Open Access Article. Published on 05 November 2025. Downloaded on 6/12/2026 12:04:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food &
Function

ROYAL SOCIETY

N
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

‘ '.) Check for updates

Cite this: Food Funct.,, 2025, 16, 9174

Received 8th August 2025,
Accepted 27th October 2025

DOI: 10.1039/d5f003393d

rsc.li/food-function

Introduction

Standardized fenugreek seed extract alleviates
menopausal sleep disturbances via GABAA,
melatonin, and adenosine receptors in
ovariectomized (OVX) rodents

Hyowon Lee, €22 Hoon Kim, ©2° Hyung Joo Suh (2 *2 and Hyeon-Son Choi (2 *©

Fenugreek seed (Trigonella foenum-graecum L)), a dietary component traditionally used in food and
herbal medicine, is known for its wide range of health-promoting properties. However, its effects on
menopause-associated sleep disturbances remain largely unexplored. This study investigated the poten-
tial of a standardized fenugreek seed extract (FSE), enriched in trigonelline (1.72%), protodioscin (6.17%),
and 4-hydroxy-L-isoleucine (2.55%), to alleviate sleep impairments in ovariectomized (OVX) mice, a
model of menopause-related symptoms. FSE administration significantly improved OVX-induced sleep
disturbances by increasing the sleep duration in a pentobarbital-induced hypnotic test. Mechanistic
investigations showed that FSE activated GABAA and melatonin receptor 1A (MTNR1A), confirmed by
antagonist treatment with picrotoxin, flumazenil, and luzindole. Electroencephalogram (EEG) analysis
revealed enhanced delta activity during NREM sleep, indicating improved sleep quality. FSE restored
neurochemical and hormonal balance by elevating GABA and dopamine levels while reducing cortisol. It
also increased the expression of estrogen receptors ERa, ERp, and GPR30, without altering systemic estra-
diol Furthermore, the adenosine A2A (ADORA2A)

Administration of trigonelline, protodioscin, and 4-hydroxy-L-isoleucine, either individually or in combi-

levels. receptor was significantly elevated.
nation, replicated the sleep-promoting effects of FSE, supporting their role in the overall bioactivity. This
study highlights FSE and its bioactive compounds as promising functional food ingredients for improving
menopausal sleep disorders by modulating GABAergic, melatonergic, and adenosinergic signaling path-

ways, as well as estrogen receptor expression and neurohormonal homeostasis.

ances arise from multiple factors, including poor sleep
hygiene, work-related stress, and medical conditions like

Sleep is a vital biological process essential for physical health,
cognitive function, emotional well-being, and immune
defense." However, modern lifestyles, characterized by stress,
irregular schedules, and screen exposure, contribute to a
growing prevalence of sleep disorders, linked to cardiovascular
disease, obesity, diabetes, and mental health disorders such as
anxiety and depression.”® Poor sleep quality also accelerates
biological aging and increases mortality risk.* Sleep disturb-
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insomnia and sleep apnea.*®

Current management of sleep disorders typically involves
lifestyle changes, cognitive-behavioral therapy, and pharmaco-
logical interventions.”® Sedative-hypnotics, including benzo-
diazepines, non-benzodiazepine receptor agonists, and melato-
nin supplements, are commonly prescribed to promote sleep
onset and maintenance.””’ However, these drugs are associated
with side effects such as dependency, daytime drowsiness, diz-
ziness, memory impairment, and an increased fall risk, par-
ticularly in older adults. Long-term use can also lead to toler-
ance and withdrawal symptoms, potentially worsening sleep
problems over time.'® These limitations have spurred interest
in food-derived bioactive components as safer, evidence-based
natural alternatives to promote sleep health, particularly
through natural ingredients with biochemical potential.

While sleep disorders affect diverse populations, menopau-
sal women are particularly vulnerable due to hormonal
changes. Menopause, occurring between ages 45 and 55 years,
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is characterized by a decline in estrogen and progesterone,
leading to hot flashes, mood swings, fatigue, cognitive impair-
ments, and sleep disturbances.'™'*> These sleep disruptions,
affecting up to 50% of menopausal women, are driven by hor-
monal fluctuations, night sweats and circadian dysregulation,
significantly contributing to daytime fatigue and reduced
quality of life.">™* Psychological stressors, including anxiety,
further exacerbate these sleep problems, highlighting the need
for effective, low-risk interventions.

Fenugreek (Trigonella foenum-graecum), a medicinal herb
native to the Mediterranean and widely cultivated in Asia and
Europe, is commonly used as a food ingredient, with its seeds
serving as a spice to enhance flavor and nutrition in various
cuisines.'® It has been traditionally used for a wide range of
health benefits, including its antioxidant, anti-inflammatory,
digestive support, glycemic control, and hormonal balancing
properties.'®® Fenugreek seed extract (FSE), rich in bioactive
constituents, such as saponins, flavonoids, and alkaloids, tri-
gonelline, protodioscin, and 4-hydroxy-i-isoleucine,'®" is
hypothesized to alleviate menopause-related sleep through its
endocrine-modulating properties and potential to influence
neurotransmitter systems. However, despite these promising
traditional uses and proposed mechanisms, FSE’s efficacy and
specific underlying mechanisms for sleep improvement
remain largely unexplored.

To address this knowledge gap, our study investigates the
potential of FSE and its bioactive components in alleviating
sleep disorders induced by estrogen deficiency, using an ovari-
ectomized (OVX) rodent model. We further aim to elucidate
the underlying mechanisms, focusing on GABAergic, melato-
nergic, and adenosinergic pathways critical to sleep regulation.
By exploring FSE’s role as a functional food ingredient, this
research highlights its significance in food chemistry and
health applications, addressing the growing demand for safe,
natural interventions for menopause-related sleep disorders.

Materials and methods
Preparation of FSE

The seeds of Trigonella foenum-graecum L. were obtained from
Juyeong NS Co., Ltd (Seoul, Korea). The fenugreek seed extract
(FSE) used in this study was commercially prepared by Juyeong
NS Co., Ltd. According to the manufacturer’s procedure, the
seeds were flaked or powdered using a pulverizer to achieve a
particle size of 0.8-1.2 mm. The powdered seeds were then
subjected to commercial-scale extraction using 70% ethanol at
30-35 °C for 12 to 15 h. The resulting mixture was then sub-
jected to evaporation and concentration. The extract was puri-
fied through fabric filtration with a 2 um mesh, followed by
spray drying. The dried extract was then blended with 0.5%
(w/w) silica. The final product obtained was fenugreek seed
extract (FSE). FSE was standardized to contain not less than
6.0% protodioscin, 2.5% 4-hydroxy-r-isoleucine, and 1.7% tri-
gonelline (w/w) based on HPLC analysis across three indepen-
dent batches (see the section “HPLC analysis of FSE-derived
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compounds”). For experimental use, FSE powder was dissolved
in an appropriate vehicle prior to administration to animals.

