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Abstract

Depression is associated with oxidative stress, monoaminergic dysregulation, and impaired
neuroplasticity. This study evaluated the effects of banana (Musa species) peel extract (MSPE) in a
dexamethasone-induced rat model of depression. Five groups of adult male Wistar rats (z = 7 per group) were
used, with four groups receiving dexamethasone (1 mg/kg, i.p., 14 days) to induce depressive-like alterations,
while one group served as a normal control. Treated groups received MSPE (300 mg/kg, p.o.), fluoxetine (10
mg/kg), or their combination alongside dexamethasone. Behavioral assessment demonstrated depressive-like
alterations in dexamethasone-exposed animals, which were partially ameliorated in MSPE-treated groups.
Dexamethasone exposure significantly reduced superoxide dismutase (SOD) activity (75 + 10 U/mg protein)
and reduced glutathione (GSH; 3.5 * 0.4 nmol/mg protein), while elevating malondialdehyde (MDA; 4.0 £
0.5 nmol/mg protein), and markedly depleted brain serotonin (125 + 30 ng/g) and dopamine (100 £ 20 ng/g),
alongside a reduction in the p-CREB/CREB ratio to 0.6 + 0.1 versus 1.2 £ 0.1 in controls (» < 0.01). MSPE
treatment restored SOD to 160 £ 12 U/mg protein and GSH to 6.8 £ 0.6 nmol/mg protein, reduced MDA
to 1.8 £ 0.3 nmol/mg protein, partially recovered serotonin (350 + 45 ng/g) and dopamine (180-195 ng/g)
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levels, and elevated the p-CREB/CREB ratio to 1.0 £ 0.1 (p < 0.01 vs. dexamethasone group). LC-QTOF-
MS profiling identified several polyphenolic constituents in MSPE, notably ferulic acid (206 pg/g DW),
catechin (177 pg/g DW), rutin (158 ug/g DW), and hesperidin (152 pg/g DW), which may contribute to
these effects. Combined MSPE and fluoxetine treatment produced biochemical responses comparable to or
slightly greater than either treatment alone. Overall, these findings suggest that Musa peel extract may
influence oxidative, monoaminergic, and CREB signaling pathways relevant to stress-related neurobiological
alterations.

Keywords: monoaminergic neurotransmission; neuroplastic signaling; oxidative stress; plant
side stream; polyphenols

Introduction

Depression is a complex neuropsychiatric disorder characterized by persistent low mood, anhedonia,
and cognitive impairment. It is now widely accepted that the pathophysiology of depression extends beyond
monoaminergic imbalance to include disturbances in redox homeostasis, neuroinflammation, and impaired
neuroplasticity. Chronic exposure to stress hormones such as glucocorticoids contributes to these
dysfunctions by promoting oxidative damage, reducing neurotrophic signaling, and altering neurotransmitter
dynamics (Kaur ez /., 2022; Zafir and Banu, 2009). Although conventional antidepressants like selective
serotonin reuptake inhibitors (SSRIs) are effective for some patients, their delayed onset of action and limited
efficacy in others underscore the need for alternative or adjunctive therapies that target multiple mechanistic
pathways.

Recentattention has turned to plant-derived polyphenols for their multimodal neuroprotective effects.
Compounds such as ferulic acid, catechin, rutin, and hesperidin (found in a wide range of fruits and
vegetables) have shown antioxidant, anti-inflammatory, and neuromodulatory properties in preclinical
models of depression (Du ez al., 2014; Zeni et al., 2017; El-Beltagi ez al., 2022a,b; Elkatry ez al., 2022; Ramadan
et al., 2022; Jazvins¢ak Jembrek ez al., 2023). These compounds are known to enhance antioxidant enzyme
activity, preserve monoaminergic signaling, and modulate transcription factors involved in neuronal
plasticity, including CREB and BDNF. In parallel, plant-derived side streams have gained increasing attention
as sustainable sources of functional food ingredients and biopolymer precursors, capable of retaining
nutritional and biomedical value while supporting circular bioeconomy strategies (Ahmed ez al., 2023, 2025;
Elkatry et al., 2023; Ramadan et al., 2025). However, the antidepressant potential of polyphenol-rich food
waste streams, such as banana (Musa species) peels, remains underexplored.

