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Abstract

Concurrent use of Withania somnifera (WS, ashwagandha) preparations and ethanol (EtOH)
is increasingly common, yet the consequences for glutamatergic signaling remain uncharac-
terized. Because N-methyl-D-aspartate (NMDA) receptors are a principal target of acute
EtOH, we examined whether three purified withanolides modify this response. Zebrafish
(Danio rerio) were exposed to withanolide A (WITA), withanone (WIN) or withaferin A
(WTFA) at 3-5 days post-fertilization (dpf) and to EtOH (0-4.0% v/v) for 1 h at 5 dpf.
Photokinetic behavior was quantified with a normalized dark-light contrast index (DLCI;
withanolides at 0-500 ug/L) and grin2aa, grin2bb, grin3a and grin3ba transcripts were mea-
sured by RT-qPCR (withanolides at 100 ug/L). EtOH caused a concentration-dependent
reduction in DLCI, and photokinetic differentiation was markedly impaired at 2.0% and 4.0%.
EtOH increased grin2aa and grin2bb expression and decreased grin3a and grin3ba expression,
with grin2bb responding at lower concentrations than grin2aa. The three withanolides pro-
duced distinct modulatory profiles. WITA partially preserved photokinetic differentiation at
high EtOH concentration and attenuated selected transcriptional responses, whereas WIN
showed limited effects. WTFA produced the strongest EtOH-dependent changes in NMDA
receptor subunit expression but did not prevent behavioral impairment. These findings
indicate compound-specific modulation of acute EtOH-induced behavioral responses and
NMDA receptor subunit transcription.

Keywords: Danio rerio; ethanol; withanolides; withaferin A; NMDA receptor; gene expression;
Withania somnifera; herb—drug interaction

1. Introduction

Ethanol (EtOH) is one of the most widely consumed psychoactive substances world-
wide [1,2]. Harmful use caused approximately 2.6 million deaths in 2019, about 4.7% of all
deaths [1]. Its dose-dependent effects on the central nervous system (CNS) follow a well-
characterized biphasic action: stimulation, euphoria, and disinhibition at low-to-moderate
blood concentrations, followed by sedation, motor incoordination, and, at sufficiently high
doses, respiratory depression [3,4]. Although EtOH acts on a wide range of central re-
ceptor systems, including dopaminergic and serotonergic ones, its biphasic effect is most
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likely mediated by two principal ionotropic receptor systems: allosteric potentiation of
Y-aminobutyric acid type A (GABAA) receptors, enhancing inhibitory neurotransmission,
and inhibition of N-methyl-D-aspartate (NMDA) glutamate receptors, which attenuates
the dominant excitatory drive in the CNS [4-7].

Withania somnifera (L.) Dunal (WS, ashwagandha), a perennial plant of the nightshade
family (Solanaceae) used for centuries in Ayurvedic medicine [8,9], is among the most widely
used herbal supplements globally, with a global market estimated at USD 777.8 million
in 2025 and a projected annual growth rate of 8.94% from 2026 to 2033 [10]. Its rising
popularity comes from reported adaptogenic, anxiolytic, and neuroprotective effects [8,11].
Concurrent use of herbal preparations and EtOH is increasingly documented [12,13], raising
concerns about potential interactions that remain poorly characterized at the mechanistic
level. The principal bioactive constituents of WS are withanolides, a class of steroidal
lactones comprising over 40 identified compounds [9]. While withaferin A (WTFA) has
received the most pharmacological attention, the mechanisms of action of other purified
withanolides—including withanolide A (WITA) and withanone (WIN)—remain poorly
characterized. The three withanolides examined here are structural isomers sharing the
molecular formula CygH3304 and differing mainly in the position of the epoxide ring and
hydroxyl substituents (Figure 1) [9]; they also differ in their distribution within the plant—
WTFA is abundant in the leaves, whereas WITA is regarded as a characteristic constituent
of the roots, the part most commonly used in commercial preparations [8,9]. Crucially, WS
constituents exert modulatory effects at both GABAA and NMDA receptors [9,14]—the
same principal targets through which EtOH exerts its biphasic CNS effects. Despite the
potential co-use of WS-based preparations and EtOH in non-dependent populations, safety
data and mechanistic characterization of such interactions remain absent from the literature.
Having previously characterized the GABAergic component of the acute EEOH-withanolide
interaction in zebrafish larvae [15], we have focused here on the NMDA receptor system,
the second principal target of acute EtOH.