Chemicals and materials

Pentobarbital (Entobar) was purchased from Hanlim Pharm.
Co. Ltd (Yongin, Korea). The GABAA receptor antagonists—
bicuculline (BIC), flumazenil (FMZ), and picrotoxin (PIX)—
were obtained from Sigma-Aldrich (St Louis, MO, USA). The
melatonin antagonists luzindole (LUZ) and 4-phenyl-1-(4-phe-
nylbutyl) piperidine (4-P-PDOT, 4PP) were also sourced from
Sigma-Aldrich. Additionally, trigonelline hydrochloride (TRG),
4-hydroxy-L-isoleucine  (4-HIL), protodioscin (PDS), and
dimethyl sulfoxide (DMSO) were acquired from Sigma-Aldrich.

Animal maintenance and experimental design

Female ICR mice (4 weeks old, 18-20 g; Orient Bio, Seongnam,
Korea) were acclimatized for one week before undergoing
ovariectomy (OVX) or sham surgery. After surgery, the mice
were allowed a 1-week recovery period, followed by a 4-week
post-OVX period during which serum estrogen levels were
measured weekly to confirm the estrogen-deficient status.
Prior to behavioral testing, mice were fasted for 24 h. Oral
administration of FSE or the vehicle was then performed, and
40 minutes later, pentobarbital (42 mg kg™, i.p.) was adminis-
tered to assess sleep latency and duration. The mice were ran-
domly assigned to treatment groups (n = 7 per group). The
sham-operated groups included: normal control (NOR, vehicle
only), positive control (PC-sham, benzodiazepine 200 pg kg™ "),
and FSE high-dose (FH-sham, 300 mg kg™"). The OVX groups
included: OVX control (CON-OVX, vehicle), OVX positive
control (PC-OVX, benzodiazepine 200 ug kg™"), FSE low-dose
(FL-OVX, 200 mg kg™'), and FSE high-dose (FH-OVX, 300 mg
kg ") (Fig. 1). Female SD rats (6 weeks old, 160-180 g; Biolink,
Eumseong, Korea) underwent ovariectomy (OVX) or sham
surgery and were allowed 1 week of post-OVX recovery.
Following this, the rats experienced an additional 1-week
acclimation period prior to EEG transmitter implantation (sur-
gical electrode implantation). After implantation, the rats were
allowed 1 week for post-surgical recovery, followed by 2 weeks
of additional recovery before initiation of oral FSE or vehicle
administration. EEG recordings commenced 1 hour after
sample administration, conducted 7 h per day (10:00-17:00)
for 6 consecutive days. SD rats were randomly assigned to five
groups (n = 7 per group). These included a normal (NOR)
sham-operated control (vehicle, water); an OVX control (CON)
group of ovariectomized (OVX) model rats (vehicle, water); a
positive control (PC) group of OVX model rats (benzodiazepine,
200 pg kg™'); an FSE low-dose (FL) group of OVX model rats
(FSE, 200 mg kg '); and an FSE high-dose (FH) group of OVX
model rats (FSE, 300 mg kg™").

All animals were housed in a controlled environment (21 +
1 °C, 50%-55% humidity, 12 h light/dark cycle) with ad libitum
access to food (Feed Lab Korea, Guri, Korea) and water. All
animal experiments were conducted in accordance with the
guidelines approved by the Institutional Animal Care and Use
Committee of Korea University (KUIACUC-2024-0025).
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Fig. 1 Experimental procedure for the pentobarbital-induced sleep behavior test in the OVX mouse model.

Ovariectomy and confirmation

Ovariectomy was performed using a bilateral dorsolateral
incision under aseptic conditions, as previously described*’
with minor modifications. Briefly, the mice were anesthetized
with isoflurane (3% for induction, 1.5-2% for maintenance)
and their lateral flank shaved. A small incision was made on
each side to expose the ovaries, which were carefully excised
after ligating the underlying vasculature. The incision sites
were then sutured, and tramadol (20 mg kg™, subcutaneously)
was administered for pain relief. After surgery, the mice
received acetaminophen-supplemented water (0.47 mg mL™")
for three days and monitored for distress. To determine the
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appropriate time point for molecular analyses, serum estrogen
levels were measured weekly post-OVX (Fig. 2). As shown, sig-
nificant reductions in estrogen were observed from week 4.
The mice that did not exhibit a sufficient reduction in estrogen
or failed to enter sleep within 15 minutes after pentobarbital
injection were excluded from further analyses. After applying
these criteria, the final sample size for each group was n = 7,
with 1-2 mice excluded per group. Therefore, all subsequent
molecular and biochemical analyses, including brain tissue
collection for RNA and protein assays, were conducted at this
4-week time point to ensure that measurements reflected
established estrogen-deficient conditions.
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Fig. 2 Effects of ovariectomy (OVX) on estrogen levels, and of fenugreek seed extract (FSE) on sleep behavior in ICR mice. Mice were divided into
sham and OVX groups. Values are expressed as mean + SEM (n = 7 per group). Serum estrogen levels were analyzed via ELISA over a 0—4-week
period post-ovariectomy (OVX) (A). Sleep latency and sleep duration were measured in sham-operated (NOR) and OVX mice using a pentobarbital
(42 mg kg™, i.p.)-induced sleep model (B and C). Values are expressed as mean + SEM (n = 7 per group). Different symbols indicate significant differ-
ences: *p < 0.05 vs. 0 week; **p < 0.01, ***p < 0.001 vs. CON (ANOVA, Tukey's test); ###p < 0.001 vs. NOR; and fffp < 0.001 vs. NOR (t-test).
Treatment groups include NOR (sham normal), CON (OVX, ovariectomized animal group), PC (positive control: benzodiazepine, 200 pg kg™, and
two doses of FSE : FL (low dose, 200 mg kg™) and FH (high dose, 300 mg kg™ groups. ns: not significant. Results are representative of three inde-

pendent experiments.
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Evaluation of sleep behaviors

Pentobarbital-induced sleep model. For the pentobarbital-
induced sleep test (Fig. 1), ovariectomized (OVX) ICR mice,
fasted for 24 h, were given oral test samples. After 40 min, they
received an intraperitoneal (IP) injection of pentobarbital
(42 mg kg™"). Sleep latency was measured from pentobarbital
injection to loss of the righting reflex, and the sleep duration
was the time from the loss to the recovery of the righting
reflex. The mice not sleeping within 15 min were excluded
from the study. All tests were conducted between 14:00 and
18:00 hours (n = 7 per group).

Caffeine-induced insomnia model. This model used OVX
ICR mice to evaluate treatments for caffeine-induced insomnia.
A non-OVX, non-caffeine group (NOR) and an OVX-only group
were included as baseline comparisons. Caffeine (40 mg kg™)
was administered intraperitoneally 15 min prior to oral sample
administration to induce insomnia. The mice were then ran-
domly assigned into the following groups (n = 7 per group):
OVX control (CON) group (caffeine and vehicle); a positive
control (PC) (caffeine and benzodiazepine: 200 pg kg™'); an FSE
low-dose (FL) group (caffeine and FSE: 200 mg kg™"); and an
FSE high-dose (FH) group (caffeine and FSE: 300 mg kg ™).