Banana peel is a byproduct of fruit processing but is notably rich in bioactive compounds with
antioxidant and neuroactive properties. Preliminary LC—MS analyses have revealed the presence of key
flavonoids and phenolic acids in Musa peel, including catechin, ferulic acid, and hesperidin (Tongkaew ez al.,
2022). Previous studies suggest banana peel extracts may exert antioxidant and enzyme-inhibitory activities
relevant to mood (Eshak 2016; Samad ez /., 2017). However, most available studies have focused primarily
on nutritional value or general antioxidant activity, while systematic in vivo evaluation of the potential
antidepressant effects of banana peel extracts and their underlying biochemical mechanisms remains limited.

Accordingly, the present study aimed to evaluate whether Musa peel extract, derived from an
underutilized plant side stream, could influence behavioral and neurobiological alterations in a
dexamethasone-induced rat model of depression. Specifically, we examined the effects of MSPE, alone or in
combination with fluoxetine, on behavioral performance, brain oxidative stress markers, monoamine levels,

and CREB signaling. In parallel, LC-QTOF-MS-based metabolite profiling was conducted to characterize
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the chemical composition of the extract and to provide a mechanistic context for its observed biological
effects.

Materials and Methods

Chemicals and Reagents

All chemicals and reagents used in this study were of analytical or HPLC grade. Methanol (299.9%)
and acetonitrile (299.9%) were obtained from Sigma-Aldrich (Merck KGaA, Germany) and were used for
both extraction and LC-MS analyses. Formic acid (298%) was used as a mobile phase additive in LC-MS
sample preparation. Ultrapure water was used for extraction and reconstitution steps. Standard compounds,
including citric acid, catechin, ferulic acid, rutin, and hesperidin, were purchased from Sigma-Aldrich and
used as external references for LC-QTOF-MS metabolite identification.

Biochemical and neurochemical analyses were performed using commercially available ELISA kits.
Superoxide dismutase (SOD) activity was measured using Abcam kit ab65354. Reduced glutathione (GSH)
levels were quantified using kit ab239727, and malondialdehyde (MDA) was assessed using lipid peroxidation
kit ab118970. Serotonin and dopamine concentrations in brain tissue were determined using Abcam kits
ab133053 and ab285246, respectively. Phosphorylated CREB (Ser133) and total CREB were measured using
ELISA kits ab32096 and ab32515. All brain homogenates used for ELISA were prepared in the presence of
EDTA-free protease inhibitor cocktail (ab270055, Abcam). No other external reagents or buffers outside
those included in the kits were used in the assays.

Plant Material and Extract Preparation

Fresh peels of ripe Musa species were obtained from mature fruits purchased from a local market in
Cairo, Egypt. The fruits were collected during the normal commercial season and were selected based on
uniform ripeness and absence of visible damage. The peels were thoroughly washed with distilled water to
remove surface contaminants and air-dried in the shade. The dried material was then oven-dried at 40 °C until
a constant weight was achieved. The dried peels were ground into a fine, homogeneous powder using a
mechanical grinder and stored in airtight containers until use.

For extraction, five grams of the powdered banana peel were mixed with 100 mL of HPLC-grade
methanol in a glass vessel and sonicated in a Branson 3800 ultrasonic bath for 30 minutes at 25 °C. After
sonication, the mixture was centrifuged at 10,000 rpm for 10 minutes, and the supernatant was carefully
collected. The extract was then filtered through a 0.22 um nylon syringe filter (Whatman) to remove any
remaining particulates. The filtrate was transferred into 2 mL LC vials and stored at =20 °C until LC-MS
analysis.

The percentage yield of MSPE was calculated as the ratio of the dried extract mass to the initial dried
peel powder mass. The extraction yield was 22.4% (w/w).

LC-QTOF-MS Analysis

The metabolite profiling of banana peel extract was conducted based on the LC-QTOF-MS workflow
described by Tongkaew ez a/. (2022), with modifications to instrument configuration, gradient elution, and
data processing parameters.

