).

Therapeutic Effect of the S. marianum Ethyl Acetate
Extract (SMEE). The therapeutic effect of the plant extract
(SMEE/T) was studied after 6 weeks in HFD/F fed rats.
Treatment was performed for 3 weeks (Figure 5). SMEE
significantly reduced the TG level (p < 0.001) in comparison
to the untreated control (HFD/F). Rats in the SMEE/T group
showed reduced glucose levels (OGTT) in comparison to the
untreated control (HFD/F) and also compared to the
metformin-treated group (p < 0.05 and p < 0.005, respectively)
(Table 3).
Effect of the S. marianum Ethyl Acetate Extracts on Body

Weight. The effect of the S. marianum extract on the body
weight is summarized in Figure 6. Daily food intake per cage
did not differ among groups. The percentage weight gain in the
preventive group SMEE/P was 11.1%, which is significantly
lower (p < 0.001) compared to the untreated HFD/F control
(24.2%). Rats in the treatment group SMEE/T showed a
significant decrease in weight gain in comparison with the

Table 1. Phytochemical Constituents of S. marianum Ethyl
Acetate Extract (SMEE) Determined by HPLC-(UV)-MS

peak
no. component Rt [min] [M − H]− area %

1 taxifolin 1.84 303 2.3
2 isosilychristin 4.18 481 7.0
3 silychristin A 5.27 481 11.8
4 and 5 silydianin and silychristin B 5.76 and

6.00
481 39.4

6 2,3-dehydrosilychristin 7.64 479 2.8
7 silybin A 9.82 481 1.6
8 2,3-dehydrosilydianin

& silybin B
10.36 479 and

481
5.7

9 2,3-dehydrosilybin
& isosilybin A

11.91 479 and
481

12.3

10 isosilybin B 12.26 481 10.4

Figure 5. Experimental design: preventive and therapeutic rat groups, SMEE/P and SMEE/T, respectively. ND, normal diet.

Table 2. Preventive Effects of the S. marianum Ethyl Acetate
Extract (SMEE) on MetS in Rats Measured at Week 9a

parameters HFD/F SMEE/P

OGTT
(AUC mg/dL/120 min)

7880.00 ± 1349.86 3109.67 ± 141.39**

TC (mg/dL) 68.37 ± 4.01 63.78 ± 2.89
TG (mg/dL) 100.04 ± 9.73 68.16 ± 4.05*
FBS (mg/dL) 86.60 ± 6.78 75.21 ± 3.6
aValues are represented as means ± SEM. OGTT, oral glucose
tolerance test; AUC, area under the curve; TC, total cholesterol; TG,
triglycerides; FBS, fasting blood sugar. **p < 0.001 vs negative control
group (HFD/F). *p < 0.05 vs negative control group (HFD/F).
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untreated control (p < 0.05) and both positive controls (Met
and Ato) (p < 0.005).
Effect of S. marianum Ethyl Acetate Extracts on Blood

Pressure. Blood pressure (SBP and DBP) was significantly
decreased (p < 0.001) in the preventive group SMEE/P
compared to the HFD/F control as shown in Figure 7A,B. Rats
in the treatment group SMEE/T also showed a significant
decrease in SBP and DBP compared to both positive controls
(Met and Ato) and to untreated HFD/F control groups
(Figure 7C,D).

■ DISCUSSION
MetS, a common disease with an increasing incidence
worldwide, involves hyperglycemia, insulin resistance, dyslipi-
demia, hepatic steatosis, obesity, and atherogenic events.
Genetic and environmental factors work together to induce the
onset of MetS.37 Long-term high-fat consumption is the
environmental component that has been reported to be the
main leading cause of MetS.38,39 Moreover, a diet rich in
fructose can lead to insulin resistance, hyperinsulinemia,
hypertriglyceridemia, and other symptoms of MetS in both
humans and experimental rats resulting in the development of
type 2 diabetes and cardiovascular diseases.40

In this study, we have prepared and characterized a novel S.
marianum seed ethyl acetate extract (SMEE). The preventive
and therapeutic effects of SMEE were investigated in vivo in a
MetS induced rat model. SMEE administration led to a
significant reduction in TG levels in rats with established MetS

compared to untreated MetS-induced rats. This outcome
aligns with the potential lipid-lowering effects of silymarin, as
reported in published studies.41,42 However, it is important to
note that the extent of TG reduction and the underlying
mechanisms may vary depending on the specific composition
of the extract.
In alloxan-induced diabetic rats, with a 5 week regimen of

silybin (200 mg/kg), a significant reduction in TG levels near
the level of those of healthy controls had been observed.43 The
mechanism behind the effects of silybin on TG is probably
through induction of the fatty acid β-oxidation pathway.
Additionally,24 it has been hypothesized that silymarin may
reduce the liver’s capacity to produce TG, and silymarin-
treated rats had lower plasma levels of TG compared to
hyperlipidemia and negative control animals.34,44