Antagonist treatment in pentobarbital-induced sleep test

The study utilized GABAA receptor antagonists—picrotoxin
(PIX, 4 mg kg™ "), bicuculline (BIC, 6 mg kg™"), and flumazenil
(FMZ, 10 mg kg ')—and melatonin receptor antagonists—
luzindole (LUZ, 30 mg kg™') and 4-PPDOT (4PP, 10 mg kg™ ).
All antagonists were prepared in corn oil containing 5%
DMSO. Each antagonist or its corresponding vehicle (corn oil
with 5% DMSO) was administered intraperitoneally to ICR
mice. Twenty minutes later, FSE (300 mg kg™') was given
orally. The remainder of the experiment followed the same
conditions as those of the standard pentobarbital-induced
sleep test.

EEG analysis in SD rats

Electrodes and EEG transmitters (Emka Technologies, Paris,
France) were surgically implanted onto the skull surface of SD
rats.”" Following a one-week recovery, EEG measurements were
conducted for 7 h per session (10:00-17:00) for 6 d, with
signals collected at a 500 Hz sampling rate. Spectrum data
were analyzed with 1 Hz spacing using the following standard
frequency bands: 6 (0.5-4 Hz), 6 (4-8 Hz), a (8-12 Hz),  (12-30
Hz), and y (30-60 Hz). Sleep structure and parameters (wake-
fulness, total sleep time, NREM, REM, theta, and delta waves)
were evaluated using a fast Fourier transform algorithm
implemented in ECG Auto 3 software (version 3.3, Emka
Technologies, Paris, France).

Gene expression analysis-real-time PCR

After 4 weeks of oral FSE administration (5 times per week),
whole brain tissues were collected from sacrificed ICR mice.
RNA was extracted from 50 mg of homogenized tissue in 1 mL
of TRIzol (Invitrogen, Carlsbad, CA, USA) using the
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TissueLyser II (Qiagen, Hilden, Germany), following the manu-
facturer’s instructions (Thermo Fisher Scientific, Waltham,
MA, USA) which included genomic DNA removal. RNA
samples were quantified, and only those with OD260/0D280
ratios of 1.8-2.0 (INNO-M, LTek, Seongnam, Republic of
Korea) were used for subsequent quantitative real-time PCR
(qRT-PCR) analysis. Complementary DNA (cDNA) was syn-
thesized using a reverse transcription-polymerase kit (iNtRON
Biotechnology, Seongnam, Korea). qRT-PCR was performed
using the SYBR Green system (Applied Biosystems, CA, USA)
on an AriaMx system (Agilent Technologies, Santa Clara, CA,
USA). Primer sequences are detailed in Table S1.

Western blot analysis

Protein was extracted from brain tissue (100 mg) using RIPA
buffer supplemented with protease and phosphatase inhibi-
tors (PPC1010, Sigma-Aldrich). Following centrifugation
(10 000g for 10 min at 4 °C), protein content was quantified via
BCA assay (BCA1, Sigma-Aldrich). For SDS-PAGE, 50 pg of
denatured protein per sample was separated on a 10% poly-
acrylamide gel (100 V, for 90 min) and then transferred to an
Immobilon-P PVDF membrane (Millipore, Burlington, MA,
USA). The membrane was blocked with 5% BSA for 1 h and
incubated overnight at 4 °C with the primary antibody
(1:1000). After three 10 min washes with TBST, the membrane
was incubated with an HRP-conjugated secondary antibody
(goat anti-rabbit IgG-HRP, 1:5000, #35401, Cell Signaling
Technology) at room temperature for 2 h. After three
additional TBST washes, protein bands were visualized using
an ECL detection system (32106, Thermo Fisher Scientific) and an
imaging system (the Alliance Q9 system, UVITECH, Warwickshire,
UK). The antibodies used are presented in Table S2.

Measurement of GABA, dopamine, cortisol, and estrogen levels

For GABA and dopamine analyses, brain tissue (50 mg) was
homogenized in 700 pL of 40 mM Tris-HCl (pH 7.2) using a
TissueLyser II (Qiagen). The supernatant was collected by cen-
trifugation (10 000g for 15 min, 4 °C). GABA and dopamine
levels were analyzed using HPLC with fluorescence detection
on a Waters AccQ-Tag column (Waters, Milford, MA, USA) and
an HPLC system with UV detection on a YMC-Pack Pro C18
column, respectively, as previously described*"** (Fig. S1).
After 4 weeks of oral administration, blood was collected from
sacrificed mice via cardiac puncture into serum separator
tubes, clotted at room temperature for 30 min. Serum was
obtained by centrifugation (3000g, 20 min, 4 °C). Cortisol and
estrogen levels were measured using a cortisol ELISA kit
(Abcam, Cambridge, UK, ab108665) and an estrogen ELISA kit
(Assay Genie, Dublin, Ireland, UNFI0011), respectively, follow-
ing the manufacturer’s instructions. Absorbance was measured
at 450 nm using a microplate reader (INNO M, LTek).

HPLC analysis of FSE-derived compounds

For the HPLC analysis, a 150 mg fenugreek seed extract (FSE)
sample was dissolved in distilled water, sonicated for 30 min,
cooled and then brought to a final volume of 50 mL. A test
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solution was subsequently prepared by mixing 80 pL of this
solution with 400 pL of borate buffer (pH 8.5) for 30 s, fol-
lowed by the addition of 80 pL of OPA solution. The analysis
was conducted using an Alliance 1260 Infinity II HPLC system
(Waters, Milford, MA, USA) equipped with an autosampler, a
quaternary pump, and a UV detector. For trigonelline, the fil-
tered supernatant was injected into an ODS C18 column (250 x
4.6 mm, 5 pm) at 35 °C, detected at 265 nm with a water/aceto-
nitrile gradient (98:2 to 30:70). For 4-HIL, the sample was
injected into a Capcell Pak C18 UG 120 column (250 x 4.6 mm,
5 pm; YMC), detected at 338 nm with a flow rate of 0.7 mL
min~" and a 10 pl injection volume, using a gradient of 20 mM
Na,HPO, (pH 7.8) and 90% acetonitrile (85:15 to 10:90).
Protodioscin detection involved injecting the sample into a
Phenomenex Luna C18(2) column (100 x 4.6 mm, 3 pm),
detected at 205 nm, at 1.0 mL min~"' with a 10 pL injection
volume, employing a gradient of 0.1% formic acid in water
and 0.1% formic acid in acetonitrile (78:22 to 10: 90). System
calibration was achieved using prepared standards ranging
from 20 to 100 pg mL ™.