Chromatographic separation was performed using an Agilent 1290 Infinity I UHPLC system coupled
to an Agilent 6546 QTOF mass spectrometer equipped with an electrospray ionization (ESI) source operating
in negative ion mode. An Agilent ZORBAX Eclipse Plus C18 column (2.1 x 100 mm, 1.8 um) was used,
maintained at 40 °C. The mobile phase consisted of 0.1% formic acid in water (solvent A) and 0.1% formic
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acid in acetonitrile (solvent B). The elution gradient was as follows: 0—5 min, 95% A; 5-30 min, linear decrease
to 5% A; 30-35 min, hold at 5% A; 35-40 min, return to 95% A; and 40.1-55 min, re-equilibration at 95% A.
The flow rate was 0.3 mL/min and the injection volume was 5 pL. The autosampler was kept at 8 °C.

The QTOF-MS was operated with a capillary voltage of 3500 V, nozzle voltage 500 V, and fragmentor
voltage 150 V. The drying gas temperature was 325 °C (8 L/min), nebulizer pressure was 35 psi, and sheath
gas temperature was 350 °C (11 L/min). Data were acquired in Auto-MS/MS mode with a scan range of m/z
50-3700 and acquisition rate of 5 spectra/s. Fragmentation was performed using stepped collision energies of
10, 20, and 40 eV. Reference ions at m/z 112.9856 and 1033.9881 were continuously infused to ensure mass
accuracy.

Data analysis was carried out using Agilent MassHunter Workstation Software (version 12.1.98.0).
Feature extraction was performed using the Find-by-Formula algorithm with an abundance threshold of 1000
counts, isotopic spacing tolerance of £0.0025m/z, and retention time window of 0.15min. Tentative
compound identification was based on accurate mass (error < 10 ppm), isotopic pattern score (iFit 280%), and
MS/MS spectral match with ForTox_AM_PCDL, MassBank, and NIST libraries. Where available,
identification was confirmed using authentic standards (MSI Level 1); otherwise, compounds were annotated
as putative identifications (MSI Level 2) based on spectral library matching. Annotation confidence levels
followed MSI reporting standards.

Animals and Experimental Design

Adult male Wistar rats (200-250 g) were used in this study. Animals were housed in polypropylene
cages under standard conditions (22 * 2 °C, 12-hour light/dark cycle, and 50-60% relative humidity) with
free access to food and water. After one week of acclimatization, the rats were randomly divided into five
experimental groups (7 = 7 per group) in accordance with minimum statistical requirements for behavioral
studies involving laboratory rodents (Festing and Altman, 2002). The groups were as follows: (1) Normal
control, (2) Depressed control (DEX only), (3) DEX + Musa peel extract (MSPE, 300 mg-kg ™, p.o.), (4) DEX
+ fluoxetine (10 mg-kg ™, p.o.), and (5) DEX + MSPE + fluoxetine (same doses). Depression was induced in
all groups except the normal control by intraperitoneal injection of dexamethasone at a dose of 1 mgkg™ per
day for 14 consecutive days, a protocol previously validated to induce behavioral, oxidative, and
neurochemical features of depression in rats (Zafir and Banu, 2009; Nassar and Azab, 2022). Treatments with
MSPE and/or fluoxetine were administered once daily by oral gavage throughout the 14-day period, starting
from the first day of DEX administration. The fluoxetine dose was selected based on previous studies showing
effective antidepressant-like activity in rodent models (Kulkarni and Dhir, 2007).

All experimental procedures were conducted in accordance with institutional ethical guidelines for the
care and use of laboratory animals. Animals were monitored daily for body weight, activity, and general health.
At the end of the treatment period, behavioral testing was performed, followed by tissue collection for
biochemical analysis as described below.