Withanolide A (WITA) Withanone (WIN) Withaferin A (WTFA)

Figure 1. Chemical structures of the analyzed compounds: withanolide A, withanone, withaferin A.

Glutamate is the major excitatory neurotransmitter in vertebrates, with NMDA re-
ceptors mediating the calcium-permeable component of synaptic transmission, which is
essential for synaptic plasticity, long-term potentiation, learning, and memory consolida-
tion [16-18]. These receptors are heterotetramers: activating them requires both glutamate
and a co-agonist (either glycine or D-serine) and they are put together from two GluN1 units
(from grinl gene) and two regulatory subunits from either the GluN2 family (GluN2A-
GluN2D, encoded by grin2a-d genes, respectively) or the GluN3 family (GluN3A-B, en-
coded by grin3a-b genes, respectively) [16-18]. Subunit composition determines receptor
biophysics, pharmacology, subcellular localization, and downstream signaling specificity.
For instance, GIuN2A subunit-containing receptors predominate at mature synapses and
exhibit fast deactivation kinetics, high Mg?* sensitivity at resting potentials, and moderate
single-channel conductance [18,19]. GluN2B subunit-containing receptors are characterized
by slower deactivation kinetics and greater Ca®* permeability, which is crucial for synapto-
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genesis and developmental plasticity. In the mature nervous system, their expression is
predominantly limited to the forebrain and extrasynaptic locations [18,19]. Channel open-
ing in GluN1/GIuN2 assemblies requires simultaneous agonist binding and postsynaptic
membrane depolarization sufficient to relieve Mg?* block from the pore—a coincidence-
detection mechanism that couples NMDA receptor activation to the membrane potential
state of the postsynaptic neuron [16,17]. The GluN3 subfamily exerts a qualitatively distinct
modulatory function: co-assembly of GluN3A with GluN1 and GluN2 subunits markedly
reduces single-channel conductance, Ca?* permeability, and Mg?* sensitivity relative to
GluN1/GluN2 assemblies [16,20,21]. GluN3A therefore acts as a developmental “brake”
on synapse maturation [20]: it is expressed at high levels early in development, delay-
ing synapse stabilization until sensory input arrives, and is subsequently downregulated,
allowing GluN2A and GluN2B to predominate and support mature forms of plasticity [22].

In larval zebrafish (Danio rerio), NMDA receptor transmission becomes active early. By
5 days post-fertilization (dpf)—the time point used in this study—larvae already display ha-
bituation, avoidance learning, and light-dark locomotor transitions [23-25]. Notably, larval
locomotion becomes sensitive to NMDA-receptor antagonism from approximately 5 dpf [26],
indicating functional engagement of glutamatergic signaling at this developmental stage.
At this point, the system is switching from GluN2B to GluN2A dominance, although the
transition is not yet complete [18,27]. Concurrently, chloride homeostasis is still maturing;:
kcc2 expression in zebrafish first appears at approximately 2 dpf and increases progres-
sively thereafter [28], and the GABAergic excitation-to-inhibition switch—documented at
approximately 2.5 dpf in retinal neurons [29 | —proceeds region-specifically and may not
be complete across all CNS circuits at the 5 dpf time point employed here [30,31]. Any
residual depolarizing GABAergic drive would facilitate NMDA receptor activation by con-
tributing to Mg?* block relief at lower levels of excitatory input than required in a mature
system [16,32].