HPLC analyses were performed on three independent
batches of FSE to confirm consistent content of key bioactive
compounds. Quantification of trigonelline, 4-hydroxy-L-isoleu-
cine, and protodioscin in FSE was carried out by comparing
peak areas to those of external standards. Calibration curves
were constructed using serial dilutions of each standard com-
pound at appropriate concentrations: trigonelline (50-200 pg
mL "), 4-hydroxy-i-isoleucine (20-100 pg mL™"), and protodios-
cin (200-1000 pg mL™"). These ranges were selected based on
expected compound concentrations in FSE. Each analyte
showed excellent linearity within its respective range with
coefficients of determination (R2) exceeding 0.99. As a result,
the FSE was found to contain 6.17% protodioscin, 2.55%
4-hydroxy-L-isoleucine, and 1.72% trigonelline (w/w).

Statistical analysis

Statistical analysis was performed using the Statistical Package
for Social Science (SPSS) version 26.0 (SPSS Inc., Chicago, IL,
USA). Data were expressed as mean + standard error of the
mean (SEM). Group differences were analyzed using one-way
ANOVA, followed by Tukey’s multiple comparison test where
appropriate. Statistical significance was set at a P-value < 0.05.
Additionally, a t-test was conducted to compare specific group
pairs.

Results

FSE restores sleep impairment induced by ovariectomy-
associated estrogen deficiency in ICR mice

Ovariectomy (OVX) successfully induced a menopause-like
condition in ICR mice, as evidenced by a significant reduction
in estrogen levels. Four weeks post-surgery, estrogen levels
were notably decreased by 26.4% (p < 0.05) compared to those
of normal (NOR) mice (Fig. 2A). Additionally, no significant
changes in the weight of animal organs were observed in OVX
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mice compared to those of NOR mice (Table S3). This estrogen
deficiency profoundly impacted the sleep duration: the OVX
group (n = 7) exhibited a significant decrease in the sleep dur-
ation by 33.5% (p < 0.001) in the pentobarbital-induced sleep
model (Fig. 2C), confirming that the menopause-like state
negatively affects sleep. Regarding sleep latency, the fenugreek
seed extract (FSE) generally did not cause significant changes
across most doses. However, a low dose (FL, 200 mg kg™') of
FSE led to a 30.5% increase in sleep latency (Fig. 2B, p <
0.001). Crucially, FSE demonstrated a significant ability to
counteract OVX-induced sleep disturbances. While a high dose
of FSE (FH) did not alter sleep in sham (non-OVX) mice, it
effectively restored sleep in OVX mice. In the pentobarbital-
induced sleep model, both the positive control benzodiazepine
(PC) and the high dose of FSE (FH) significantly counteracted
the OVX-induced sleep reduction. PC increased the sleep dur-
ation by approximately 2.2-fold, and FH significantly increased
it by 2.0-fold (Fig. 2C, p < 0.001). The low dose of FSE (FL) did
not significantly affect the sleep duration in OVX mice
(Fig. 2C). These findings indicate that FSE, particularly at the
high dose, effectively mitigates OVX-induced sleep disturbance
and restores sleep.

FSE restores the sleep duration in an ovariectomized (OVX)
mouse model of caffeine-induced insomnia

In an OVX model combined with caffeine administration,
caffeine did not further exacerbate OVX-induced sleep disturb-
ances, showing no significant additive effect on either sleep
latency or sleep duration compared to OVX alone (Fig. 3A and
B). Both OVX and caffeine independently reduced the sleep
duration by 22.4% to 26.4% (p < 0.01 vs. NOR, Fig. 3B).
Regarding sleep latency, a low dose of FSE (FL, 200 mg kg ™)
significantly increased sleep latency by 13.1% compared to
that of the OVX + caffeine control (CON) group (Fig. 3A, p <
0.001). Conversely, the high-dose FSE (FH) and the positive
control (PC) groups did not significantly alter sleep latency
(Fig. 3A). For the sleep duration, both the positive control
(benzodiazepine, PC) and the high dose of FSE (FH) effectively
counteracted the sleep reduction caused by OVX and caffeine.
PC significantly increased the sleep duration by 39.2% (p <
0.05), while FH demonstrated a pronounced effect, signifi-
cantly increasing the sleep duration by 49.0% (p < 0.01), com-
pared to the CON group (Fig. 3B). The low dose of FSE (FL) did
not significantly alter the sleep duration in this model
(Fig. 3B). These results indicate that FSE, particularly at a high
dose, effectively restores sleep even under conditions where
OVX and caffeine contribute to sleep disturbance.

FSE upregulates GABA and melatonin receptors in the brains
of ovariectomized (OVX) mice

OVX significantly downregulated GABAergic, serotonergic, and
melatonergic signaling pathways, as reflected by reduced
receptor expression at both mRNA and protein levels in the
brain. FSE administration effectively reversed the OVX-derived
decreases. Specifically, at the mRNA level, GABAA receptor
(Gabrgl) gene expression in OVX mice decreased by 74.0%

This journal is © The Royal Society of Chemistry 2025
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compared to that in the NOR group (Fig. 4A). Treatment with
FSE significantly increased this mRNA level, with the low dose
(FL) achieving a 100% increase (p < 0.001) and the high dose
(FH) showing a 46.1% increase (p < 0.001). Furthermore, FSE
upregulated GABAB receptor gene expression (Gabbrl and
Gabbr2) in OVX mice, with FL increasing Gabbrl and Gabbr2
by 2.5-fold and 2.2-fold, respectively, while FH increased them
by 3.5-fold and 32.1% (Fig. 4B and C). Similarly, serotonin
(Htr1a) and melatonin receptor (Mtla, Mtlb) mRNA levels
were significantly increased by FSE. 5HTR expression rose by
92.0% with FL and 5.9-fold with FH (Fig. 4D). For melatonin
receptors, FL and FH increased Mtla by 73.2% and 2.0-fold,
respectively, and Mtlb by 2.6-fold and 1.1-fold, compared to
those of the OVX control group (Fig. 4E and F). At the protein
levels, similar regulatory patterns were observed, though with
some notable exceptions. Specifically, FH administration sig-
nificantly increased GABAA and GABAB receptor protein levels
by 38.1% and 2.1-fold, respectively, compared to the OVX
control group (Fig. 5B and C, p < 0.05). Additionally, FH upre-
gulated MTNR1A protein levels by 63.5% relative to the OVX
control group (Fig. 5E). However, 5HT1A (serotonin receptor)
and MTNR1B (a melatonin receptor) protein levels showed
only slight, non-significant increases (Fig. 5D and F). Taken
together, these findings indicate that FSE effectively counter-
acts OVX-induced disruptions in neurotransmitter receptor
expression, particularly within the GABAergic and melatoner-
gic systems.