Behavioral Testing

Behavioral assessments were performed on the final day of the treatment period prior to tissue
collection to validate the depressive-like phenotype and evaluate treatment effects (Nassar and Azab, 2022).
Behavioral despair was evaluated using the forced swim test as described by Kulkarni and Dhir (2007). Each
rat was individually placed in a transparent cylinder (50 cm height, 20 cm diameter) filled with water to a
depth of 30 cm maintained at 23-25 °C for 6 minutes, following a 15-minute habituation session conducted
on the preceding day. Immobility duration, defined as passive floating without active escape attempts, was
recorded during the final 4 minutes of the test, while swimming and climbing frequencies were also scored as
behavioral indicators associated with serotonergic and dopaminergic activity, respectively. Locomotor and
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anxiety-like behavior were subsequently evaluated using the open field test in a square arena (100 x 100 cm)
for 5 minutes (Samad ez 4/., 2017), during which total distance traveled, time spent in the central zone, and
rearing frequency were recorded. This test served to confirm that differences observed in forced swim
immobility were not attributable to generalized motor impairment. Anhedonia was assessed using the sucrose
preference test following a 24-hour habituation period during which animals were provided two bottles
containing either 1% sucrose solution or plain water (Samad ez a/., 2017; Nassar and Azab, 2022). Fluid
consumption was measured gravimetrically and sucrose preference was calculated as (sucrose intake / total
fluid intake) x 100, with reduced preference interpreted as an index of anhedonia.

Biochemical and Neurochemical Assays

After completion of behavioral testing, animals were fasted overnight and euthanized under light
anesthesia by decapitation. Brains were rapidly removed and washed in ice-cold phosphate-buffered saline
(PBS). The prefrontal cortex and hippocampus were dissected on an ice-cold surface and homogenized in PBS
(1:10 w/v) containing an EDTA-free protease inhibitor cocktail. Homogenates were centrifuged at
10,000 rpm for 10 minutes at 4 °C, and the supernatants were collected for biochemical analysis. Total protein
content in each sample was determined using the Bradford assay (Bradford, 1976).

Oxidative stress markers, including superoxide dismutase (SOD) activity, reduced glutathione (GSH),
and malondialdehyde (MDA), were quantified using commercial ELISA kits, following the manufacturer’s
instructions. Neurochemical parameters—including serotonin (5-HT), dopamine, phosphorylated CREB
(Ser133), and total CREB—were similarly measured using ELISA kits specific to each target. Absorbance
readings were obtained using a microplate reader, and concentrations were normalized to protein content.

The p-CREB/CREB ratio was calculated to assess the relative activation state of CREB signaling.

Statistical Analysis

All data are presented as mean * standard deviation (SD). Statistical analysis was performed using
GraphPad Prism version 9.0 (GraphPad Software, San Diego, CA, USA). One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc multiple comparison test was used to determine significant
differences among experimental groups, allowing pairwise comparisons between all treatment groups as well
as with the control and depressed control groups. A p-value < 0.05 was considered statistically significant.
Sample size for each group (z = 7) was determined based on standard requirements for behavioral and
biochemical studies in rodent models.

Results

LC-QTOF-MS Metabolite Profiling

LC-QTOF-MS analysis of the methanolic Musa peel extract revealed a chemically diverse metabolite
profile. Based on accurate mass measurements, isotopic pattern fitting, and MS/MS fragmentation analysis,
nine major metabolites were tentatively identified in negative ionization mode and are summarized in Table
2.

The identified compounds comprised phenolic acids, flavonoid glycosides, organic acids, and lipid-
associated phenolics. Among the polyphenolic constituents, catechin, rutin, ferulic acid, and hesperidin were
detected at relatively high concentrations, with measured quantities ranging from 152 to 206 ug g_l dry
weight. Ferulic acid was the most abundant phenolic compound (206 ug g DW), followed by catechin (177
ug g DW), rutin (158 pg g~* DW), and hesperidin (152 ug g DW).
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Table 2. Identified metabolites in Musa peel extract by LC-QTOF-MS (negative mode)

No. | Compound* (il) m/z (ESI") (:gluga_?;té,) Chemical class L:w]il'

Citric acid 1.10 191.02 287 Organic acid Level 1*

2 | Catechin 7.21 289.07 177 Flavan-3-ol Level 1*
Rutin 9.45 609.15 158 Flavonol glycoside Level 1*

