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Abstract: Polycystic ovary syndrome (PCOS) and diabetes mellitus (DM) are prevalent
endocrine disorders with overlapping pathophysiological mechanisms. Type 2 diabetes
mellitus (T2DM) is commonly associated with PCOS, with both conditions strongly linked
to insulin resistance (IR), while recent studies have also reported an increased prevalence
of PCOS among women with type 1 diabetes mellitus (T1DM). This study evaluated the
potential of Lythrum salicaria L. ethanol extract (LSEE) to mitigate oxidative stress (OS),
inflammation, and metabolic and hormonal imbalances in separate experimental models of
Streptozotocin (STZ)-induced DM and Letrozole (LET)-induced PCOS. LSEE underwent
phytochemical analysis to quantify total phenolic and flavonoid content and HPLC-MS
for polyphenols identification. In vitro, antioxidant capacity was investigated through
FRAP, DPPH, NO, and H,O; scavenging assays. Subsequently, in vivo, studies utilized
STZ-induced DM and LET-induced PCOS rat models, with 10-day treatments of LSEE,
metformin, or trolox (TX) administered by gavage. Dysregulation of hormonal profiles,
ultrasound, and histological examinations confirmed PCOS development. At the end of
the treatment period, serum samples were collected to assess OS markers (TOS, OSI, MDA,
AOPP, 8-OHdG, NO, 3-NT, AGEs, TAR, SH) in both models. Inflammatory markers were
also measured (IL-1p, NF-kB, IL-18, and Gasdermin D in DM and IL-13, NF-«kB, IL-18, and
IL-10 in PCOS). Additionally, metabolic markers (glucose, lipids, TG-glucose index, liver
enzymes) were assessed in DM rats, and hormones (LH, FSH, estrogen, testosterone, insulin,
HOMA-IR) were determined in PCOS rats. LSEE demonstrated a high polyphenolic content
and notable in vitro antioxidant activity. In vivo, it effectively reduced OS by lowering
oxidant levels and enhancing antioxidant defenses, reduced inflammatory markers and
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blood glucose levels, and improved lipid profiles along with the TyG index and liver
injury markers in diabetic rats. In PCOS rats, LSEE lowered the total oxidants, increased
antioxidants, reduced LH, FSH, testosterone, and insulin, and increased estrogen levels. The
effects exhibited a dose-dependent pattern, with higher doses producing more pronounced
benefits comparable to those observed with metformin and TX. In conclusion, LSEE may
be a promising complementary treatment for DM and PCOS.

Keywords: Lythrum salicaria L.; diabetes mellitus; polycystic ovary syndrome; oxidative
stress; inflammation; insulin resistance

1. Introduction

Diabetes mellitus (DM) represents a chronic metabolic disorder marked by impaired
glucose regulation, resulting from either absolute or relative insulin deficiency, encompass-
ing both type 1 (T1DM) and type 2 (T2DM) diabetes. Its prevalence has risen dramatically
over recent decades, causing a major public health challenge with devastating complica-
tions [1].

Polycystic ovary syndrome (PCOS) is a heterogeneous endocrine disorder charac-
terized by ovulatory dysfunction, hyperandrogenism, and polycystic ovarian morphol-
ogy. Its pathophysiology is complex and multifactorial, involving dysregulation of the
hypothalamic—pituitary—ovarian axis, insulin resistance (IR), and genetic predisposition.
PCOS affects an estimated 5-15% of women of reproductive age worldwide [2,3].

PCOS and DM, particularly type 2 DM, exhibit a complex bidirectional relationship
characterized by shared pathophysiological mechanisms, with IR serving as a central
link. In patients with TIDM, delayed puberty in adolescents and a higher prevalence of
hirsutism and PCOS features have been observed. It is hypothesized that exogenous insulin
therapy in T1DM, which bypasses hepatic first-pass metabolism and leads to elevated
systemic insulin levels, may contribute to ovarian hyperandrogenism by stimulating theca
cells androgen direct or indirect release [4,5]. Insulin has been shown to act as a co-
gonadotropin, enhancing steroidogenic responses to gonadotropins and promoting ovarian
cyst formation in experimental models. Furthermore, insulin suppresses hepatic production
of sex hormone-binding globulin (SHBG), thereby increasing free testosterone levels. These
mechanisms suggest a potential link between hyperinsulinemia in TIDM and PCOS-like
symptoms, supporting the relevance of exploring ovarian effects in diabetic models.

Oxidative stress (OS), characterized by an excess of reactive oxygen species (ROS),
is a key contributor to DM and PCOS. In DM, hyperglycemia induces OS, which further
leads to pro-inflammatory pathways, causing a vicious pathogenic cycle that promotes the
development of complications. In PCOS, OS disrupts steroidogenesis, causing androgen
excess, impairs insulin signaling, leading to IR, and promotes the chronic low-grade
inflammation commonly observed in PCOS. As a result, OS likely explains the increased
risk of DM in women with PCOS, with OS-driven IR and inflammation acting as shared
pathogenic mechanisms [6].

Persistent, low-grade inflammation is now understood to be a core component in the
development of DM, especially T2DM. This chronic inflammation fuels IR and drives the
progression of diabetic complications. The NLRP3 inflammasome, a key inflammatory
mediator, plays a critical role in DM pathogenesis [7]. Likewise, in PCOS, inflammation
is not merely a by-product of metabolic abnormalities but a direct contributor to the
PCOS pathophysiology and associated comorbidities. It exacerbates IR, increases androgen
levels, impairs ovulation, and elevates the risk of metabolic complications in women with
PCOS [8,9].
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Lythrum salicaria L. (purple loosestrife) is a perennial herb traditionally used in herbal
medicine, particularly in Europe. Historical ethnomedicinal records show that L. salicaria L.
was widely employed as a remedy for gastrointestinal ailments, especially dysentery and
chronic diarrhea, as well as for various inflammatory conditions of the skin and mucous
membranes. Phytochemical analyses revealed that L. salicaria L. is rich in polyphenolic
compounds and polysaccharides [1]. In particular, ellagitannins and flavonoid glycosides
have been identified as dominant constituents of the herb. Extracts of L. salicaria L. have
demonstrated a broad spectrum of bioactivities, including pronounced antioxidant and
anti-inflammatory effects, as well as antimicrobial, antidiarrheal, and even anti-diabetic
properties [10,11].

Despite the well-documented antioxidant and anti-inflammatory properties of L.
salicaria L., its therapeutic potential in complex metabolic-endocrine disorders such as
DM and PCOS remains poorly explored, particularly in the context of dual oxidative and
inflammatory stress models. Therefore, our study aimed to fill this critical knowledge
gap by investigating the effects of LSEE on OS and inflammation, and their downstream
influence on metabolic and hormonal dysfunctions. Specifically, we evaluated LSEE’s
efficacy in modulating glucose and lipid metabolism in a streptozotocin (STZ)-induced
diabetic rat model and its influence on IR, androgen levels, and the hypothalamic-pituitary—
gonadal axis in a letrozole (LET)-induced PCOS rat model. In parallel, we performed
phytochemical profiling and in vitro antioxidant assays of LSEE, along with an evaluation
of its liver toxicity potential, to comprehensively assess the extract’s therapeutic profile. To
our knowledge, no previous studies have evaluated the impact of L. salicaria L. extract on
both DM and PCOS models, nor its ability to modulate shared pathogenic features such as
OS, inflammation, and IR.

2. Materials and Methods
2.1. Chemicals

The materials utilized in this study were obtained from the following locations:
FineTest Biotech Inc. (Wuhan, China)—ELISA kits for NF-kB, IL-13, 3-NT, 8-OHdG, In-
sulin, Testosterone, Estrogen, FSH, and LH. ABclonal Technology (Woburn, MA, USA) and
MyBioSource (San Diego, CA, USA)—Xkits for NLRP3 inflammasome biomarkers (IL-18 and
Gasdermin) Merck (Darmstadt, Germany) and Sigma-Aldrich (Munich, Germany)—Folin-
Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), sodium nitroprusside, sodium
carbonate, aluminum chloride, sodium acetate, methanol, acetate buffer, Griess-llosvay
nitrite reagent, phosphate-buffered saline, sulphanilic acid, 2,4,6-tri(2-pyridyl)-1,3,5-triazine
(TPTZ), xylenol orange, ortho-dianisidine dihydrochloride (3,3'-dimethoxybenzidine), thio-
barbituric acid, ferric chloride, ethylenediaminetetraacetic acid, hydrogen peroxide (H,O5),
sodium dodecyl sulfate, 1,1,3,3-tetrahydroxypropane, vanadium(III) chloride (VCl3), 5,5'-
dithio-bis 2-nitrobenzoic acid (DTNB), butylated hydroxytoluene, Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), N-(1-Naphthyl) ethylenediamine dihydrochloride
(NEDD), and HPLC-grade acetonitrile. Spinreact S.A./S.A.U. (Girona, Spain)—Assay
kits for AST, ALT, total cholesterol (TC), triglycerides (TG), and glycemia. Sandoz (Basel,
Switzerland)—Letrozole; Millipore (Burlington, MA, USA)—Ultrapure water (obtained
using a Direct-Q UV system). The pure standards of ellagic, gallic acid, and luteolin were
purchased from Sigma-Aldrich (Munich, Germany).

2.2. Plant Material Processing

The seeds of Lythrum salicaria L. used in this study come from the germplasm collection
of the Center for Biodiversity and Conservation of the University of Agricultural Sciences
and Veterinary Medicine Cluj-Napoca, Romania, and were taxonomically identified and
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authenticated identified by the head of the Center for Biodiversity and Conservation,
Prof. Dr. Catana Corina (C.C.). The seed collection is based on the most effective and
environmentally safe control practices known from recent research and experience. The
experimental plants were grown in Silaj County, Lat. 47.09.19.9/Long. 23.25.18.1, Romania,
and plant material was collected during the flowering stage in August 2022.

The above-ground parts of L. salicaria L. were dried in a shaded, well-ventilated area
at room temperature (25 £ 2 °C) with relative humidity maintained below 50%. The drying
process lasted for 10 days, ensuring minimal exposure to direct sunlight and preserving
thermolabile compounds.