FSE upregulates adenosine and estrogen receptor proteins in
ovariectomized (OVX) mice

In OVX mice, protein levels of adenosine receptors, including
ADORA1 and ADORA2A, were significantly reduced (Fig. 6A-C,
P < 0.05). FSE administration induced an increasing trend in

This journal is © The Royal Society of Chemistry 2025

the protein levels of these receptors. While the increase in
ADORAL1 protein was not statistically significant, ADORA2A
protein levels increased by 42.1% compared to the OVX control
(CON) group, at a dose of 300 mg kg™* (Fig. 6C, p < 0.05). This
suggests that FSE partially regulates adenosine receptors,
potentially contributing to sleep. Additionally, estrogen recep-
tors, specifically ERa, ERB, and GPR30, which were also signifi-
cantly reduced in OVX mice (p < 0.01, p < 0.05, and p < 0.01,
respectively), showed an increase in protein levels with FSE
treatment. At a dose of 300 mg kg™, FSE administration sig-
nificantly increased ERa by 71.6%, ERP by 63.7%, and GPR30
by 78.8% compared to those of the OVX control group (CON)
(Fig. 6D-F, p < 0.01). These results indicate that FSE can
increase estrogenic response by increasing the expression of
estrogen receptors.

FSE improves NREM sleep and delta wave activity in
ovariectomized (OVX) SD rats

In ovariectomized (OVX) SD rats, FSE effectively counteracted
OVX-induced sleep disturbances by reducing awake time and
increasing the total sleep duration. Among the FSE fractions
(FL and FH) tested, only the FH fraction demonstrated signifi-
cant changes compared to the OVX control group. Specifically,
FH administration led to a 21.6% increase in total sleep time
(Fig. 7B and C). This FH-induced increase in sleep time was
primarily attributable to an enhancement in non-rapid eye
movement (NREM) sleep, which increased by 44.2% (Fig. 7E),
while the rapid eye movement (REM) sleep duration remained
unchanged (Fig. 7D). Furthermore, within the NREM sleep
phase, FH significantly increased delta (5) wave activity by
59.7%, suggesting an improvement in sleep quality (Fig. 7F).
Although FH also showed a trend toward increasing theta (6)
wave activity, this change was not statistically significant
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(Fig. 7G). These results collectively demonstrate that FH effec-
tively mitigates OVX-induced sleep disturbances by enhancing
delta wave activity during NREM sleep, thereby improving
sleep architecture.

FSE enhances sleep via GABA subunits and melatonin
receptor 1 in ovariectomized (OVX) mice

In OVX models treated with receptor antagonists, sleep latency
was not significantly different among any of the groups
(Fig. 8A and C). Regarding the GABAergic pathway, co-adminis-
tration of FSE with picrotoxin (PIX) or flumazenil (FMZ) abol-
ished the FSE-induced increase in the sleep duration, main-
taining it at a level comparable to that of the OVX control
group (Fig. 8B). This indicates that FSE-induced sleep
enhancement is associated with the GABAA receptor Cl™ ion
channel (targeted by PIX) and benzodiazepine binding site
located at the ol-y2 subunit interface (targeted by FMZ).
Conversely, co-administration of bicuculin (BIC) and FSE sig-
nificantly increased the sleep duration by 34.1% compared to
the BIC-alone group (Fig. 8B), indicating that FSE does not act
through the BIC-binding site (a-f interface) of the GABA recep-
tor. For the melatonergic receptor pathway, co-administration
of 4-phenyl-2-propionaminotertrain (4PP), an antagonist of
melatonin receptor 2 (MTNR2), with FSE resulted in a sleep

9180 | Food Funct, 2025, 16, 9174-9190

duration comparable to that with FSE alone (Fig. 8D),
suggesting that MTNR2 is not the primary target of FSE-
mediated sleep enhancement. Conversely, co-administration
of FSE and luzindole (LUZ), an MTNR1 and MTNR2 antagon-
ist, significantly reduced the sleep duration compared to that
with FSE alone (Fig. 8D), indicating that FSE-mediated sleep
enhancement is closely associated with melatonin receptor 1
(MTNR1) activation. Taken together, these findings indicate
that FSE promotes sleep by modulating the CI~ channel and
al/y2 subunit of the GABAA receptor, and the MTNR1
receptor.

FSE restores GABA and dopamine levels and reduces cortisol
in ovariectomized (OVX) mice

OVX significantly decreased brain GABA levels by 27.3%,
whereas FH administration increased the GABA level by 39.5%
compared to that with the OVX control (Fig. 9A and Fig. S1).
Similarly, OVX caused a 61.7% decrease in dopamine levels
(Fig. 9B and Fig. S1). However, both benzodiazepine (PC) and
FSE (FL and FH) significantly restored dopamine levels; FL
increased them by 65.3% and FH by 57.6%, respectively
(Fig. 9B). While cortisol levels showed a non-significant slight
increase under OVX conditions (Fig. 9C), both benzodiazepine
(PC) and FH separately significantly reduced cortisol levels. PC

This journal is © The Royal Society of Chemistry 2025
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decreased cortisol by 46.7% (p < 0.05) and FH by 51.7% (p <
0.01), respectively, compared to the OVX control group
(Fig. 9C). In contrast, estrogen levels were significantly
decreased by 20.8% in OVX mice, while FSE administration
did not significantly alter estrogen levels (Fig. 9D). These find-
ings indicate that FSE partially ameliorates OVX-induced dis-
turbances in neurotransmitter and hormone levels, particu-
larly by restoring GABA and dopamine levels and reducing
elevated cortisol.

9182 | Food Funct, 2025, 16, 9174-9190

FSE-derived compounds, especially trigonelline, increase the
sleep duration in ovariectomized (OVX) mice

HPLC analysis identified key compounds in FSE: trigonelline
(TRG) at 17.2 mg g™ ", protodioscin (PDS) at 61.7 mg g~ ', and
4-hydroxy-1-isoleucine (4-HIL) at 25.5 mg g~ ' (Fig. 10A-C). In
in vivo experiments, these compounds were administered indi-
vidually or in combination at doses equivalent to their concen-
trations in the 300 mg kg™" FSE (ie., 5.16 mg kg™ for TRG,

This journal is © The Royal Society of Chemistry 2025
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18.51 mg kg™ for PDS, and 4.44 mg kg™' for 4-HIL). Sleep
latency did not significantly differ between the FSE-treated
group and the individual compound groups (Fig. 10D and F).
However, all three compounds significantly
increased the sleep duration, counteracting the decrease
induced by OVX (Fig. 10E). Specifically, TRG, PDS, and 4-HIL
increased the sleep duration by 86.5%, 48.2%, and 73.6%,
respectively, with TRG exhibiting effects similar to FSE
(Fig. 10E, p < 0.001). When administered in combination, the
mixture of these compounds produced a 2.2-fold increase in
the sleep duration compared to that in the OVX control group,
an effect higher than that observed with FSE alone (Fig. 10G).
These results demonstrate that the three major compounds in
FSE—TRG, PDS, and 4-HIL—effectively mitigate OVX-induced

individual

This journal is © The Royal Society of Chemistry 2025

sleep disturbances, with TRG identified as the most potent
compound in improving the sleep duration (Fig. 10).