Due to the teleost-specific whole-genome duplication, the zebrafish NMDA receptor
gene family comprises 13 subunit-encoding genes, compared to 7 in non-duplicated ver-
tebrate genomes [33,34]. The subunits whose expression profiles were evaluated in an
experiment on Danio rerio larvae <5 dpf, described later in this manuscript, reflect those
paralogies: grin2aa and grin2bb are co-orthologues of mammalian Grin2A and Grin2B,
grin3a is the only zebrafish equivalent of mammalian Grin3A, and grin3ba is one of two
for Grin3B [33,35]. The extent to which these paralogues have diverged in expression
patterns and pharmacological sensitivity relative to their mammalian counterparts is not
fully established [35,36].

NMDA receptors are among the principal molecular targets that mediate the concentr-
ation-dependent CNS effects of EtOH. Acute EtOH, at concentrations as low as 20-25 mM
(0.12-0.15% EtOH (v/v), the concentration range observed during moderate human in-
toxication), non-competitively inhibits NMDA receptor function, as shown first in hip-
pocampal neurons [37] and later in other systems [5,6,38]. This inhibitory action is voltage-
independent and does not involve competition at the glutamate or glycine binding sites,
distinguishing it mechanistically from classical open-channel blockers [37]. The sensitivity
of NMDA receptors to acute EtOH inhibition depends critically on which GluN2 subunit is
incorporated into the receptor complex [5,6,38]. In rat GluN1/GluN2A and GluN1/GluN2B
receptors (when expressed in HEK-293 cells), EtOH reduces receptor function mainly by
shortening channel open time through altered gating conformations, with a stronger effect
on GluN2B-containing receptors [39]. In GluN2A-containing receptors, the inhibitory mech-
anism additionally involves prolongation of closed-state dwell times, indicating a partially
distinct gating mode of action [5,39]. Site-directed mutagenesis supports this interpretation:
substitution of individual residues in GIuN2B (F637, G826) shifts EtOH sensitivity, despite
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the high overall sequence similarity between GIuN2A and GluN2B [40]. At concentrations
corresponding to the legal driving limits in the US and the UK (approximately 17-20 mM),
however, overall NMDA receptor inhibition is modest (less than 10%) and fundamental
properties such as glutamate or magnesium sensitivity remain unchanged [41], indicating
that mechanistic differences between subtypes become functionally consequential primarily
at higher, intoxicating EtOH concentrations. Incorporation of the GIuN3A subunit changes
how NMDA receptors respond to EtOH. In GluN1/GluN2A assemblies, magnesium makes
EtOH’s inhibitory effect more pronounced, but once GIuN3A is included, that enhance-
ment vanishes (and this is unique to GluN2A, with no similar effect observed in GluN2B
combinations) [42]. Importantly, GluN3A does not change the basic sensitivity of NMDA
receptors to EtOH when magnesium is not present [43]. In addition, receptors that contain
GluNS3 subunits are less sensitive to channel blockers such as memantine [44].

Although the present study examined acute rather than chronic EtOH exposure, the
broader literature on prolonged EtOH use provides important translational context. Chronic
EtOH induces upregulation of Grin2b and Grin2a mRNA in cortical and hippocampal
regions in rodents [45,46], with Grin2b upregulation representing the most consistent
finding across experimental models—an adaptation mechanistically linked to tolerance,
withdrawal hyperexcitability, and excitotoxic vulnerability during abstinence [4]. Human
post-mortem findings support this: people with a history of alcoholism have higher mRNA
for GluN1, GluN2A, and GluN3A in the hippocampal dentate gyrus, with GIluN3A also up
in the orbitofrontal cortex—direct evidence that subunit remodeling in NMDA receptors
is clinically meaningful and identifying GIuN3A as a transcriptional target of prolonged
EtOH exposure [47].