The dried aerial parts of L. salicaria L. (300 g) were ground into a fine powder in a
coffee grinder (Argis, RC-21, Electroarges SA, Curtea de Arges, Romania) for 5 min. Further,
the plant material was subjected to extraction in the Mycology Laboratory of Babes-Bolyai
University, Cluj-Napoca, Romania, using a modified Squibb percolation method. Briefly,
plant material was loaded into three percolators as follows: 150 g in the first one, 90 g in
the second one, and 60 g in the third one. Then, plant material was soaked with 150 mL
70% ethanol, and after two days, the three percolated fractions (60 mL, 90 mL and 120 mL)
were collected and mixed. The resulting final extract had a concentration of 1:1 g/mL (w:v)
in 30% ethanol, meaning 1 g of dry plant material (d.w.) was used per 1 mL of extract.
This extract was then diluted with 0.9% saline solution to prepare the dosing solutions,
resulting in a concentration of 100 mg d.w./mL (LSEE 100%). The tested concentrations
were LSEE 100%, LSEE 50%, and LSEE 25%. LSEE 50% and LSEE 25% were obtained by
diluting the LSEE 100% solution with a 0.9% saline solution in a 1:2 (50%) and 1:4 (25%)
ratio, respectively, yielding final concentrations equivalent to 50 mg/mL and 25 mg/mL of
dry plant material. All solutions were freshly prepared before administration.

2.3. Total Phenolic and Total Flavonoid Content Determination

The total phenolic content (TPC) of the Lythrum salicaria L. ethanol extract (LSEE) was
determined using the Folin—Ciocalteu method, with gallic acid as the reference standard.
Briefly, 2 mL of LSEE was mixed with 1 mL of Folin—Ciocalteu reagent, 10 mL of distilled
water, and then diluted to 25 mL with a sodium carbonate solution (290 g/L). The resulting
solution was incubated in the dark at room temperature for 30 min, after which the
absorbance was measured at 760 nm using a JASCO V-530 UV-VIS spectrophotometer
(Jasco, Tokyo, Japan). TPC was expressed as milligrams of gallic acid equivalents per gram
of dry weight (mg GAE/g d.w.), based on a gallic acid calibration curve (R? = 0.999) [2].

Total flavonoid content (TFC) was measured using an aluminum chloride method,
as previously described [12]. Sodium acetate and aluminum chloride were added to the
extract and diluted, and absorbance was recorded at 430 nm. TFC was expressed as mg
quercetin equivalents (QE) per gram d.w., using a quercetin calibration curve (R? = 0.999).
Both determinations were performed in triplicate [3].

2.4. HPLC-DAD-ESI MS

An Agilent 1200 HPLC system (Agilent Technologies, Santa Clara, CA, USA), equipped
with a quaternary pump, solvent degasser, autosampler, UV-vis diode-array detector
(DAD), and coupled to a single quadrupole mass spectrometer (Agilent 6110), was em-
ployed for compound analysis. Separation was performed on a Kinetex XB C18 column
(4.6 x 150 mm, 5 um; Phenomenex, Torrance, CA, USA). The mobile phase consisted of
(A) water with 0.1% acetic acid and (B) acetonitrile with 0.1% acetic acid, applied at a
flow rate of 0.5 mL/min and a column temperature of 25 °C, using the following gradient
(in % B): 0 min, 5%; 0-2 min, 5%; 2-18 min, 5-40%; 18-20 min, 40-90%; 20-24 min, 90%;
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24-25 min, 90-5%; and 25-30 min, 5%. UV spectra were recorded over 200-600 nm, with
chromatograms monitored at 280 and 340 nm.

Mass spectrometry (MS) was performed in full-scan positive ESI mode under the
following conditions: capillary voltage, 3000 V; source temperature, 350 °C; nitrogen flow,
7 L/min; and scan range, m/z 120-1200. Data acquisition and processing were conducted
using Agilent ChemStation software (Rev B.04.02 SP1). Compound identification was
based on compounds retention times, their UV-Vis spectra, their mass spectra, and existing
literature data.

Quantification of phenolic compounds was carried out using calibration curves
from three concentrations of standards dissolved in methanol—ellagic acid (R* = 0.9981),
LOD =0.51 ug/mL, LOQ = 1.53 pg/mL; gallic acid (R% = 0.9978), LOD = 0.35 ug/mL,
LOQ =1.05 ug/mL, and luteolin (R = 0.9972), LOD = 0.18 ng/mL, LOQ = 0.54 pg/mL.
The equations derived from these curves were used for the quantitative determination of
each phenolic compound.

2.5. Evaluation of In Vitro Antioxidant Effects

Antioxidant activity was determined using the following in vitro assays: 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical scavenging, ferric-reducing antioxidant power (FRAP),
nitric oxide (NO) scavenging, and hydrogen peroxide (H,O,) scavenging assay. All in vitro
assays were performed in triplicate.

DPPH Radical Scavenging Assay: The DPPH assay involved mixing equal volumes of
sample solution with 0.1 mg/mL DPPH in methanol, followed by a 30 min dark incubation
at room temperature. Absorbance at 517 nm was measured. The antioxidant capacity was
quantified as ICsg values (ug/mL) and converted to TX equivalents (TE, ug TE/mL) using a
calibration curve. Based on the TE values, antioxidant potential was classified as very good
(<50 pg TE/mL), good (50-100 pg TE/mL), weak (100-200 pg TE/mL), or no significant
potential (>200 ug TE/mL) [4,5].

Ferric-reducing antioxidant power (FRAP) Assay: The FRAP assay measured antiox-
idant activity by assessing the reduction of Fe3* to Fe?* using TPTZ. A reagent mixture
of acetate buffer, TPTZ, and ferric chloride (10:1:1 v/v/v) was incubated for 30 min, and
absorbance was read at 593 nm. Results were expressed as mg TX equivalents (TE) per
mL [6].

Nitric Oxide (NO) Scavenging Assay: NO scavenging activity was determined using
the Griess reagent method. LSEE was incubated with sodium nitroprusside (SNP) and
phosphate-buffered saline (PBS) for 2.5 h. The resulting mixture was then reacted with
sulphanilic acid and N-(1-Naphthyl) ethylenediamine dihydrochloride (NEDD). After a
final 30 min incubation, absorbance was measured at 546 nm, and results were expressed
as ICsg values (mg TE/mL) [7].

Hydrogen Peroxide (HyO,) Scavenging Assay: HyO, scavenging activity was assessed
by adding LSEE in water to a hydrogen peroxide solution. After 10 min, absorbance was
measured at 230 nm. The percentage of H,O, scavenged was calculated, and results were
expressed as ICsp values (mg TE/mL of ethanolic plant extract) [8].

2.6. Experimental Design

The study protocol received approval from the Institutional Animal Ethical Committee
(IAEC) of “Iuliu Hatieganu” University of Medicine and Pharmacy Cluj-Napoca, as well as
authorization from the National Sanitary Veterinary and Food Safety Agency (approval no.
302/4 April 2022).

The study utilized adult female Wistar albino rats, each weighing between 200 and
250 g. They were housed in the Animal Facility of “Iuliu Hatieganu” University of Medicine
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and Pharmacy, maintained under controlled conditions—12 h light/dark cycle, temperature
set at 22-24 °C, and humidity at 55-60%. Standard pelleted food (Cantacuzino Institute,
Bucharest) and water were provided ad libitum.
For the experimental STZ-induced DM model, animals were distributed into 10 groups
(n=28):
CONTROL: negative control group.
STZ: positive control group with DM induced with STZ (55 mg/kg b.w.) [9].
STZ + TX: DM receiving TX (20 mg/kg b.w.) [10].
STZ + M: DM receiving Metformin (100 mg/100 g b.w.) [11].
STZ + LSEE 100%: DM receiving LSEE 100% (0.5 mL extract/100 g b.w./day)
STZ + LSEE 50%: DM receiving LSEE 50% (0.5 mL extract/100 g b.w./day)
STZ + LSEE 50%: DM receiving LSEE 50% (0.5 mL extract/100 g b.w./day)
e  STZ + LSEE 25%: DM receiving LSEE 25% (0.5 mL extract/100 g b.w./day)

The DM groups received the LSEE treatments by oral gavage, corresponding to the
following doses: 50 mg/100 g b.w. (LSEE 100%), 25 mg/100 g b.w. (LSEE 50%), and
12.5 mg/100 g b.w. (LSEE 25%).

DM was induced on the first day, after an overnight fast, by a single STZ intraperitoneal
injection (55 mg/kg) dissolved in 0.1 M citrate buffer (pH 4.5). Rats in the CONTROL group
were injected with citrate buffer (pH 4.5) alone. Over a ten-day period, beginning from day

one, CONTROL and STZ groups were given 1 mL/day tap water via gavage, whereas the
LSEE groups received three concentrations of LSEE (100%, 50% and 25%). Starting on day
two, fasting blood glucose was measured daily with an Accu-Check Active glucometer,
followed by subcutaneous administration of 2-3 IU Insulin Aspart as necessary.

For the experimental LET-induced PCOS model, animals were divided into five groups
(n=28):
CONTROL: negative control group;
LET: positive control group with PCOS induced with LET (1 mg/kg b.w.) [12];
LET + TX: PCOS receiving TX (20 mg/kg b.w., gavage);
LET + M: PCOS receiving Metformin (100 mg/100 g b.w., gavage);
LET + LSEE 100%: PCOS receiving LSEE 100% (0.5 mL extract/100 g b.w./day).

The PCOS group received the LSEE treatment by oral gavage at a dose of 50 mg/100 g
b.w./day.
The treatments were administered starting on the 10th day of the experiment. In order

to induce the PCOS phenotype, rats in LET groups were orally administered 1 mg/kg
of LET dissolved in 0.5% Carboxy Methyl Cellulose (CMC) over a 21-day period, once
daily. On day 10 of the experiment, an ultrasound examination was performed in order to
confirm the presence of the polycystic ovaries.