4 | Coniferin 10.59 342.13 139 Phenylpropanoid Level 2

glycoside

Azelaic acid 11.40 188.10 146 Dicarboxylic acid Level 2

6 | Ferulic acid 12.52 193.05 206 Phenolic acid Level 1*

609.19 ([M-H]");
7 | Hesperidin 14.88 655.19 152 Flavanone glycoside Level 1*
(IM+HCOOQO]")

8 Alkylresorfinol 18.57 20710 135 Long—chz.lir.l phenolic Level 2
(Cé6-resorcinol) lipid

9 | Embelin 22.06 293.18 87 Benzoquinone derivative | Level 2

"Identification confidence levels follow MSI reporting standards. Level 1 (confirmed): identification supported by
accurate mass, MS/MS fragmentation, and co-elution with authentic reference standard. Level 2 (putative):
identification based on accurate mass and spectral library match without authentic standard. Asterisk (*) denotes
Level 1 identifications confirmed with authentic standards

In addition to flavonoids and phenolic acids, the extract contained citric acid (287 pg g* DW) and
azelaic acid (146 pg ¢! DW), representing organic acids with known metabolic relevance. Lipid-derived
phenolic compounds, including a C6-alkylresorcinol (135 ug g~ DW) and embelin (87 pg g™ DW), were also
detected. A phenylpropanoid glycoside, coniferin, was identified at 139 pg g_1 DW.

Behavioral Assessment

Dexamethasone administration produced significant depressive-like behavioral alterations across all
three tests compared with the normal control group (p < 0.001; n = 7 per group). In the FST, DEX-exposed
animals showed a marked increase in immobility time, consistent with heightened behavioral despair. In the
SPT, sucrose preference was substantially reduced in the DEX group relative to controls, indicating the
development of anhedonia. OF T locomotor activity was also reduced in DEX-treated animals, though control
analyses confirmed that this did not confound interpretation of FST immobility scores.

MSPE treatment (300 mg/kg) significantly reduced immobility time in the FST compared with the
depressed control group (p < 0.01), with values approaching those observed in the fluoxetine-treated group.
Sucrose preference was partially restored following MSPE treatment, with levels significantly higher than
those in the DEX group (p < 0.01). OFT locomotor parameters showed corresponding improvement in
MSPE-treated animals. Combined MSPE and fluoxetine treatment produced behavioral outcomes
comparable to or marginally greater than either treatment alone across all three tests.

Oxidative Stress Markers

Dexamethasone (DEX) exposure induced a pronounced imbalance in brain oxidative stress markers
compared with the control group (Figure 1). Superoxide dismutase (SOD) activity was significantly reduced
to 75 £ 10 U/mg protein, accompanied by a marked decline in reduced glutathione (GSH) levels (3.5 + 0.4
nmol/mg protein). In contrast, malondialdehyde (MDA) content increased to 4.0 + 0.5 nmol/mg protein,
indicating enhanced lipid peroxidation (p < 0.01 vs. control group; = 7).
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Figure 1. Effects of treatments on brain oxidative stress markers in DEX-exposed rats. (A) Superoxide
dismutase (SOD) activity; (B) reduced glutathione (GSH) levels; (C) malondialdehyde (MDA) levels.
Data are presented as mean * SD (n = 7). p < 0.01 vs. depressed control group

Administration of Musa peel extract (MSPE) significantly ameliorated DEX-induced oxidative
alterations. MSPE treatment restored SOD activity to 160 £ 12 U/mg protein and increased GSH levels to 6.8
t 0.6 nmol/mg protein, while reducing MDA levels to 1.8 £ 0.3 nmol/mg protein compared with the DEX
group (p < 0.01; Figure 1).

Fluoxetine treatment produced comparable improvements in SOD, GSH, and MDA levels. Combined
treatment with MSPE and fluoxetine resulted in slightly greater normalization of antioxidant markers relative

to either treatment alone (Figure 1).