The aim of this study was to characterize, in larvae from the same experiment and
exposure framework used for our GABAergic analysis [15], the transcriptional response of
four NMDA-receptor subunit genes (grin2aa, grin2bb, grin3a, grin3ba) to an acute ethanol
gradient (0-4.0%) and its modulation by three purified withanolides (WITA, WIN, WTFA),
alongside a photokinetic behavioral readout (the dark-light contrast index, DLCI). We hy-
pothesized that (i) acute ethanol upregulates pro-excitatory grin2 co-orthologues (grin2aa,
grin2bb) as a compensatory response to receptor inhibition; (ii) acute ethanol downregu-
lates modulatory grin3 subunits (grin3a, grin3ba); (iii) purified withanolides exert distinct,
compound-specific modulatory effects on both baseline and ethanol-altered NMDA subunit
profiles; and (iv) the loss of photokinetic differentiation co-occurs, at the group level, with
the greatest extent of NMDA subunit transcriptional remodeling.

2. Materials and Methods
2.1. Reagents

Invitrogen TRIzol reagent was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). WITA (Withanolide A phyproof® Reference Substance) and WIN (With-
anone phyproof® Reference Substance) were obtained from PhytoLab (Vestenbergsgreuth,
Germany), while WTFA was obtained from Sigma-Aldrich (St. Louis, MO, USA). WITA,
WIN, and WTFA were prepared as 1 mg/mL stock solutions in dimethyl sulfoxide (DMSO)
and diluted in the exposure medium (E3 medium: 5 mM NaCl, 0.17 mM KCl, 0.33 mM
CaCl,-2H,0, 0.33 mM MgSO,; pH 6.5-8.5) to final concentrations of 10,100, and 500 ug/L.
The final DMSO concentration in the medium did not exceed 0.05% (v/v) at the highest
withanolide concentration (0.01% at the 100 ug/L concentration used for transcriptional
analysis), a level considered safe for Danio rerio larvae and therefore regarded as negli-
gible in terms of any potential DMSO-related effects. For the isolation of mRNA from
biological material, we used chloroform (>99.5%), EtOH (96%), and isopropanol (>99.5%)
purchased from Sigma-Aldrich (St. Louis, MO, USA). DEPC-treated water was supplied by
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Thermo Fisher Scientific (Waltham, MA, USA). To reverse-transcribe mRNA into cDNA, we
used The Reliance Select cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA),
and for qPCR, we used GoTaq® qPCR Master Mix from Promega (Madison, WI, USA).
Gene-specific primers (sense and antisense) for the selected genes were synthesized by the
Sequencing Core Facility of the Institute of Biochemistry and Biophysics, Polish Academy
of Sciences (Warsaw, Poland).

2.2. Experimental Design

Zebrafish larvae at 3-5 dpf obtained from multiple breeding pairs of the AB strain
were maintained under standard laboratory conditions (temperature 28.5 °C, well aerated
aquarium water, 14 h light: 10 h dark photoperiod), according to established protocols
and literature recommendations [48,49]. The experiments were conducted in the Animal
Facility, Poznan University of Medical Sciences. Larvae were exposed to one of the three
purified withanolides (WITA, WIN or WTFA) at 0, 10,100 or 500 ng/L for 48 h, from 3
to 5 dpf, as in our companion study [15]. Embryos were pooled before allocation and
distributed randomly to the exposure groups, so that each treatment group comprised
offspring of several pairs; larvae with morphological abnormalities or low viability were
excluded before testing. At 5 dpf, one hour before behavioral testing, larvae were transferred
individually to the wells of 96-well plates (one larva per well), and EtOH was added to
the medium to obtain a concentration gradient of 0%, 0.5%, 1.0%, 2.0% or 4.0% (v/v), so
that each withanolide concentration was combined with the full EtOH gradient; treatment
combinations were distributed randomly across the plates. Each treatment combination
was tested in at least four independent experimental runs (separate plates), each including
a planned 10-12 larvae per group, corresponding to approximately 4048 larvae per experi-
mental condition [15]. In the behavioral analysis, each larva was treated as an independent
experimental unit. All final DMSO concentrations remained well below the 0.55% threshold
reported to affect larval zebrafish behavior in a light/dark paradigm and were also far below
levels associated with developmental or toxic effects in Danio rerio, making any potential
impact of DMSO negligible [50-52]. For this reason, withanolide-free groups (labeled
H,0O) were maintained in E3 medium alone, and the vehicle was not tested as a separate
group. Moreover, because all three withanolides were applied at identical final DMSO
concentrations, a vehicle-related effect is unlikely to account for the compound-specific
differences reported here.