On day 11 (DM rats) and day 22 (PCOS rats), blood samples were collected via
retro-orbital puncture. General anesthesia was induced using a combination of ketamine
(70 mg/kg) and xylazine (10 mg/kg). Serum samples were separated and preserved at
—80 °C until further examination. For PCOS rats, ovaries were removed and fixed in
10% phosphate-buffered formalin (pH 7.0) for 24 h prior to histopathological examination.
Ovarian weight and diameter were measured. At the study’s completion, all animals were
euthanized by cervical dislocation.

2.7. Pharmacological Studies
2.7.1. Serum Oxidative Stress Markers Evaluation

Total oxidative status (TOS) was measured using a colorimetric assay, which quantifies
oxidants by converting ferrous ions (Fe?*) to ferric ions (Fe>*) in an acidic environment, de-
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tected using an xylenol orange reaction. An automated analyzer, calibrated with hydrogen
peroxide, was used, and results were expressed in uM HyO; equivalents/L [6].

Serum total antioxidant capacity (TAC), reflecting overall antioxidant defenses, was
determined using a colorimetric method. The assay measured the capacity to neutralize
dianisidyl radicals, which are generated by the oxidation of ortho-dianisidine. A standard
solution of Fe?*-o-dianisidine undergoes a Fenton reaction with hydrogen peroxide, pro-
ducing hydroxyl radicals. Antioxidants in the sample inhibit the oxidation of o-dianisidine
and, thus, reduce color development. The color intensity was measured spectrophoto-
metrically, and the assay was calibrated using TX. TAC values were expressed as mM TX
equivalents (TE)/L [13].

The oxidative stress index (OSI), representing the balance between oxidants and
antioxidants, was determined by dividing the TOS value (mM H,O, equivalents/L) by the
TAC value (mM TX equivalents/L) and expressed as an arbitrary unit [14].

Nitric Oxide (NO) levels were indirectly assessed by quantifying its stable end prod-
ucts, nitrite and nitrate (NOXx), using the Griess reaction. Prior to the Griess reaction, nitrates
were reduced to nitrites using Vanadium (III) chloride. Serum NOXx concentrations were
then determined spectrophotometrically and expressed as pM nitrites/L [15].

Serum malondialdehyde (MDA) concentration, an indicator of lipid peroxidation, was
quantified using a thiobarbituric acid assay. Serum (150 L) was mixed with trichloroacetic
acid (125 pL of 10%), EDTA (125 pL of 5 mM), sodium dodecyl sulfate (125 pL of 8%),
and butylated hydroxytoluene (10 puL of 0.5%). After incubation and centrifugation, the
supernatant was reacted with thiobarbituric acid (500 pL of 0.6%) at 95 °C. Absorbance
was measured at 532 nm, and MDA concentrations were determined using a 1,1,3,3-
tetrahydroxypropane standard curve (0.3-10 nM/mL), with results expressed as nM/mL
serum [16].

Serum concentrations of 8-Hydroxydeoxyguanosine (8-OHdG) and 3-Nitrotyrosine
(BNT) were determined using commercially available ELISA kits according to the manufac-
turers’ instructions. Results were expressed in ng/mL.

Serum advanced glycation end product (AGE) concentrations were determined using
a commercial ELISA kit. The results were expressed in U/mL.

Advanced oxidation protein products (AOPP) in serum were measured using a method
adapted from Witko-Sarsat et al. Serum samples were diluted in PBS and reacted with
glacial acetic acid and potassium iodide. Absorbance was measured at 340 nm. AOPP
concentrations were expressed as pM chloramine-T equivalents/L [17].

Serum total thiol (SH) concentrations were quantified using Ellman’s reagent. The
reagent reacts with thiol groups, and the resulting supernatant absorbance was measured
spectrophotometrically at 412 nm. SH concentrations were expressed as mM reduced
glutathione (GSH)/mL [18].

2.7.2. Serum Inflammatory Markers Evaluation

Serum levels of NLRP3 inflammasome activation biomarkers (IL-1(3, IL-18, NF-«xB
p65, and Gasdermin D) were quantified using ELISA kits according to the manufactur-
ers’ instructions. IL-18, IL-1f3, and NF-kB p65 concentrations were expressed in pg/mL.
Gasdermin D levels were expressed in ng/mL.

2.7.3. Blood Glucose, Lipid Profiles, Triglyceride-Glucose Index, Liver-Injury Makers, and
Anthropometric Parameters Evaluation

To confirm successful hyperglycemia induction by STZ, glucose levels were initially
assessed 24 h after STZ administration. Blood samples were taken from the dorsal tail vein,
and glucose was measured using an Accu-Check Active glucometer with enzymatic strips.
Subsequently, at the time of sacrifice (day 11), blood glucose levels were determined from
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retro-orbitally collected samples using commercial assay kits. Results were expressed in
mg/dL.

Serum total cholesterol (TC) and triglyceride (TG) levels were quantified spectropho-
tometrically using commercial assay kits following the manufacturer’s instructions, with
results expressed in mg/dL.

Triglyceride-glucose index (TyG), a marker of IR, was calculated using the formula
TyG = Ln [fasting triglycerides (mg/dL) x fasting glucose (mg/dL)/2] at the end of the
study [19].

Liver injury was investigated by measuring serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels using commercial assay kits. Results were
expressed in U/L, and the AST/ALT ratio was calculated.

Body weight (BW) measurements were taken at the initiation of the study (day 1) and
at the final time points (on days 11 and 22, respectively), and the change in body weight
was calculated and expressed in grams (g).

2.7.4. Hormonal Assays

Serum concentrations of insulin, follicle-stimulating hormone (FSH), luteinizing hor-
mone (LH), estrogen, and testosterone were determined by ELISA using commercially
available kits from Finetest (Wuhan, China). The assays were performed following the
manufacturer’s instructions, and absorbance was measured at 450 nm + 2 nm using a
microplate reader.

The Homeostatic Model Assessment of IR (HOMA-IR) was calculated using the
formula: [serum glucose (mg/dL) X serum insulin (mIU/mL)]/405.

2.8. Histopathological Assessment of Reproductive Organs

Following ethical guidelines and approved protocols, the animals were humanely
euthanized. The ovaries were dissected out, defatted, and cleaned in saline. The weight
of the ovaries and ovarian diameter were recorded. The ovaries were then subjected to
fixation by immersion in 10% phosphate-buffered formalin (pH 7.0) for a period of 24 h.
Standard histological procedures for paraffin embedding were employed, and sections
of 3 pm thickness were generated using a microtome. Hematoxylin and eosin (H&E)
staining was subsequently performed, and sections were analyzed using an Olympus
BX-51 light microscope (Microscope Central, Willow Grove, PA, USA). Photomicrographs
were captured with an Olympus SC 180 digital camera and processed using cellSense
software v4.2.1 (Olympus Corporation, Tokyo, Japan) [20].

2.9. Ultrasound Examination

Ultrasound evaluations were performed using an Esaote MyLab 40 Vet system
equipped with a linear probe transducer, with a frequency of 18 MHz. Anesthesia
was induced with intraperitoneal administration of Xylazine (5 mg/kg) and Ketamine
(60 mg/kg) [21]. The animals were shaved bilaterally from the costal margin to the caudal
abdomen, and a generous amount of ultrasound gel was applied. Rats were positioned
in dorsal recumbency. Ultrasound was performed on day 10 of the experiment by two
operators, with both present at each evaluation. The transducer was moved along the
vertical axis and horizontal axis (forward-to-back and side-to-side) by hand. The ovarian
size along with the appearance and size of the follicles were observed.

2.10. Statistical Analysis

SPSS v26.0 (SPSS Inc., Chicago, IL, USA) and Statistica 12 (TIBCO Software, Palo
Alto, CA, USA) software packages were used for all statistical computations. For normally
distributed data, results are presented as mean =+ standard deviation (SD). To determine
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significant differences between groups, a one-way ANOVA was conducted, followed by
Bonferroni-Holm post hoc tests for pairwise comparisons. Pearson’s correlation analysis
was used to assess correlations between biomarkers. Statistical significance was set at
p < 0.05. Principal Component Analysis (PCA) was utilized for multivariate analysis of the
datasets. Bartlett’s test was used to assess the suitability of the data for factor analysis, and
the Kaiser-Meyer-Olkin (KMO) criterion was used to evaluate sampling adequacy.

3. Results
3.1. Phytochemical Analysis

In LSEE, the TPC was quantified at 183.9 mg GAE/100 g of dry weight plant material,
whereas the TFC reached 8.34 mg QE/100 g d.w. of plant material. HPLC-DAD-ESI MS
identified significant concentrations of flavones, hydroxybenzoic acids, and ellagitannins.
In total, 11 compounds were identified, from which 4 compounds were flavones, 4 com-
pounds were hydroxybenzoic acids, 2 compounds were ellagitannins, and 1 compound
belonged to the gallotanin subclass of phenolic compounds. Among flavone compounds,
the luteolin derivatives were the most represented ones. Among hydroxybenzoic acids, the
ellagic acid derivatives were the most represented ones (Figure 1, Table 1).
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Figure 1. The HPLC chromatogram of phenolic content from LSEE at 340 nm.

Table 1. The content of phenolic compounds in LSEE by HPLC (ug/mL).

Peak UV Amax [M+H]*

No. R¢ (min) (am) (ml2) Phenolic Compound Subclass LSEE
1 3.19 270 139 2-Hydroxybenzoic acid Hydroxybenzoic acid 253.16 £ 9.32

2 9.03 260, 360 935 Castalagin Ellagitannin 301.23 +-15.26
3 10.56 260, 360 935 Vescalagin Ellagitannin 537.53 + 30.62
4 11.99 277 485 Digalloyl-glucoside Gallotanin 231.69 £5.78

5 13.54 260 465, 303 Ellagic acid-glucoside Hydroxybenzoic acid 288.59 4 6.44

6 14.65 350, 260 449,287 Luteolin-glucoside Flavone 208.94 + 5.03

7 15.03 350, 260 449,287 Luteolin-glucoside isomer Flavone 133.21 4+ 2.38

8 15.93 340, 270 433,271 Apigenin-glucoside Flavone 140.85 £ 4.55

9 16.37 260 303 Ellagic acid Hydroxybenzoic acid 326.17 £11.92
10 18.38 260 792,303 Ellagic acid derivative Hydroxybenzoic acid 249.406 + 12.51
11 23.37 350, 260 287 Luteolin Flavone 58.39 +£1.22

Total phenolics 2729.168 + 139.48

Quantity was expressed as pg gallic acid equivalent/mL for hydroxybenzoic acids; ug ellagic acid equivalent/mL
for ellagitannins; ug luteolin equivalent/mL for flavones.
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The LSEE contains four hydroxybenzoic acids: 2-Hydroxybenzoic acid corresponding
to peak 1, with m/z 139, and three ellagic acid derivatives corresponding to peak 5, 9,
and 10, with m/z 465, 303, and 792. Four flavonoid derivatives were identified: Luteolin-
galactoside corresponding to peak 6, with m/z 449, Luteolin-glucoside corresponding to
peak 7 with m/z 449, Apigenin-glucoside corresponding to peak 8 with m/z 433 and luteolin
corresponding to peak 11 with m/z 287. From the ellagitannin derivatives, Castalagin
corresponding to peak 2, with m/z 935 and Vescalagin corresponding ot peak 3, with
m/z 935, were identified. From the gallotanin derivatives, the identified compound was
Digalloyl-glucoside corresponding to peak 4, with m/z 485 (Table 1).