Discussion

This study investigated the effects of fenugreek seed extract
(FSE) on sleep behavior in a menopausal-like condition and
explored its underlying molecular mechanisms. Our findings
demonstrated that FSE significantly alleviates sleep disturb-
ances by modulating GABAergic and melatonergic pathways.
In particular, antagonist-based animal studies revealed that
FSE targets specific sites on the GABAA and MTNRI1A receptors
to mitigate OVX-induced sleep disruption. Additionally, FSE

Food Funct, 2025, 16, 9174-9190 | 9183
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Tukey's test). Results are representative of three independent experiments.

partially restored neurotransmitter and hormone imbalances
induced by OVX, normalizing GABA and dopamine levels
while reducing elevated cortisol. EEG analysis further showed
that FSE predominantly enhances NREM sleep by increasing
delta wave activity. Notably, although previous studies reported
no sedative effects of fenugreek seeds at doses up to 200 mg
kg™' in normal pentobarbital-induced sleep models,'® our
data revealed that a higher dose of 600 mg kg™ significantly
prolonged the sleep duration even under normal conditions
(Fig. S2). Interestingly, FSE was effective at a lower dose
(300 mg kg™") in the OVX model (Fig. 2), suggesting greater
efficacy under menopausal-like conditions. These findings
demonstrate that FSE holds promise as a functional food
ingredient targeting sleep disturbances associated with meno-
pause, potentially offering a natural alternative to pharmaco-
logical or hormone-based interventions.

During menopause, the decline in estrogen and progester-
one is a major contributor to poor sleep quality, manifesting
as insomnia, sleep fragmentation, and night sweats.'> These
hormonal changes are known to disrupt neuroendocrine
balance, leading to elevated cortisol and increased stress,
which further exacerbate sleep disturbances.'’ In our study,

9184 | Food Funct,, 2025, 16, 9174-9190

the OVX model exhibited reduced levels of GABA and dopa-
mine, along with an increase in cortisol (Fig. 9). These neuro-
chemical alterations were consistent with the observed impair-
ment in the sleep duration (Fig. 2). Importantly, FSE adminis-
tration effectively ameliorated this dysregulation, restoring
GABA and dopamine levels while reducing cortisol, thereby
improving sleep parameters (Fig. 2 and 9). Despite the signifi-
cant decline in circulating estrogen in OVX mice, FSE did not
restore estrogen levels (Fig. 9D). Instead, it upregulated ERa,
ERB, and GPR30 (Fig. 6), suggesting a receptor-mediated
mechanism that may offer advantages over conventional
hormone replacement therapy (HRT), which carries systemic
risks due to elevated hormone exposure. Interestingly, a clini-
cal study has reported that fenugreek extract supplementation
increased circulating estradiol in postmenopausal women.>?
This divergence from our findings may reflect species-specific
differences in hormonal feedback regulation, or gut micro-
biota metabolism. Nevertheless, caution is warranted when
translating these findings to humans, as placebo responses
and inter-individual variability—including metabolic and hor-
monal status—may influence sleep outcomes. Future clinical
studies should include placebo controls and account for such

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 HPLC chromatogram of key bioactive compounds in fenugreek seed extract and their effects on sleep behavior in ovariectomized (OVX)
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Sleep latency and sleep duration were measured in sham-operated (NOR) and OVX mice using a pentobarbital (42 mg kg™, i.p.)-induced sleep
model (D-G). Values are expressed as mean + SEM (n = 7 per group). Different symbols indicate significant differences: ¥ffp < 0.001 vs. NOR
(t-test); *p < 0.05, ***p < 0.001 vs. CON (ANOVA, Tukey's test). Treatment groups include NOR (sham normal), CON (OVX control), FSE (fenugreek
seed extract, 300 mg kg™), TRG (trigonelline hydrochloride 5.16 mg kg™), PDS (protodioscin, 18.51 mg kg™, 4-HIL (4-hydroxy-L-isoleucine,
4.44 mg kg™Y), and mix (combination of TRG 5.16 mg, PDS 18.51 mg, and 4-HIL 4.44 mg; total 28.11 mg kg™1) groups. Mice were divided into sham
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heterogeneity to accurately assess the efficacy of FSE for sleep
improvement. Collectively, these findings suggest that the phy-
toestrogenic actions of FSE—particularly its ability to modu-
late receptor signaling and neuroendocrine balance—may con-
tribute to the improvement of sleep disturbances associated
with menopause.

Sleep regulation is a complex neurobiological process gov-
erned by multiple interacting systems, including the
GABAergic, melatonergic, serotonergic, and adenosinergic
pathways.>* Among these, the GABAergic system is the princi-
pal inhibitory pathway that promotes sleep initiation and
maintenance, particularly by activating a brain region called
the ventrolateral preoptic nucleus (VLPO), which suppresses
wake-promoting centers.>® GABAA receptor agonists such as
benzodiazepines—used as a positive control in this study—
enhance GABAergic inhibition and are widely prescribed as
hypnotics.>®> Our antagonist-based animal study provided

This journal is © The Royal Society of Chemistry 2025

mechanistic insights into FSE’s action on the GABAergic
system. Specifically, picrotoxin (PIX) and flumazenil (FMZ),
which block distinct sites on the GABAA receptor, were used to
detect the receptor’s involvement. PIX inhibits the chloride ion
channel, whereas FMZ acts as a competitive antagonist at the
benzodiazepine-binding site located at the a1-y2 interface.”®*”
Co-administration of either PIX or FMZ with FSE abolished the
sleep-enhancing effects of FSE (Fig. 8B), suggesting that both
sites may be essential targets of FSE’s action. In contrast, co-
treatment with bicuculline (BIC)—which binds the a-f
subunit interface and also functions as a GABA-binding site
antagonist>*—did not significantly reduce the sleep-promoting
effect of FSE compared to that with FSE alone. This suggests
that the a-p site may not be a primary interaction site.
However, since BIC alone reduced the sleep duration, the
observed FSE-induced enhancement in the BIC + FSE group
may be due to FSE-mediated upregulation of endogenous

Food Funct, 2025, 16, 9174-9190 | 9185
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Fig. 11 Mechanisms of FSE in alleviating OVX-induced sleep disruption. FSE, fenugreek seed extract; TRG, trigonelline, PDS, protodisocin; 4-HIL,
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GABA levels (Fig. 8B and 9A), thus partially overcoming recep-
tor blockade. Together, these results suggest that FSE miti-
gates OVX-induced sleep disturbances by enhancing GABAA
receptor function through both ligand-binding site modu-
lation and increased GABA availability. This is further sup-
ported by elevated GABAA receptor expression at both mRNA
and protein levels following FSE treatment (Fig. 4 and 5).
Nonetheless, our functional analysis focused exclusively on
GABAA receptors. The potential involvement of GABAB recep-
tors in FSE-induced sleep regulation remains to be elucidated.
Future studies using GABAB-specific antagonists such as
CGP55845 will be required to clarify their role in FSE’s sleep-
enhancing effects.