Brain Neurotransmitter Levels

Dexamethasone (DEX) administration resulted in a marked reduction in brain monoamine levels
compared with the control group (Figure 2). Serotonin concentration decreased to 125 + 30 ng/g, while
dopamine levels declined to 100 + 20 ng/g (p < 0.01 vs. depressed control; 7 = 7).
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Figure 2. Effects of treatments on brain monoamine levels in DEX-exposed rats. (A) Serotonin (ng/g);
(B) Dopamine (ng/g). Data are expressed as mean * SD (% = 7). p < 0.01 vs. depressed control group

Treatment with Musa peel extract (MSPE) significantly increased brain serotonin levels to 350 * 45
ng/g compared with the DEX group (p < 0.01), with values approaching those observed in the fluoxetine-
treated group (370 * 40 ng/g; Figure 2A). Dopamine levels were also elevated following MSPE treatment,
reaching values within the range of 180-195 ng/g, although the magnitude of increase was less pronounced
than that observed for serotonin (Figure 2B).

Fluoxetine treatment produced a comparable elevation in both serotonin and dopamine levels.
Combined treatment with MSPE and fluoxetine resulted in slightly higher monoamine levels than either
treatment alone, particularly for serotonin (Figure 2).

CREB Signaling Pathway

Dexamethasone exposure resulted in a significant suppression of CREB signaling in brain tissue
compared with the control group (Figure 3). Phosphorylated CREB (p-CREB) levels were markedly reduced
in DEX-treated animals, leading to a pronounced decrease in the p-CREB/CREB ratio, which declined to 0.6
1 0.1 compared with 1.2 £ 0.1 in control animals (p < 0.001; 7 = 7).

Administration of Musa peel extract significantly attenuated the DEX-induced impairment of CREB
activation. MSPE treatment increased p-CREB levels to 0.9 £ 0.1 and elevated the p-CREB/CREB ratio to
1.0 £ 0.1 compared with the DEX group (p < 0.01; Figure 3). Although these values did not fully reach control
levels, they indicate a substantial recovery of CREB phosphorylation.

Fluoxetine treatment produced a similar enhancement of CREB signaling, with p-CREB levels and p-
CREB/CREB ratios comparable to those observed in the MSPE-treated group. Combined treatment with
MSPE and fluoxetine resulted in further improvement, yielding p-CREB levels and p-CREB/CREB ratios
that were close to control values (Figure 3).
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Figure 3. Effects of treatments on CREB signaling in brain tissue. (A) Phosphorylated CREB (p-CREB)
levels; (B) p-CREB/CREB ratio. Data are presented as mean * SD ( = 7). p < 0.01 vs. depressed control

group

Overall Evaluation of Samples

Principal component analysis (PCA) was performed using group-level mean values of key biochemical
markers, including SOD, GSH, MDA, serotonin, dopamine, p-CREB, and the p-CREB/CREB ratio, to
assess overall similarities and differences among experimental groups. The first two principal components
captured the dominant variance in the dataset and were used for visualization (Figure 4).

The PCA score plot showed a clear separation between the Depressed Control group and the Control
group, indicating a distinct biochemical profile associated with dexamethasone exposure. The Depressed
Control group was positioned away from the Control cluster, reflecting coordinated alterations across
multiple oxidative, neurochemical, and signaling parameters.

PCA Biplot: Behavioral and Biochemical Correlation

PCRED Group
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X Extract
Fluoxetine
X Extract + Fluoxetine
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Figure 4. Principal component analysis (PCA) of biochemical parameters across experimental groups
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All treatment groups displayed a shift in PCA space toward the Control cluster. Animals treated with
Musa peel extract or fluoxetine alone showed partial repositioning toward the Control group, while the
combined MSPE + fluoxetine treatment clustered most closely with the Control group, indicating a broader
restoration of the measured biochemical parameters.

Analysis of variable loadings revealed that SOD, GSH, serotonin, dopamine, p-CREB, and the p-
CREB/CREB ratio contributed positively to the separation along the principal components associated with
the Control and treated groups. In contrast, MDA showed an opposing loading direction, consistent with its
higher values in the Depressed Control group. The relative positioning of treatment groups reflected
concurrent improvements across antioxidant status, monoamine levels, and CREB signaling.