3.2. The In Vitro Oxidative Stress Markers

LSEE exhibited a good in vitro antioxidant activity with all the tests. DPPH assay
showed a good antioxidant activity, with the result being between 50 and 100 ug TE/mL
(p <0.001). LSEE H,0O; scavenging activity (p < 0.001) and FRAP (p < 0.001) tests were
better as compared to TX. LSEE NO scavenging activity was also better as compared to
quercetin (p < 0.01) (Table 2).

Table 2. The in vitro antioxidant test results in L. salicaria L. ethanolic extract.

H,0, Scavenging Activity NO Scavenging
Sample DPPH (ugTE/mL) (ugTE/mL) Activity (1gQE/mL) FRAP (mgTE/mL)
L. salicaria IC50 79.84 + 8.22 107.05 £ 12.03 27.51 £ 2.56 313.82 £ 39.82
Trolox IC50 112 £17 24.23 +3.12 - 12.07 £ 2.04
Quercetin IC50 - - 20.58 + 3.67 -
p-value <0.001 <0.001 <0.01 <0.001

DPPH—«, a-diphenyl-B-picrylhydrazyl; NO—nitric oxide; H,O,—hydrogen peroxide; FRAP—Ferric reducing
antioxidant power; QE—quercetin equivalent; TE—Trolox equivalent.

3.3. Confirmation of Rodent DM and PCOS Models

The presence of STZ-induced DM was confirmed by measuring blood glucose levels
of at least 250 mg/dL on the second day of the experiment. All rodents administered
STZ developed significant hyperglycemia by day two and were subsequently included in
the study.

The induction of PCOS in rats was confirmed after 21 days of LET administration, as
indicated by significantly elevated gonadotropins (p < 0.01), reduced estrogen (p < 0.001),
and increased testosterone levels (p < 0.05) when compared to the CONTROL. Further-
more, metabolic disturbances were observed, including significantly elevated insulin levels
(p <0.001), as well as an increased HOMA-IR index (p < 0.001), indicating the presence of
IR. Ultrasound imaging revealed polycystic ovarian morphology, confirming the successful
induction of PCOS. Prominent histological changes were also described in the ovaries of
LET-treated rats. In the LET group, the ovaries contained numerous large cystic structures,
and there was a marked absence or reduced presence of corpus luteum.

3.4. The In Vivo Oxidative Stress Markers

When comparing the oxidative stress parameters in the STZ to the CONTROL there
were significant increases in the oxidants TOS, OSI, MDA, Nox, and AOPP (p < 0.001), 3NT
(p <0.01), and 8-OHdG and AGEs (p < 0.05). The antioxidant defense markers TAC and SH
were significantly decreased (p < 0.05) (Figure 2).
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Figure 2. Effects of L. salicaria on oxidative stress markers in rat STZ-induced DM vs. CONTROL:
*p <0.05 ** p <0.01, ** p < 0.001; STZ—Streptozotocin; STZ + TX—STZ + Trolox; STZ + M—STZ +
Metformin; LSEE—L. salicaria L. ethanol extract; TOS—Total oxidative status; TAC—Total antioxidant
capacity; OSI—Oxidative stress index; MDA: Malondialdehyde; AOPP—Advanced oxidation protein
products; 8-OHdG—8-hydroxydeoxyguanosine; NOx—Nitrites and nitrates; 3NT—3-nitrotyrosine;
AGEs—Advanced glycation end product; SH—total thiols.

By comparing the LSEE effects with the STZ group, we found that TOS, OSI, MDA,
AQOPP, and 3NT were significantly reduced by all of the three concentrations of LSEE
(p < 0.001). 8-OHAG was significantly lowered by LSEE 50% (p < 0.001), LSEE 100%, and
LSEE 25%, causing a milder but also significant reduction (p < 0.01). AGEs were reduced by
all of the LSEE treatments in the same manner (p < 0.05). LSEE exhibited no effect on NOx.
The extract improved antioxidant defense by increasing SH, significantly for all of the three
concentrations (p < 0.001). LSEE 100% significantly increased TAC (p < 0.01), while LSEE
25% caused a mild increase in TAC (p < 0.05) (Figure 2).

Metformin treatment managed to significantly reduce TOS, OSI and MDA (p < 0.001).
At the same time, metformin significantly increased TAC and SH (p < 0.01), but LSEE in
all concentrations caused a better increase in TAC (p < 0.001). AGEs and 3NT were also
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significantly reduced by metformin (p < 0.01). By comparing LSEE effects with STZ + M we
found a significant difference in TOS and OSI (p < 0.001), LSEE causing a better reduction
in all concentrations. LSEE caused better reduction of MDA, AOPP, 8-OHdG, and 3NT in
all concentrations when compared to metformin (Figure 2). AGEs were better lowered by
metformin, and the difference was statistically significant when compared to LSEE in all of
the three concentrations (p < 0.01).

The treatment with TX reduced TOS, OS], 8-OHdG and AGEs (p < 0.05) but had no
effect on AOPP, NOx and 3NT (p > 0.05). TX increased TAC and SH levels (p < 0.05). By
comparing TX effects with LSEE, we found significant differences in the reduction of TOS,
OS], and 3NT (p < 0.001) by LSEE in all concentrations. (Figure 2). MDA and AOPP were
also significantly decreased by LSEE when compared to TX (p < 0.05), LSEE50% causing
a better reduction of 8-OHdG (p < 0.01). LSEE in all of the three concentrations caused a
better increase in TAC (p < 0.001) when compared to TX.

When comparing the oxidative stress parameters in the LET to the CONTROL there
were significant increases in the oxidants TOS, OSI, MDA, and AOPP (p < 0.001) and 8-
OHdG and 3NT (p < 0.05). The antioxidant defense markers TAC and SH were significantly
decreased (p < 0.001) (Figure 3).

TOSs TAC osl SH

Figure 3. Effects of L. salicaria on oxidative stress markers in rat Letrozole-induced PCOS. vs.
CONTROL: * p < 0.05, ** p < 0.01, ** p < 0.001; LET—Letrozole; LET + TX—Letrozole + Trolox;
LET + M—Letrozole + Metformin; LSEE—L. salicaria L. ethanol extract; TOS—Total oxidative status;
TAC—Total antioxidant capacity; OSI—Oxidative stress index; MDA: Malonyldialdehide; AOPP—
Advanced oxidation protein products; 8-OHdG—8-hydroxydeoxyguanosine; NOx—Nitrites and
nitrates; 3NT—3-nitrotyrosine; AGEs—Advanced glycation end product; SH—total thiols.

By comparing the LSEE100% effects with the LET group, we found that MDA was
significantly reduced by LSEE100% (p < 0.001). LSEE 100% caused a reduction in AOPP
(p < 0.01), TOS, 8-OHdG, and 3NT (p < 0.05). LSEE100% had no effect on AGEs, and
it increased NOx levels. The extract improved antioxidant defense by increasing TAC
(p < 0.001) (Figure 3).
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The treatment with metformin reduced significantly MDA (p < 0.001), AOPP (p < 0.01)
and 8-OHdG. At the same time, metformin significantly increased TAC (p < 0.001). By com-
paring LSEE effects with SZT + M, we found a significant reduction of 3NT by LSEE100%
(p < 0.05). Metformin caused a better reduction of AGEs when compared to LSEE100%
(p < 0.01) (Figure 3).

The treatment with TX reduced TOS, OSI (p < 0.05), MDA, 8-OHdG (p < 0.001), AOPP,
and NOx (p < 0.05). TX increased TAC (p < 0.001) and SH (p < 0.05). By comparing TX
effects with LSEE, we found a significant reduction of TOS and OSI (p < 0.001), respectively,
of 8-OHdG (p < 0.01) and AGEs (p < 0.05) (Figure 3).

3.5. The In Vivo Inflammatory Markers

NLRP3 inflammasome activation, indicated by IL-1§3, IL-18, NF«kB-p65, and Gasder-
min D levels, was used to assess the inflammatory response. Comparing the levels of
inflammatory markers between the STZ group and the CONTROL group, we found a
statistically significant increase in IL-13 and NFkB-p65 (p < 0.001), respectively, of Gasder-
min D and IL-18 (p < 0.01) in the STZ group. LSEE in all three concentrations managed to
reduce Gasdermin, IL-13, and IL-18 levels (p < 0.001) significantly (Table 3). NFkB-p65 was
significantly reduced only by LSEE 50% (p < 0.001) and LSEE 25% (p < 0.01). Caspase-1 was
significantly reduced by LSEE50% (p < 0.05) and LSEE 25% (p < 0.001).

Table 3. Effects of L. salicaria ethanol extract on inflammatory markers in rat STZ-induced DM.