The melatonergic system, another critical sleep-regulating
pathway, modulates the sleep-wake cycle via melatonin
secretion from the pineal gland in response to light-dark
cycles.”® Melatonin promotes sleep onset by binding to

9186 | Food Funct, 2025, 16, 9174-9190

MTNRI1A (Mtla) and MTNR1B (Mt1b) receptors, thereby rein-
forcing circadian rhythms and suppressing wake-promoting
neuronal activity.”® To elucidate the involvement of these
receptors in FSE-induced sleep enhancement, we employed
melatonin receptor-specific antagonists (LUZ, 4-P-PDOT). Our
data indicated that the FSE-mediated increase in the sleep dur-
ation is primarily associated with melatonin receptor 1A
(MTNR1A), as demonstrated by the significant reduction in
the sleep duration upon co-administration of luzindole (LUZ),
a non-selective MTNR1A/MTNR1B antagonist (Fig. 8D). In con-
trast, 4-phenyl-2-propionamidotetralin (4-P-PDOT), a selective
MTNR1B antagonist, had no significant effect. This functional
specificity is further supported by protein expression: although
both Mtla and Mt1b were transcriptionally upregulated (Fig. 4E
and F), only MTNR1A protein levels significantly increased after
FSE treatment (Fig. 5E), indicating that MTNR1A is the key
receptor mediating FSE-induced sleep promotion.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03393d

Open Access Article. Published on 05 November 2025. Downloaded on 6/12/2026 12:04:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

Additionally, the serotonergic system is closely linked to
sleep regulation, playing a complex dual role in the sleep-wake
cycle.®® Serotonin (5-HT), released from the brainstem, pro-
motes wakefulness and also contributes to melatonin pro-
duction, linking these two systems in regulating sleep cycles.*
FSE significantly upregulated 5-HT1A (Htrla) mRNA levels but
did not affect its protein expression (Fig. 4D and 5D). This dis-
crepancy between mRNA and protein levels may reflect post-
transcriptional regulation or differences in protein stability,
and should be considered when interpreting the functional
outcomes. Therefore, further studies, including antagonist
experiments, are necessary to clarify FSE’s precise role in
5-HT1A receptor regulation.

Our investigation into the adenosinergic system provided
important insights into FSE’s multifaceted sleep-regulating
effects, particularly its capacity to counteract wake-promoting
stimuli. Adenosine receptors ADORA1 and ADORA2A were sig-
nificantly downregulated in OVX mice (Fig. 6A-C). While FSE
treatment showed a non-significant upward trend in ADORA1
protein levels, it significantly increased ADORA2A protein
expression by 42.1% (Fig. 6C, p < 0.05). This modulation of
adenosine receptors is especially relevant to FSE’s ability to
mitigate caffeine-induced insomnia. Behavioral data demon-
strated that caffeine treatment in OVX mice reduced the sleep
duration to a level comparable to those of OVX mice without
caffeine, suggesting overlapping sleep-disrupting pathways.
Nevertheless, FSE significantly prolonged the sleep duration
despite caffeine administration (Fig. 3). Given that caffeine
acts primarily as an antagonist of ADORA1 and ADORA2A,*!
FSE appears to facilitate endogenous adenosine’s sleep-pro-
moting effects even under partial receptor blockade. These
findings suggest that FSE exerts its sleep-enhancing effects
through multiple pathways, including the GABAA receptor,
MTNRI1A receptor, and adenosine receptors as key targets.

Beyond neurotransmitter systems, FSE also altered the
sleep architecture, as evidenced by enhanced delta wave
activity in EEG recordings—indicative of deeper, more
restorative non-rapid eye movement (NREM) sleep.** This
effect may underlie FSE’s ability to alleviate OVX-induced
sleep disturbances. Delta waves play a key role in synaptic
plasticity, growth hormone secretion, and immune regu-
lation.*® Notably, a decline in delta wave activity is commonly
observed with aging and in sleep disorders such as insomnia
and obstructive sleep apnea,** underscoring the clinical sig-
nificance of preserving delta oscillations. These findings
suggest that FSE may serve as a natural, food-derived thera-
peutic agent for sleep disorders related to hormonal imbal-
ance. While FSE primarily influenced NREM sleep, no signifi-
cant changes were observed in REM sleep, which is associ-
ated with processes such as emotional regulation and
memory consolidation.>® Importantly, abnormal EEG pat-
terns—such as reduced delta activity in neurodegenerative
diseases like Alzheimer’s and excessive theta activity in
ADHD—have been proposed as potential biomarkers.*®”
Since FSE modulates EEG-defined sleep architecture, its
effects may extend beyond symptomatic relief, potentially

This journal is © The Royal Society of Chemistry 2025
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contributing to the development of sleep-based biomarkers
for neurological and endocrine disorders.

The compositional analysis of FSE revealed that its major
constituents—trigonelline (TRG), protodioscin (PDS), and
4-hydroxy-i-isoleucine (4-HIL)—each significantly increased
the sleep duration when administered individually to OVX
mice with sleep disturbances (Fig. 10E). To the best of our
knowledge, there are few reports directly investigating the
sleep-promoting effects of these compounds in OVX models.
Our study thus provides novel evidence that TRG, PDS, and
4-HIL significantly enhance the sleep duration under estrogen-
deficient conditions, highlighting their potential functional
roles as active constituents of standardized FSE.

Although previous studies have documented various bioac-
tivities of these compounds—TRG exhibiting conditional
estrogenic and neuroprotective properties,®® PDS showing
androgenic and stress-attenuating effects,*® and 4-HIL demon-
strating insulinotropic and metabolic regulatory actions®%*'—
direct evidence for their sleep-promoting roles has been
limited. Nonetheless, these known physiological actions
provide plausible mechanistic insights. TRG may facilitate
sleep regulation by restoring neuroendocrine balance and alle-
viating estrogen deficiency-related perturbations;*® PDS could
help stabilize hypothalamic-pituitary-adrenal (HPA) axis
activity, thereby mitigating stress-induced sleep fragmenta-
tion;** and 4-HIL might indirectly enhance sleep quality
through improved energy metabolism and insulin
sensitivity.*>** Collectively, these effects are likely to act in
concert to produce the observed enhancement of NREM sleep
and delta wave activity. Importantly, the combined adminis-
tration of TRG, PDS, and 4-HIL resulted in an even greater
increase in the sleep duration than that of FSE itself
(Fig. 10G). This suggests that these compounds not only serve
as bioactive markers but also act as functional contributors to
FSE’s sleep-regulating effects. While the observed enhance-
ment does not necessarily indicate a synergistic interaction, it
supports the notion of additive or complementary actions
among the compounds. Formal interaction analyses, such as
isobolographic or combination index methods, were not per-
formed in this study; however, future studies could apply these
approaches to clarify potential synergistic mechanisms.
Furthermore, considering that fenugreek seeds are rich in
various phytochemicals—including polyphenols, flavonoids,
alkaloids, and saponins'®—other constituents beyond TRG,
PDS, and 4-HIL may also contribute to the sleep-promoting
effects observed in OVX-induced models.