Discussion

The metabolite profile obtained by LC-QTOF-MS confirms that Musa peel is a rich source of
phenolic acids, flavonoids, and lipid-associated antioxidant compounds. The relatively high levels of ferulic
acid, catechin, rutin, and hesperidin are consistent with previous phytochemical reports on banana peel and
highlight its potential as a bioactive plant matrix. This chemical profile provides a plausible biochemical basis
for the biological activities attributed to Musa peel extracts.

Ferulic acid is well recognized for its antioxidant and neuroprotective properties and has been reported
to exert antidepressant-like effects in experimental models through modulation of oxidative stress and
neurotransmitter systems (Yin ez /., 2019). Catechin, a flavan-3-ol commonly found in tea and fruit peels,
has similarly been shown to attenuate stress-related behavioral alterations via radical-scavenging activity and
regulation of monoaminergic signaling (Mandel ez a/., 2005).

The presence of rutin and hesperidin further strengthens the neuroactive profile of the extract. Both
flavonoids have been associated with neuroprotection and antidepressant-like activity in preclinical models,
particularly in paradigms related to behavioral despair and anhedonia (Du ez al., 2014; Javed ez al., 2015).
Their detection at measurable concentrations suggests a meaningful contribution to the biological effects
observed for Musa peel extracts.

In addition to polyphenols, the identification of citric acid and azelaic acid points to the involvement
of organic acids with roles in cellular metabolism and redox balance. The detection of embelin and
alkylresorcinol derivatives is also noteworthy, as these lipid-derived phenolics are increasingly recognized for
their antioxidant and anti-inflammatory activities. Overall, the metabolite composition observed in this study
is consistent with previous LC-MS-based profiling of banana peel, which reported a predominance of
flavonoids, hydroxycinnamic acids, and phenolic lipids (Tongkaew ez al., 2022).

The disruption of brain redox homeostasis observed following dexamethasone exposure aligns with
oxidative stress and enhanced lipid peroxidation commonly reported in glucocorticoid-induced neurotoxicity
models (Zafir and Banu, 2009). Reduced antioxidant enzyme activity and glutathione depletion are well-
established consequences of prolonged glucocorticoid exposure and contribute to neuronal vulnerability.

The ability of MSPE to restore SOD and GSH levels while reducing MDA content is consistent with
reported antioxidant effects of its major phenolic constituents. Ferulic acid has been shown to lower MDA
and nitrite levels and enhance antioxidant enzyme activities, including SOD and glutathione peroxidase, in
rodent stress models (Zeni ez al., 2017). Catechin has likewise been reported to restore GSH and catalase levels
and improve antioxidant status in rats exposed to chronic unpredictable mild stress (Rai ez al., 2019).
Hesperidin has demonstrated protective effects against oxidative stress in chronically stressed mice by
restoring depleted SOD and GSH levels and reducing lipid peroxidation (Kandhwal ez /., 2025). Rutin has
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also been shown to improve brain redox balance by decreasing MDA content and increasing antioxidant
defenses, including SOD and GSH (Jazvinséak Jembrek ez /., 2023).

Beyond individual compounds, polyphenol-rich extracts, including banana peel extracts, have been
reported to exert comparable antioxidant effects. Samad ez /. (2017) demonstrated that banana peel extract
enhanced antioxidant enzyme activities in mice and reduced behavioral indicators of stress. Although the
precise mechanisms were not directly examined in the present study, available evidence suggests that these
effects may involve activation of antioxidant signaling pathways, such as Nrf2/ARE, in addition to direct
scavenging of reactive oxygen species (Zeni et al., 2017).

The reduction in brain serotonin and dopamine levels observed following dexamethasone exposure is
consistent with previous reports describing glucocorticoid-induced monoamine depletion and associated
depressive-like states (Kaur ez a/., 2022). Disruption of central monoaminergic signaling is a well-established
consequence of prolonged glucocorticoid elevation and contributes to mood dysregulation.