STZ + LSEE STZ + LSEE STZ + LSEE

Parameters Control STZ 100% 50% 259, STZ + M STZ + TX
G(alf;/‘:l‘i‘)in 5.87 + 1.05 9.50 + 1.65 % 0.28 £0.05 005 £ 005 034 £005 9.38 + 1.11 652 +1.35°
IL-18 (pg/mL)  1630+986  5045+g49a  [61IE370 12694518 A4 E2I3 55094 gopme 1174
8;;}1’3;’; 37.03 + 7.11 39.49 +2.14 3518 +£542 3053 +4530bc 2083 E7I3 51.63+21.77 4219 +881
1\{11;1;1;11;?5 16511+ 1621 S0OBEBOT ooy gasg TS 5099349829 2305551846 22258 2194
LB pgml) 8754315 192502148 33714599 23.88 246 3242 £ 5.63 19.58 & 3.99 27.92 +3.15

Values are expressed as mean + SD (standard deviation). # vs. CONTROL: # p < 0.01, 2 p < 0.001; ® vs.
STZ:® p < 0.05, % p < 0.01, PP p < 0.001; € vs. STZ + M: € p < 0.05, ° p < 0.01, ° p < 0.001; ¢ vs. STZ + TX:
ddd p <0.001; STZ—STZ; STZ + TX—STZ + Trolox; STZ + M—STZ + Metformin; LSEE—L. salicaria L. ethanol
extract; NFkB-p65—Nuclear Factor Kappa B-p65 subunit; IL-13—Interleukin-1 Beta; IL-18—Interleukin-18.

IL-1B (p < 0.001) and NFkB-p65 and IL-18 (p < 0.01) were significantly decreased by
metformin treatment. LSEE at all three concentrations had a significantly stronger inhibitory
effect than metformin on Gasdermin D and IL-18 (p < 0.001). LSEE 50% (p < 0.05) and LSEE
25% (p < 0.01) caused a better reduction of NFkB-p65 when compared to metformin. IL-13
was significantly reduced by metformin when compared to LSEE 100% and 20% (p < 0.01)
and LSEE 50% (p < 0.05) (Table 3).

Upon comparing inflammatory markers between the TX and STZ groups, we deter-
mined a significant reduction in IL-1 and IL-18 (p < 0.001), NFkB-p65 (p < 0.01), and
Gasdermin D (p < 0.05). By comparing TX effects with LSEE, we found significant differ-
ences in the reduction in inflammatory markers (Table 3).

Within the STZ group, we found a statistically significant positive correlation between
inflammatory and oxidant marker levels, and statistically significant negative correlations
with antioxidant markers. PCA displayed a strong positive correlation between IL-18 with
TOS, OSI, and MDA, and a milder correlation to 8-OHdG and AOPP. Within the LSEE
100% group, associations were found between IL-18 and NF«B-p65 levels and markers
such as NO, MDA, SH, 8-OHdG, AOPP, and 3NT. Additionally, Gasdermin levels showed
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significant relationships with TOS, OSI, and TAC, whereas Caspase displayed a robust
association with AGEs. In the LSEE 100% group, IL-18 and NFkB-p65 were correlated with
MDA, NO, SH, AOPP, 8-OHdG, and 3NT, while Gasdermin was correlated with TOS, OSI,
and TAC, and Caspase was strongly correlated with AGEs. In the LSEE 50% group, IL-18
was correlated to 3NT, MDA, and AGE, NFkB-p65 was correlated to AGE, TAC, and NO,
while IL-13 and Caspase were correlated to TOS, OS], and AOPP, and Gasdermin was
correlated to 8-OHdG and SH. NfkB-p65 was correlated to AGE, TAC, and 3NT, and mildly
correlated to TOS, OSI, MDA, AOPP, and SH, while Caspase and IL-18 were correlated to
NO, and Gasdermin with 8-OHdG in the LSEE 25% group (Figure 4).
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Figure 4. Oxidative stress and inflammatory markers PCA results: (A) STZ group; (B) LSEE 100%
group; (C) LSEE 50% group; and (D) LSEE 25% group.

When comparing the inflammatory response obtained in the LET group to CONTROL,
a statistically significant increase in NFkB-p65, IL-1f3, and IL-18 (p < 0.01), and of anti-
inflammatory cytokine IL-10 (p < 0.001) was observed. LSEE100% managed to significantly
reduce NFkB-p65, IL-13 (p < 0.01), and IL-10 (p < 0.05) when compared to LET (Table 4).

Table 4. Effects of L. salicaria L. ethanol extract on inflammatory markers in rat Letrozole-induced
PCOS.

Parameters Control LET LET + LSEE100% LET+M LET + TX
NFKB-p65 (pg/mL) 258.95 + 48.74 521.69 + 75.0222  341.65 + 58.01 bbc 541.67 + 94.76 269.08 +90.45P
IL-1B (pg/mL) 24.75 +1.73 4482 +11.83% 18.68 + 2.63 bP 21.92 +£3.21b 26.45 +1.30bb
IL-18 (pg/mL) 19.50 + 1.80 34.16 + 7.30 3 24.16 +8.95 15.39 + 2.22 bbb 2135+ 650"
IL-10 (ng/mL) 15.27 +2.15 29.48 + 5.45 2aa 23.35 =+ 2.45 e 14.90 + 1.73 bbb 22,67 + 1.74°

Values are expressed as mean =+ SD (standard deviation). 2 vs. CONTROL: ® p < 0.01, % p < 0.001; b vs. STZ:
b p <0.05,%° p < 0.01, P** p < 0.001; € vs. LET + M: < p < 0.01; LET—Letrozole; LET + TX—Letrozole + Trolox;
LET + M—Letrozole + Metformin; LSEE—L. salicaria L. ethanol extract; NFkB-p65—Nuclear Factor Kappa B-p65
subunit; IL-1p—Interleukin-1 Beta; IL-18—Interleukin-18.
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IL-18 and IL-10 (p < 0.001) and IL-1p (p < 0.01) were significantly reduced in the
metformin group. LSEE100% showed superior inhibitory activity compared to metformin,
but only for NFkB-p65 and IL-10 (p < 0.01) (Table 4).

Comparing inflammatory markers between the TX and STZ groups, we found a
significant reduction in NFkB-p65, IL-18, IL-10 (p < 0.05), and IL-1§3 (p < 0.01). We found
significant differences in the reduction in inflammatory markers by comparing TX effects
with LSEE 100% (Table 4).

In the LET group, between inflammatory and oxidant markers, we noticed a statisti-
cally significant positive correlation and a significant negative correlation to antioxidant
system parameters. PCA indicated that a positive correlation between NFkB-p65, IL-18
with AGEs, 8-OHdG, and AOPP was present. In the same group, IL-10 was correlated to
TAC, SH, and 3NT, while IL-1p was correlated to TOS, OSI, MDA, and NO. In the LSEE
100% group, NFkB-p65 was correlated with AGE, NO and TAC, IL-18, and IL-1f3 were
correlated to TOS, OSI, and AOPP, while IL-10 was correlated to SH, and mildly correlated
to MDA and 8-OHdG (Figure 5).
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Figure 5. PCA results of oxidative stress and inflammatory markers in Letrozole induced PCOS in
rats (A) LET group; (B) LSEE 100% group.

3.6. The In Vivo Hypoglycemic, Lipid-Regulating, and Liver-Protective Effects

Compared to the CONTROL group, the STZ group exhibited a significant increase in
glucose (GLU) levels (p < 0.001), confirming diabetes mellitus (DM). Only animals with
GLU levels of 250 mg/dL or higher were included. LSEE 50% reduced GLU (p < 0.001) and
the effect was better than that of metformin (p < 0.01). LSEE 100% and LSEE 25% caused a
smaller reduction in GLU (p < 0.01), but the effect of LSEE 100% was better when compared
to metformin (p < 0.05) (Figure 6).

The evaluation of lipid metabolism profiles indicated a significant increase in TC
and TG in the STZ groups compared to CONTROL (p < 0.001). Tyg index was also
significantly increased in STZ animals (p < 0.01). TC and TG was reduced by all of the three
concentrations (p < 0.001) when compared to STZ. TyG was also reduced by all of the three
concentrations in a different manner, LSEE 50% causing the most significant reduction
(p < 0.001), followed by LSEE 100% (p < 0.01) and LSEE 25% (p < 0.05). Metformin treatment
caused a significant reduction in TC (p < 0.001) but had no effect on TG. LSEE 50% and
LSEE 25% caused a significant reduction in TC when compared to metformin (p < 0.05)
(Figure 6).
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Figure 6. Markers indicative of glucose-lowering, lipid-regulating, and liver-protective activities in
rat STZ-induced DM. vs. CONTROL: * p < 0.05, ** p < 0.0; *** p < 0.001; STZ—Streptozotocin; LSEE—L.
salicaria L. ethanol extract; TX—Trolox; M—Metformin; AST—aspartate amino-transferase; ALT—
alanine amino-transferase; AST/ALT—aspartate to alanine amino-transferase ratio; TC—total choles-
terol; TG—triglyceride; GLU—glucose; TyG index—triglyceride to glucose index; BW—body weight.

In the STZ group liver injury was confirmed by increases in ALT and AST levels
(p < 0.001) and decrease in the AST/ALT ratio (p < 0.05) when compared to CONTROL.
LSEE 50% caused a significant reduction in AST and ALT (p < 0.05) and ALT (p < 0.01).
The AST/ALT ratio was significantly increased by LSEE 50% and LSEE 25% (p < 0.001);
LSEE 100% caused a milder increase (p < 0.01). Metformin significantly reduced AST and
ALT (p < 0.001) when compared STZ but had no effect on the AST/ALT ratio. Compared
to LSEE concentrations, metformin caused a better reduction in AST and ALT, but the
difference was not statistically significant. TX administration did not exhibit any lowering
effect on liver injury markers. LSEE, metformin, and TX did not significantly influence the
AST/ALT ratio compared to the STZ (p > 0.05) (Figure 6).

STZ administration led to a marked reduction in BW, resulting in a significant decrease
by the end of the experiment compared to the initial BW. When compared to the BW change
in the CONTROL group, the difference was statistically significant (p < 0.001). Treatment
with LSEE at all three concentrations significantly increased BW compared to the STZ group
(p < 0.001), with effects similar to those observed in metformin and TX-treated groups
(p < 0.001) (Figure 6).