The low (200 mg kg™!) and high (300 mg kg™") doses of FSE
were selected based on previous studies® and our pilot experi-
ments (Fig. S2) demonstrated physiological activity without
toxicity. As noted above, 200 mg kg~ ' was previously reported
as ineffective in normal sleep models,'® whereas 300 mg kg™
produced significant improvement in the OVX model
(Fig. S2D), supporting its appropriateness as an effective dose
under estrogen-deficient conditions. Both doses were effective,
and no adverse effects were observed during the 4-week treat-
ment period, indicating safety within this range. Although the
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03393d

Open Access Article. Published on 05 November 2025. Downloaded on 6/12/2026 12:04:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

difference between the low and high doses appears relatively
small, significant differences in sleep-promoting activity were
observed, highlighting a dose-dependent effect without appar-
ent toxicity. To provide a translational perspective, human-
equivalent doses (HEDs) were calculated using the standard
body surface area normalization method (HED mg kg ' =
animal dose x [animal K,,/human K], K: mouse 3, human
37). Accordingly, the 200 mg kg™' and 300 mg kg™' doses
correspond to ~16.2 mg kg™ " and ~24.3 mg kg™* in humans,
translating to ~973 mg and ~1459 mg per day for a 60 kg adult
—Ilevels achievable for dietary supplementation or functional
food use. Future studies should explore a broader dose-
response relationship to fully characterize the optimal thera-
peutic window and confirm long-term safety of FSE.

Regarding standardization, the extract used in this study
was characterized for TRG, PDS, and 4-HIL, quantified via
HPLC with marker compounds, ensuring reproducible bioac-
tivity. Although this standardization allowed consistent experi-
mental results, the optimal proportions of these compounds
for maximal sleep-promoting activity remain to be determined.
Future investigations could systematically adjust the relative
concentrations of TRG, PDS, and 4-HIL to identify formu-
lations that maximize efficacy while maintaining safety.
Additionally, quality control parameters such as extract purity,
batch-to-batch consistency, and stability during storage should
be considered in the standardization process to support poten-
tial functional food or nutraceutical applications.

The actions of FSE-derived compounds—trigonelline (TRG),
protodioscin (PDS), and 4-hydroxy-i-isoleucine (4-HIL)—on
sleep-related receptors such as GABAA and melatonin largely
depend on their ability to cross the blood-brain barrier (BBB).
Among them, TRG exhibits effective BBB permeability.
Following oral administration, plasma TRG levels peaked at
approximately 200 pg mL~' within 5 min and gradually
declined, while TRG concentrations in the cerebral cortex
increased progressively from 5 min up to 24 h, indicating sus-
tained accumulation in the brain.*? In contrast, the BBB per-
meability of PDS remains poorly understood, highlighting the
need for pharmacokinetic and neuropharmacological studies
to clarify its central effects. Conversely, 4-HIL, due to its high
polarity, is unlikely to penetrate the BBB.** However, its high
gastrointestinal absorption®® suggests that it may exert effects
via the enteric nervous system (ENS), implying a potential role
for the brain-gut axis in mediating FSE’s sleep-regulatory
actions. Future studies should explore both the BBB per-
meability of PDS and the mechanistic contribution of the
brain-gut axis, particularly in the context of hormone-related
sleep disturbances.

This study has several limitations. It was performed using a
short-term ovariectomized mouse model, which may not fully
reflect long-term adaptations to FSE administration. Circadian
rhythm-related parameters were not assessed, limiting our
understanding of the temporal aspects of FSE-mediated sleep
regulation. Additionally, long-term safety and toxicity were not
evaluated. Future studies addressing these aspects will be
essential to confirm the sustained efficacy and safety of FSE.
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In conclusion, fenugreek seed extract (FSE) effectively alle-
viated OVX-induced sleep disturbances through a multifaceted
mechanism (Fig. 11). The primary actions involved modulation
of GABAergic and melatonergic pathways, with additional con-
tributions from adenosinergic signaling and estrogen receptor
upregulation. HPLC analysis identified trigonelline (TRG), pro-
todioscin (PDS), and 4-hydroxy--isoleucine (4-HIL) as key bio-
active compounds. TRG, which has been reported to cross the
blood-brain barrier,"*> may contribute to FSE’s central effects
on sleep regulation. Antagonist-based studies using FSE con-
firmed functional interactions with GABAA and MTNR1A
receptors, while ADORA2A upregulation counteracted caffeine-
induced insomnia. FSE also enhanced delta wave activity
during NREM sleep, indicating improved restorative sleep, and
increased estrogen receptor (ERa, ERB, and GPR30) expression
without altering circulating estrogen levels, supporting its
potential as a safer alternative to hormone replacement
therapy. To the best of our knowledge, this is the first study to
comprehensively demonstrate the sleep-enhancing properties
of FSE in a menopausal context, advancing functional food
research by linking receptor-level mechanisms with pathway
modulation. Collectively, these findings position FSE as a
promising functional food ingredient for dietary supplements
or fortified foods targeting menopause-related sleep disorders.
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Abbreviations

ADORA1 Adenosine A1l receptor
ADORA2A Adenosine A2A receptor

BBB Blood brain barrier

BIC Bicuculline

EEG Electroencephalogram

ERa Estrogen receptor alpha

ERp Estrogen receptor beta

FMZ Flumazenil

FSE Fenugreek seed extract
5HT1A (Htrla) 5-Hydroxytryptamine receptor 1A receptor
5HTR 5-Hydroxytryptamine receptor
GABA y-Aminobutyric acid

GABAA GABA type A receptor

GABAB GABA type B receptor
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Gabrg1 Gamma-aminobutyric acid type A receptor
subunit gamma1l

Gabbr1 Gamma-aminobutyric acid type B receptor
subunit 1

Gabrr2 Gamma-aminobutyric acid type C receptor
subunit rho2

GPR30 G-protein coupled estrogen receptor 30

4-HIL 4-Hydroxy-L-isoleucine

LUZ Luzindole

MTNR1A Melatonin receptor 1A

(Mt1a)

MTNR1B Melatonin receptor 1B

(Mt1b)

NREM Non-rapid eye movement

OVX Ovariectomized

PDS Protodioscin

PIX Picrotoxin

4PP (4-P-PDOT)
REM
TRG

4-Phenyl-1-(4-phenylbutyl) piperidine
Rapid eye movement
Trigonelline
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