The restoration of serotonin levels by MSPE, and the more moderate recovery of dopamine, aligns with
reported effects of several flavonoids and phenolic acids identified in the extract. Rutin has been shown to
significantly increase serotonin, norepinephrine, and dopamine levels in reserpine-treated mice, in parallel
with improvements in depressive-like behavior (Foudah ez 4/., 2022). Ferulic acid similarly reversed reserpine-
induced depletion of monoamines, including serotonin, dopamine, and norepinephrine, with monoamine
oxidase A inhibition and antioxidant activity proposed as contributing mechanisms (Xu ez a/., 2013).
Hesperidin has also been reported to restore hippocampal serotonin and dopamine levels in chronic mild stress
models (Kandhwal ez al., 2025). Catechin's efficacy in chronic stress paradigms suggests a role in preserving
monoaminergic function, potentially through antioxidant-mediated neuroprotection (Rai ez /., 2019).

At the mechanistic level, several of these compounds have been shown to influence neurotransmitter
availability via monoamine oxidase inhibition or receptor-level modulation in other experimental systems.
Rutin has demonstrated MAO-A and MAO-B inhibitory activity in vitro, and its antidepressant effects were
dependent on intact serotonergic and noradrenergic signaling pathways (Jazvins¢ak Jembrek ez al., 2023).
Ferulic acid and hesperidin have similarly been linked to MAO inhibition and modulation of serotonin
receptor signaling, including effects on S-HT,A pathways (Xu ez al., 2013; Jazvind¢ak Jembrek ez al., 2023).
It should be noted, however, that these mechanistic pathways were not directly assessed in the present study;
their relevance is inferred from the literature and should be interpreted with caution. Although
norepinephrine was not measured here, literature evidence suggests that modulation of this system may also
contribute to the broader monoaminergic support associated with polyphenol treatment (Foudah ez 4l.,
2022).

The suppression of CREB phosphorylation observed in dexamethasone-treated animals is consistent
with impaired neuroplastic signaling under chronic stress conditions. Reduced CREB activation has been
widely implicated in stress-induced depressive phenotypes and is associated with diminished transcription of
genes involved in neuronal survival and synaptic plasticity.

The restoration of CREB phosphorylation following MSPE treatment is consistent with reported
neuroprotective effects of phenolic compounds identified in the extract. Hesperidin has been shown to
enhance CREB phosphorylation and prevent stress-induced reductions in hippocampal brain-derived
neurotrophic factor (BDNF) levels in preclinical models (Nakajima ez 4/., 2023). Similar findings have been
reported for rutin, where chronic administration was associated with increased CREB and BDNF expression
and improved behavioral resilience in stress models (Jazvin$¢ak Jembrek ez 4l., 2023).

Other flavonoids present in MSPE, including ferulic acid and catechin, have also been reported to
influence CREB signaling, often indirectly through antioxidant activity and modulation of monoaminergic
neurotransmission (Mandel ez 4/., 2005; Yin ez al., 2019). It is important to note that upstream components
of the cAMP pathway and BDNF levels were not directly assessed in the present study. The observed recovery
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of CREB activation may be related to restoration of serotonergic signaling, given the established role of
serotonin-mediated cAMP-PKA activation in regulating CREB phosphorylation; however, direct
mechanistic conclusions require further experimental validation.

Conclusion

The present study demonstrates that Musa species peel extract exerts antidepressant-like effects in a
dexamethasone-induced rat model of depression. MSPE treatment improved behavioral performance and was
associated with enhanced antioxidant capacity, partial restoration of brain serotonin and dopamine levels, and
recovery of CREB phosphorylation, suggesting involvement of oxidative stress regulation and
monoaminergic signaling pathways. LC-QTOF-MS profiling revealed the presence of several polyphenolic
compounds, including ferulic acid, catechin, rutin, and hesperidin, which are known to possess antioxidant
and neuroactive properties and may contribute to the observed biological responses. Multivariate analysis
further indicated that MSPE treatment shifted the biochemical profile of depressed animals toward a state
closer to that of non-depressed controls, particularly when administered in combination with fluoxetine.
These findings highlight the biological relevance of banana peel as a source of bioactive compounds capable
of modulating neurochemical and oxidative stress pathways, supporting its potential value as a functional
ingredient derived from an underutilized plant side stream.
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