In the STZ group, PCA revealed correlations between NFkB-p65 and IL-1 with GLU,
TG, and TyG index, and between IL-18 and TC, and a milder correlation between IL-13 and
IL-18 to AST, ALT, and BW. In the LSEE 100% group, Gasdermin D was strongly correlated
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to TG and GLU, Caspase was correlated to GLU, TyG, AST, and ALT, while NFkB-p65 was
correlated to TC and the AST/ALT ratio. In the LSEE 50% group, correlations were observed
between NFkB-p65 and IL-1f3 levels and TC, while Gasdermin showed a strong association
with the AST/ALT ratio and BW. In the same group, we noticed a weak correlation between
NFkB-p65 and Caspase with AST, ALT, GLU, TyG index, and TG. In the LSEE 25% group,
NE-«kB p65 was correlated with TG, 1I-13, and Gasdermin with TC and BW, while IL-18
and Caspase were correlated with GLU (Figure 7).
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Figure 7. Oxidative stress, metabolic, and liver injury marker PCA results in STZ-induced DM in
rats: (A) STZ group; (B) LSEE 100% group; (C) LSEE 50% group; and (D) LSEE 25%. STZ—STZ;
STZ—STZ; LSEE—L. salicaria L. ethanol extract.

3.7. Effects of L. salicaria L. Ethanolic Extract on Sex Hormones, Serum Insulin and HOMA-IR

When comparing the insulin levels in the LET group to the CONTROL we found a
statistically significant increase in insulin (p < 0.001), GLU (p < 0.05) and HOMA-IR index
(p < 0.001). LSEE 100% significantly reduced GLU (p < 0.01) and HOMA-IR (p < 0.001)
but caused milder reduction in insulin levels with no statistical significance. Treatment
with metformin and TX caused a significant reduction in insulin (p < 0.01), both having
a stronger effect than LSEE100% (p < 0.001). GLU (p < 0.01) was significantly reduced by
metformin administration, and the result was comparable to LSEE 100%. HOMA-IR was
lowered by metformin and TX, and the reduction was significant when compared to LSEE
100% (p < 0.001) (Table 5).

Treatment with LET caused a significant increase in gonadotropins levels—FSH and
LH (p < 0.01)—when compared to the CONTROL, while estrogen levels were lowered
(p < 0.001), confirming the presence of the positive feedback on the pituitary hormones.
Treatment with LSEE 100% significantly lowered LH (p < 0.01) and FSH (p < 0.05) and
increased estrogen levels (p < 0.001). Metformin and TX managed to significantly reduce
LH and estrogen levels (p < 0.001) but had no effect on FSH (Table 5).
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Table 5. Effects of L. salicaria L. on hormone profiles in rat Letrozole-induced PCOS.

Parameters Control LET LET + LSEE 100% LET +M LET + TX
Insulin (pg/mL) 30.55 & 5.70 98.72 & 11.32 @2 88.91 + 9.87 cceddd 25.91 4 4.80 PP 27.90 £ 8.5 PP
HOMA-IR 6.64 + 0.53 31.93 & 4.50 20.78 £ 1.98 bbreceddd 5.08 = 0.56 PP 7.16 + 0.74 bbb
GLU (mg/dL) 90.43 + 15.56 131.52 & 14.09 95.25 + 11.35 %P 80.4 + 11.31 PP 111.73 £ 35.21
FSH (pg/mL) 39.80 + 5.74 99.96 + 31.89 2@ 51.08 =+ 3.05 Peceddd 99.39 + 3.61 101.15 + 34.59
LH (pg/mL) 9.81 +4.37 25.08 +8.22 17.51 4 2.91 bbb 20.62 + 4.04 bbb 13.11 4 2.95 bbb

Estrogen (pg/mL) 596.40 + 66.99 329.78 4 55.13 33 629.57 + 25.87 bbbe 774.88 + 55.77 bbb 622.02 + 166.26 b°P
Testosterone (ng/mL) 0.94 +0.28 1.60 £ 0.86 2 0.82 + 0.07 bdd 1.51 £ 0.99 2.36 4 0.81

Values are expressed as mean + SD (standard deviation). # vs. CONTROL: ? p < 0.05, * p < 0.01, 2 p < 0.001;
b vs. LET:? p < 0.05,P° p <0.01, P*P p < 0.001; € vs. LET + M: « p < 0.01, ° p < 0.001; ¢ vs. LET + TX: 94 p < 0.01,
ddd p <0.001; LET—Letrozole; LSEE—L. salicaria L. ethanol extract; TX—Trolox; M—Metformin.

Compared to the control group, testosterone levels were significantly elevated in the
LET group (p < 0.05). LSEE 100% treatment significantly reduced testosterone levels in the
LET group (p < 0.05), whereas metformin and TX had no significant effect (Table 5).

In the LET group between inflammatory and hormonal markers, we noticed a statis-
tically significant positive correlation between IL-18 with insulin, GLU, HOMA-IR, and
estrogen. PCA indicated that a positive correlation between IL-13 and FSH was present,
while IL-10 was correlated to LH and testosterone. In the LSEE 100% group, NFkB-p65
was correlated with HOMA-IR, and IL-18, IL-13, and IL-10 were correlated with Insulin
(Figure 8).
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Factor 2 : 18.20%
Factor 2 : 28.99%
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Figure 8. Hormonal and inflammatory markers PCA results in Letrozole induced PCOS in rats:
(A) LET group; (B) LSEE 100% group. LSEE—L. salicaria L. ethanol extract.

3.8. Effect of L. salicaria L. Ethanolic Extract on Ovarian Histology in Letrozole-Induced PCOS

H&E staining revealed significant histological changes in the ovaries of LET-treated
rats. In the LET group, the ovaries displayed numerous large cystic structures, and an
absence or scarcity of corpus luteum (Figure 9A). In these structures, the granulosa cells
were sparse and arranged in two to three layers on the basal membrane, leading to the
development of atretic follicles with a large central cavity. Notably, treatment with LSEE
and metformin improved ovarian histology by reducing or eliminating cysts and decreas-
ing the number of atretic antral follicles. Additionally, the previously aggregated and
thickened intra-follicular granulosa cell layer of the large follicles showed signs of recovery,

and corpus luteum formation was observed following LSEE and metformin treatment
(Figure 9B,C).
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Figure 9. Effect of LSEE treatment on histology of letrozole-induced ovary. (A) LET group, (B) LET +
LSEE 100% group, and (C) LET + M group. AF, Antral follicle; CL, corpus luteum; CF, cystic follicle.

3.9. Ultrasonography Examination

The presence of ovarian cysts in the LET group was confirmed by ultrasonography
examination on day 10 of the experiment. The USG findings showed that the ovaries of
rats in this group were enlarged, with multiple oblong-shaped cystic structures, clearly
indicating the development of cystic ovaries (Figure 10).

PRESET R LA435

PRESET R LA435 I

Figure 10. Ultrasonography analysis of ovary of PCOS animals. (A) CONTROL group: normal
shape number of follicles (white circle). (B) LET group: enlarged, oblong, multiple cystic follicles
(white circle).
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4. Discussion

Our study investigated the therapeutic potential of Lythrum salicaria L. ethanolic
extract (LSEE) to address key pathophysiological mechanisms in both diabetes mellitus
(DM) and polycystic ovary syndrome (PCOS), given the frequent association and shared
underlying mechanisms between these two conditions. While current treatments for DM
primarily manage glycemic control and are associated with side effects [22], naturally
derived agents offer a promising avenue for therapeutic intervention [23,24]. Our findings
demonstrated that LSEE significantly reduced blood glucose levels in STZ-induced diabetic
rats, suggesting a potential antidiabetic effect. Furthermore, we also evaluated the impact
of LSEE on hormonal and metabolic parameters in a LET-induced PCOS rat model, the
results of which are discussed later in this section.

The Lythraceae family, to which L. salicaria L. belongs, includes several species with
reported antidiabetic properties [24,25]. Although L. salicaria L. has shown promise for
its anti-inflammatory and antioxidant activities, its antidiabetic efficacy has remained
uncertain [26]. Our observation of significant blood glucose reduction in the STZ group
contrasts with the mild hypoglycemic effect reported by Manayi et al. (2013) [22], who
used a high dose (15 g/kg) of an aqueous methanol extract. This discrepancy in outcomes
likely arises from variations in extraction methodologies, particularly the type of solvent
employed. Furthermore, direct comparison with earlier studies like that of Lamela et al.
(1986) [23], which suggested an antidiabetic potential, is challenging due to methodological
differences and limited detailed data. Collectively, these findings, including our own,
underscore the need for further standardized investigation to definitively establish the
antidiabetic efficacy of L. salicaria L.

TPC and TFC of LSEE determined by Folin—Ciocalteu method in our study were
similar to other studies findings, confirming that L. salicaria L. are a significant source of
phenolic compounds [22,24]. The most frequently identified phenolic compounds in LSEE
belonged to the subclasses of hydroxybenzoic acids, with ellagic acid derivatives being
the most abundant. Additionally, flavonoid subclasses, particularly luteolin and apigenin
derivatives, as well as ellagitannin subclasses represented by casuarictin and vescalagin,
were identified. Previous studies re ported that ellagitannins and ellagic acid derivatives
were among the most frequently identified compounds in L. salicaria L. extracts [1,25].
Ellagitannins, particularly casuarictin, have been identified as potent inhibitors of enzymes
such as a-glucosidase and «-amylase, which are crucial for carbohydrate digestion [26,27].
Vescalagin has also been reported to possess hypoglycemic, hypotriglyceridemic, and
insulin-sensitizing properties [28]. Ellagic acid has been demonstrated to stimulate in-
sulin secretion from pancreatic 3-cells and to enhance insulin sensitivity, particularly in
hepatic tissues [29,30]. As antioxidants, ellagic acid and ellagitannins scavenge ROS and
RNS, reducing oxidative damage, enhancing the activity of antioxidant enzymes like SOD
and catalase, and preventing lipid peroxidation [31,32]. As anti-inflammatory agents,
they inhibit the NF-«kB pathway, reducing pro-inflammatory cytokines such as TNF-x
and IL-13, and suppress COX-2 activity, which lowers prostaglandin synthesis [33,34].
Additionally, ellagic acid and ellagitannins regulate the NLRP3 inflammasome, decreas-
ing inflammation [27]. The antidiabetic properties of luteolin and apigenin derivatives
are mainly attributed to their ability to improve insulin sensitivity, by enhancing insulin
signaling through activating key proteins such as AMP-activated protein kinase (AMPK)
and improving the function of insulin receptors [35,36]. Additionally, luteolin, and api-
genin derivatives have been demonstrated to regulate glucose homeostasis by inhibiting
enzymes like x-glucosidase and x-amylase, thereby slowing down glucose absorption and
preventing postprandial hyperglycemia [36,37]. Apigenin and luteolin exert their antiox-
idative and anti-inflammatory effects by scavenging free radicals, enhancing antioxidant
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enzyme activity, and inhibiting pro-inflammatory pathways such as NF-kB and MAPK
signaling [38,39].