S. marianum extracts had previously shown antioxidant
activities by increasing the activity of antioxidant enzymes like
superoxide dismutase and catalase and increasing intracellular
and liver glutathione levels and scavenging free radicals,
thereby exerting hepatoprotective effects.45 In another study,
silymarin was found to improve renal function, and it protected
the liver and pancreas against protein damage without affecting
hyperglycemia in diabetic animals.46 Also, it was demonstrated
that this herbal plant can improve lipid profiles by decreasing
the oxidative stress parameters that are elevated in hyper-
cholesterolemia and by inhibiting lipid-peroxidation enzymes
through flavonolignan constituents.47

SMEE demonstrated preventive and therapeutic effects on
glucose levels, as evidenced by lower FBS levels and improved
results in OGTT. These findings are consistent with the
antidiabetic potential of S. marianum extracts observed in
previous studies.48,49 It is noteworthy that SMEE performed
well even in comparison to metformin, a well-established
antidiabetic drug. In addition, SMEE exhibited preventive
effects against weight gain in the preventive group and
therapeutic effects on lowering weight in the therapeutic
group. Weight management is a crucial aspect of MetS, and
similar effects have been reported for silymarin in preventing
obesity-related issues.50 Furthermore, the blood pressure-
lowering effects of SMEE align with the potential cardiovas-
cular benefits of silymarin constituents, which have been
reported in studies investigating its antioxidant and hepato-
protective properties.50

Silymarin, the main extract of S. marianum, has been
extensively investigated in the literature as documented in
recent reviews.51−54 However, these studies mainly focused on
silybin, the main component of silymarin, ignoring the effect of
other constituents.43 Additionally, the composition of silymar-
in is often unknown and can vary to a certain extent depending
on the chemovariety of the plant, climatic conditions during
plant growth, and processing conditions.

Table 3. Treatment Effects of the S. marianum Extract on MetS in Rats Measured at Week 12a

parameters HFD/F metformin (Met) atorvastatin (Ato) SMEE/T

OGTT (AUC mg/dL/120 min) 2690 ± 61.14 2825 ± 124.73 3048 ± 87.06 2236.33 ± 205.34*,#

TC (mg/dL) 76.14 ± 3.78 67.56 ± 4.14 72.48 ± 4.18 82.08 ± 5.41
TG (mg/dL) 63.18 ± 4.53 59.42 ± 8.17 40.06 ± 5.52 43.23 ± 3.34**
FBS (mg/dL) 60.40 ± 6.17 77.54 ± 8.14 79.82 ± 4.79 76.05 ± 3.65

aValues are represented as means ± SEM. OGTT, oral glucose tolerance test; AUC, area under the curve; TC, total cholesterol; TG, triglycerides;
FBS, fasting blood sugar. *p < 0.05 vs negative control group (HFD/F). **p < 0.001 vs negative control group (HFD/F). #p < 0.005 vs positive
control group (Met or Ato).

Figure 6. Effect of S. marianum extracts on the percent weight gain in
rats with induced metabolic syndrome. Values are expressed as mean
± SEM; * p < 0.05 and ** p < 0.001 vs untreated HFD/F control
group; # p < 0.005 vs positive (Met and Ato) control groups.
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Using an established LC−MS analysis protocol,30 the SMEE
prepared and investigated in the present study was found to be
rich in silydianin and silychristin (51.2%), whereas silybin was
found to be present in a much lower amount (<10%). It is
worth mentioning that all published studies on S. marianum
extracts have been focusing on silymarin that is rich in silybin
(50%).23−28,30,33,43−47,51−57 Our findings may hint at yet
unexplored effects of silydianin and silychristin, and therefore,
more research should be concentrated on these understudied
flavonolignans.
There is limited research specifically on silydianin and

silychristin in the context of MetS. However, these compounds
may share the same mechanisms of action of silybin, as they
belong to the same class of flavonolignans. Probably, their
expected antioxidant properties help to neutralize harmful free
radicals, reduce oxidative stress, enhance insulin sensitivity, and
protect against metabolic abnormalities.58 On the other hand,
they may exhibit anti-inflammatory properties by suppressing
the production of proinflammatory cytokines and enzymes that
help mitigate inflammation in MetS;59,60 at the same time, they
may affect lipid metabolism and help reduce LDL cholesterol
and TG levels.50

However, this study highlights the multifaceted therapeutic
potential of S. marianum, and more research and clinical trials
are needed to confirm the safety and efficacy of SMEE.
Additionally, it confirms that not only silybin but also other
silymarin constituents such as silydianin and silychristin should

be further investigated and could be key players in the
pharmacological activities of silymarin and other S. marianum
extracts.

■ CONCLUSIONS
In conclusion, an ethyl acetate extract of S. marianum seeds
(SMEE) rich in silydianin and silychristin (51.2%) showed
triglyceride-lowering effects, antihypertensive activity, positive
effects on body weight (reduction compared to controls), and
improved blood glucose levels in OGTT in both preventive
and therapeutic groups in MetS-induced rats. This study
highlights the effect of silydianin and silychristin among other
flavonolignans found in S. marianum and validates its
traditional use not only for the treatment but also for the
prevention of MeS. In future studies, silydianin and silychristin
deserve further investigation, as single molecules and in
combination, for the prevention and treatment of MetS-
associated disorders.
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