LSEE demonstrated strong in vitro antioxidant activity across multiple assays, sug-
gesting its bioactive compounds contribute to its free radical scavenging potential. Its
performance was either superior or comparable to standard references, with variations
in activity attributed to the specific mechanisms each test evaluates. LSEE exhibited high
DPPH scavenging activity, likely due to phenolic and flavonoid compounds (e.g., ellagic
acid, luteolin, apigenin derivatives, and tannins), which are well-known for their electron-
donating abilities. LSEE showed significantly higher hydrogen peroxide neutralization
than TX, the superior performance of LSEE in this assay suggesting the presence of phenolic
acids and flavonoids, which have been previously reported to act as hydrogen peroxide
scavengers by acting as electron donors. LSEE exhibited significantly higher FRAP activ-
ity compared to TX, indicating a strong reducing power. This result suggests that LSEE
contains potent electron-donating compounds capable of reducing metal ions and prevent-
ing oxidative stress induced by Fe3*-mediated reactions. LSEE also exhibited a superior
nitric oxide scavenging compared to quercetin, likely due to ellagic acid derivatives and
flavonoids, which help prevent NO-induced OS [40]. Our results were consistent with
those reported in previous studies [41].

For the evaluation of in vivo effects of LSEE, the present study firstly used a rat
STZ-induced T1DM model. STZ, a glucosamine-nitrosourea compound derived from
Streptomyces achromogenes, is widely used to induce T1DM in rodent models. Its glucose
analog structure facilitates selective entry into pancreatic beta cells via GLUT2 transporters,
leading to DNA damage, reactive oxygen species (ROS) generation, and, ultimately, beta-
cell destruction [42,43]. In this study, a single intraperitoneal STZ injection was employed
to induce T1DM in rats. Successful induction was confirmed by significant hyperglycemia
within 48 h, reflecting the rapid and severe beta-cell loss characteristic of this model.

In DM, chronic hyperglycemia leads to excessive production of ROS and reactive
nitrogen species (RNS) through several interconnected pathways. Elevated glucose levels
increase mitochondrial electron transport chain activity, leading to leakage of electrons
and excessive ROS production. In hyperglycemic conditions, excess glucose is shunted
into the polyol pathway, where aldose reductase converts glucose into sorbitol, consuming
NADPH and depleting glutathione (GSH), a major antioxidant. This reduces the cell’s
ability to counteract oxidative damage, leading to ROS overproduction. Chronic hyper-
glycemia causes non-enzymatic glycation of proteins, lipids, and DNA, forming advanced
glycation end-products (AGEs), which interact with their receptors (RAGEs) to trigger
oxidative stress and inflammatory responses. Another involved mechanism is represented
by NADPH oxidase (NOX) activation, further amplifying ROS generation and contribut-
ing to vascular endothelial dysfunction [44,45]. Moreover, in DM, ROS can contribute to
long-term dysfunctions that persist even after glycemic control is achieved, a phenomenon
known as “metabolic memory” [46].

The findings of this study demonstrate that the STZ-induced T1IDM model exhibited
significant OS. Notably, OS biomarkers showed an inverse correlation with antioxidant
system parameters, which were reduced when compared to the control group. Treatment
with LSEE at all tested concentrations effectively reduced TOS and OSI, biomarkers that
reflect the total concentration of oxidant molecules, while increasing TAC, an indicator
of the body’s overall antioxidant capacity [47]. Furthermore, the antioxidant effect of
metformin and TX, which also contribute to ROS reduction, was found to be lower than
that of LSEE.

MDA serves as a key indicator of lipid peroxidation, reflecting oxidative damage
to cell membranes. In LSEE-treated STZ rats, MDA levels were significantly reduced,
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suggesting that LSEE effectively mitigates ROS-induced lipid peroxidation. Similarly,
AOPP, a biomarker of plasma protein oxidation, was also lowered by LSEE through the
same ROS-reducing mechanism. This finding is particularly important, as AOPP plays a
role in stimulating inflammatory cytokine synthesis and release, a process that contributes
to chronic inflammation in DM [48].

8-Hydroxydeoxyguanosine (8-OHdG) is a modified nucleoside formed when ROS
oxidize guanine, one of the four nucleobases in DNA. This oxidative modification results
in a structurally altered guanine derivative that is prone to cause mutations and genomic
instability. Higher plasma flavonoid levels have been reported to correlate with lower
8-OHdG concentrations [49]. The LSEE treatments decreased 8-OHdG, and the mechanism
may be the significant content of flavonoids.

Nitric oxide (NO), a highly reactive and unstable radical, functions as an essential sig-
naling molecule for various physiological processes at low concentrations. Hyperglycemia
in DM rapidly elevates iNOS gene expression, leading to excessive NO production. This
overproduction, through its interaction with superoxide anions (O2-), facilitates the for-
mation of peroxynitrite (ONOO-), a highly damaging RNS, significantly contributing to
nitrosative stress and the progression of oxidative damage. Reactive peroxynitrite further
leads to protein tyrosine nitration, causing structural alterations and cellular disruption.
3-nitrotyrosine (3NT), a stable nitrated protein, is, therefore, utilized as a biomarker for
quantifying oxidative and nitrosative stress alongside other indicators [50,51]. LSEE treat-
ment significantly reduced 3NT levels, demonstrating superior effectiveness compared to
metformin and TX administration.

Advanced glycation end products (AGEs) are key contributors to the pathogenesis
of DM and its complications, forming through the non-enzymatic glycation of proteins,
lipids, and nucleic acids. Their accumulation is accelerated in hyperglycemia, leading
to oxidative stress, chronic inflammation, and vascular dysfunction. Additionally, they
impair pancreatic 3-cell function, exacerbating hyperglycemia and perpetuating metabolic
dysfunction. AGEs exert their effects primarily through interaction with the receptor for
advanced glycation end products (RAGE), triggering ROS production, NF-kB activation,
and pro-inflammatory cytokine release [52]. LSEE administration exhibited inhibitory
activity on AGE formation, with effects comparable to those of metformin.

Antioxidants are essential for neutralizing ROS and maintaining redox homeostasis.
Thiol (-SH) groups, particularly those found in cysteine residues and glutathione (GSH),
are critical indicators of antioxidant capacity due to their ability to donate electrons and
neutralize ROS. Plasma SHs are major circulating antioxidants, and their protection by
natural antioxidants like flavonoids, ellagic acid, and quercetin has been previously docu-
mented [53]. In this study, plasma SH levels were significantly decreased in diabetic rats,
indicating oxidative protein damage and depletion of antioxidant defenses. LSEE treatment
at all tested concentrations significantly increased thiol levels, demonstrating comparable
efficacy to TX and metformin.

Persistent oxidative stress activates nuclear factor kappa B (NF-«B) and other inflam-
matory pathways, leading to systemic inflammation, a key contributor to IR and metabolic
dysfunction. Inflammation amplifies ROS production, and hyperglycemia concurrently
drives chronic inflammation, establishing a self-sustaining cycle of inflammation, OS, and
hyperglycemia. Consequently, interrupting this cycle is a primary therapeutic goal in
diabetes management [54].

The nuclear factor-kappa B (NF-«B) family of transcription factors plays a key role
in regulating inflammation and immune responses by controlling gene expression. The
p65:p50 heterodimer is the most common form of NF-«B activated via the canonical path-
way. When exposed to pro-inflammatory signals, NF-kB dimers translocate to the nucleus,



Antioxidants 2025, 14, 573

23 of 29

promoting the transcription of inflammation-related genes. Antioxidants normally regulate
ROS-induced NF-kB activation [55]. In DM, excess ROS causes sustained NF-kB activation
and inflammation. ROS-induced DNA damage also contributes to this pathological NF-«B
activation, intensifying inflammatory responses. Plant polyphenols act as both antioxidants
and anti-inflammatory agents by inhibiting NF-«B activation, thereby helping to counteract
oxidative stress and inflammation in DM [56]. In STZ-induced T1D rats LSEE managed to
reduce NF-kB p65 only in 100% concentration, metformin and TX administration having a
superior effect.

The NLRP3 inflammasome plays a critical role in chronic inflammation and metabolic
dysfunction in DM, contributing to IR, 3-cell dysfunction, and diabetic complications. Its
activation occurs in two stages: priming and activation. The priming phase, triggered by
hyperglycemia, oxidative stress, and lipotoxicity, activates NF-«B signaling, leading to
increased NLRP3 expression and the production of pro-IL-13 and pro-IL-18. The activation
phase is triggered by mitochondrial ROS production, endoplasmic reticulum (ER) stress,
ATP release, potassium efflux, and AGEs-RAGE signaling, resulting in inflammasome
assembly, caspase-1 activation, and the maturation of IL-13 and IL-18. A crucial down-
stream effector of inflammasome activation is Gasdermin D (GSDMD), which mediates
pyroptosis, a form of inflammatory cell death. Upon caspase-1 cleavage, GSDMD forms
membrane pores, allowing the release of IL-13 and IL-18, exacerbating inflammation and
tissue damage [56]. Persistent NLRP3-GSDMD activation contributes to pancreatic (3-cell
apoptosis, IR in adipose and liver tissues, and vascular inflammation, promoting compli-
cations such as diabetic nephropathy, retinopathy, neuropathy, and atherosclerosis [57].
Given its pivotal role in diabetes-associated inflammation, the NLRP3 inflammasome and
Gasdermin D have emerged as therapeutic targets. Antioxidants like quercetin, resveratrol,
and ellagic acid help reduce mitochondrial ROS, preventing excessive NLRP3-Gasdermin
D activation [58]. Our study demonstrated that LSEE effectively inhibited the NLRP3
inflammasome in diabetic rats, as evidenced by significant reductions in IL-13, IL-18, GS-
DMD, and caspase-1 levels compared to untreated diabetic controls. While metformin and
TX also reduced IL-1$3, IL-18, and gasdermin D, they did not significantly affect caspase-1
activity, suggesting that LSEE exerted a more comprehensive inhibitory effect on the NLRP3
inflammasome pathway.

In DM, dyslipidemia stems from a complex interplay of metabolic disturbances, signif-
icantly increasing the risk of cardiovascular complications. A key factor is insulin deficiency
or resistance, which impairs the activity of lipoprotein lipase. Furthermore, hyperglycemia
stimulates the liver to overproduce very-low-density lipoprotein (VLDL), a primary contrib-
utor to elevated TG. IR also promotes increased free fatty acid flux from adipose tissue to the
liver, further fueling VLDL synthesis. Additionally, high glucose levels can glycate lipopro-
teins, altering their structure and function, which may disrupt cholesterol metabolism and
contribute to increased TC. The TyG index, calculated from fasting triglyceride and glucose
levels, serves as a simple and cost-effective surrogate marker for IR. Elevated TyG index
values correlate with increased risk of T2DM cardiovascular disease, and non-alcoholic
fatty liver disease, making it a valuable tool for risk prediction and clinical assessment in
DM [59,60]. Our study revealed significant lipid dysregulation, with elevated TG and TC
levels, and an increased TyG index, indicative of IR. LSEE treatment effectively reduced
both TG and TC in a dose-dependent manner, with the highest dose showing the greatest
efficacy. Notably, LSEE also lowered the TyG index, with the 50% concentration being most
effective. In contrast, metformin and TX did not significantly alter the TyG index.

Liver injury is a major complication of DM, driven by hyperglycemia and IR, which
drive a cascade of detrimental effects. In general DM, this often presents as non-alcoholic
fatty liver disease (NAFLD), defined by excessive hepatic fat accumulation, oxidative
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stress, and chronic inflammation mediated by cytokines and the NLRP3 inflammasome,
potentially progressing to fibrosis and cirrhosis. The STZ-induced DM model in rodents
effectively mimics these pathological changes by rapidly inducing hepatic steatosis due to
insulin deficiency, increasing oxidative stress from STZ and hyperglycemia-induced ROS,
and triggering inflammatory responses [61,62]. In the STZ-induced DM group, AST and
ALT levels were elevated, while the AST/ALT ratio was decreased, indicating the presence
of liver injury. LSEE administration exhibited a protective effect, as it significantly reduced
AST and ALT levels while increasing the AST/ALT ratio. Notably, lower doses of LSEE
demonstrated the most pronounced hepatoprotective effects.

PCOS and DM are closely linked through their pathophysiological mechanisms that
include IR, androgen excess, chronic inflammation, and OS. In T2DM, PCOS is primarily
driven by peripheral IR, compensatory hyperinsulinemia, and dyslipidemia, creating
a metabolic-hormonal cycle that increases diabetes risk [63]. In patients with TIDM
delayed puberty, earlier onset of menopause, and a higher prevalence of hirsutism and
PCOS features have been observed. In T1DM, the main mechanism involves exogenous
insulin administration which bypasses hepatic metabolism raising systemic insulin levels,
which will further increase ovarian steroid synthesis. Furthermore, insulin acts as a co-
gonadotropin and also suppresses SHBG hepatic synthesis leading to increased levels of
free testosterone [64]. Currently, several short-term treatments are available for PCOS
management, including symptomatic treatment, lifestyle modification, ovulation induction,
anti-androgen therapy, and treatment of metabolic disorders. Etiological treatment is
still lacking, and these therapies are often associated with significant side effects [65,60].
Adjunctive natural therapies targeting underlying pathophysiological mechanisms are
gaining recognition in PCOS management. Polyphenolic compounds and flavonoids
exert pleiotropic effects on hormonal dysregulation in PCOS, targeting key endocrine
abnormalities that contribute to its complex pathophysiology [67]. These phytochemicals
modulate steroidogenesis through the inhibition of enzymes such as 173-hydroxysteroid
dehydrogenase and 5x-reductase, thereby attenuating hyperandrogenism. Furthermore,
they interact with estrogen receptors, exhibiting selective estrogen receptor modulator
(SERM) activity or modulating aromatase expression, influencing the estrogen/androgen
balance and potentially restoring cyclical ovarian function. By enhancing insulin sensitivity
via activation of insulin signaling pathways, they indirectly regulate androgen biosynthesis,
which is often stimulated by hyperinsulinemia in PCOS. Moreover, evidence suggests that
these compounds may modulate LH secretion and increase SHBG production, further
contributing to the restoration of hormonal homeostasis [68-70].

OS plays a key role in PCOS pathogenesis, contributing to IR, hyperandrogenism,
chronic inflammation, and ovarian dysfunction. Increased ROS production impairs insulin
signaling, leading to hyperinsulinemia, which stimulates androgen overproduction, dis-
rupting follicular development and ovulation [70,71]. In this study, PCOS in rats was linked
to OS, as evidenced by elevated oxidative biomarkers (TOS, OSI, MDA, AOPP, 8-OHdG,
3NT and AGEs) and reduced antioxidant markers (TAC and SH). LSEE treatment exhibited
antioxidant activity by significantly lowering TOS, OSI, MDA, AOPP, and 8-OHdG, while
notably increasing TAC levels. Similarly, LSEE demonstrated antioxidant effects compara-
ble to metformin, though its efficacy was lower than that of TX, highlighting its moderate
but beneficial antioxidant potential.

OS-induced lipid peroxidation and mitochondrial dysfunction contribute to chronic
low-grade inflammation by activating the NF-«B pathway, leading to increased production
of pro-inflammatory cytokines (TNF-«, IL-6, IL-13). Additionally, OS stimulates the
NLRP3 inflammasome, further amplifying inflammatory responses. This inflammatory
state promotes IR, which in turn drives androgen overproduction, follicular dysfunction,



Antioxidants 2025, 14, 573

25 of 29

and anovulation. OS also induces damage to oocytes and granulosa cells, impairing
fertility and endometrial receptivity. Furthermore, it disrupts adipose tissue homeostasis
by increasing pro-inflammatory adipokines (resistin, leptin) while reducing adiponectin,
thereby exacerbating metabolic disturbances in PCOS [72-74].

The findings of this study demonstrated that LET-induced PCOS was associated
with elevated pro-inflammatory cytokine levels, confirming the activation of the NLRP3
inflammasome. LSEE administration significantly reduced NF-xB and NLRP3 activation,
leading to a subsequent decrease in pro-inflammatory cytokines IL-1f3 and IL-18, as well as
a no significant activity on the anti-inflammatory cytokine IL-10, indicating its regulatory
effect on inflammation in PCOS. Additionally, the present study demonstrated that LSEE
therapy effectively improved hormonal and metabolic imbalances, reduced oxidative stress
and inflammation, and alleviated ultrasonographic and histomorphological abnormalities
in ovarian and uterine tissues, highlighting its potential therapeutic benefits in PCOS
management.

In our study, PCOS rats developed hormonal imbalances, including elevated go-
nadotropins, reduced estrogen levels, and increased testosterone levels. Ultrasound exami-
nation further revealed polycystic ovarian morphology, supporting the induction of PCOS.
Additionally, metabolic disturbances were observed, with elevated insulin and glucose
levels, along with an increased HOMA-IR index, indicating the presence of IR. LSEE treat-
ment alleviated hormonal imbalances by reducing LH and FSH levels, increasing estrogen,
and lowering testosterone levels, indicating its regulatory effect on the hypothalamic-
pituitary-ovarian (HPO) axis. Additionally, LSEE treatment improved insulin sensitivity by
reducing insulin levels and the HOMA-IR indeX, though its effect was modest compared
to metformin. However, LSEE demonstrated superior efficacy in correcting hormonal
disturbances when compared to metformin, suggesting a potential advantage in addressing
endocrine dysfunction in PCOS. In PCOS rats significant ovarian histological changes
were described, including cyst formation, atretic follicles, and a diminished corpus luteum,
indicative of disrupted follicular development and anovulation. Treatment with LSEE and
metformin effectively ameliorated these pathological alterations, reducing cyst formation,
decreasing atretic follicles, and promoting corpus luteum formation, suggesting a potential
restoration of normal follicular dynamics and ovulatory function.

This study presents several limitations, including a limited number of animals, a
short intervention period, and reliance on a single animal model, which may affect the
generalizability of the results to human contexts. Additionally, we did not conduct a
separate toxicity assessment of the LSEE, which we will test include our future studies.
Furthermore, employing only one extraction technique might have impacted the yield
and variety of bioactive constituents in the plant extract. Another limitation of this study
is that the phytochemical characterization of the LSEE was based on general spectropho-
tometric assays, and results were expressed as equivalents of standard compounds (e.g.,
gallic acid, ellagic, and luteolin equivalents). Future studies should incorporate advanced
chromatographic techniques (e.g., LC-MS) for more detailed profiling and quantification of
specific compounds within the extract. As a result, the effects observed in this study may
not entirely reflect the full therapeutic potential of the L. salicaria L. species.

5. Conclusions

The findings of this study demonstrate that LSEE exhibits potential therapeutic efficacy
in mitigating pathophysiological parameters associated with both DM and PCOS. LSEE
demonstrated significant, dose-dependent antioxidant and anti-inflammatory effects in STZ-
induced DM, with a clear positive correlation between dosage and efficacy. Additionally,
LSEE effectively mitigated metabolic and hepatic dysfunction in STZ-induced T1D rats.
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In a separate investigation, utilizing the LET-induced PCOS rat model, LSEE exhibited
therapeutic potential by modulating hormonal and metabolic parameters, and by reducing
OS and inflammation, likely attributed to its polyphenolic constituents. While these
findings suggest LSEE’s therapeutic utility, the potential for paradoxical pro-oxidant effects
at elevated antioxidant concentrations necessitates careful dose optimization.
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