Following exposure, larvae underwent a 10 min dark acclimation period and a light—
dark transition locomotor assay consisting of two alternating 10 min light and 10 min dark
cycles, as described in detail previously [15]. Locomotor activity was recorded with the
DanioVision system and analyzed with EthoVision XT 14 software (Noldus, Wageningen,
The Netherlands). Larvae were collected immediately after the behavioral protocol for RNA
isolation. Transcriptional analysis was subsequently restricted to the 100 pg/L condition for
each investigated phytochemical.

2.3. Behavioral Data Analysis
A dark-light contrast index (DLCI) was calculated for each larva as

D-L

DLCI = & — (1)

which yields the range
-1 <DLCI<1 (2)

adapting the lighting motor index proposed by Li et al. [53]. D and L are the total distances
moved during the dark and light phases. The index expresses the difference between the
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two phases as a fraction of their sum. It also stays largely independent of how much a given
larva moves overall. This places it within the family of normalized discrimination indices
used in behavioral neuroscience. The discrimination ratio of Ennaceur and Delacour [54]
is a classic example. In a pooled analysis of object-recognition data, Akkerman et al. [55]
showed that relative (normalized) discrimination measures, unlike absolute ones, are not
correlated with the level of exploratory activity in the test trial, and are therefore more
resistant to activity-related bias.

A value close to 1 means that a larva moves mostly in the dark and suppresses activity
in the light. Such a larva still discriminates between the two phases. This is consistent
with an intact photokinetic response. A value close to 0 means that locomotion no longer
tracks the lighting condition. This is the pattern expected when the photokinetic response
is blunted. The larva then swims at a similar level regardless of the stimulus. The DLCI
therefore reports whether the behavioral response to light is preserved, independently of
baseline locomotion. This distinction matters here because EtOH and the withanolides are
each expected to alter overall activity on their own.

The DLCI refines the dark/light (D/L) ratio, also called the lighting motor index,
previously applied to zebrafish locomotion by Li et al. [53]. Li et al. interpreted that
index mainly as a marker of anxiety-related reactivity to the light-dark transition. We
instead read it as a measure of photokinetic differentiation between phases. The normalized
formulation is also more stable numerically. A simple D/L ratio diverges as the light-phase
distance approaches zero. The DLCI stays bound under the same conditions. The locomotor
recordings analyzed here were obtained from the same specimens used in our companion
study [15]. The DLCI was not reported in that particular study. It is introduced here as a
new derived parameter proposed by the authors.

2.4. Molecular Analyses

RNA isolation: Immediately after completion of the behavioral protocol, larvae from
the same treatment group were transferred in groups of eight (pooled as one sample) into
RNase-free 1.5 mL microtubes and immersed in 300 pL. TRIzol. Total RNA was isolated
from the collected tissue (whole body) of zebrafish larvae using a modified Chomczynski
and Sacchi method [56]. Samples were homogenized [49,57] using an Omni Bead Ruptor 4
(Omni International, Kennesaw, GA, USA) at speed 5 for 90 s until a uniform suspension was
achieved. Chloroform was then added, the samples were mixed and, after centrifugation
(12,000x g, 4 °C, 15 min), the upper aqueous phase was transferred to fresh tubes. An
equal volume of isopropanol was added, and samples were incubated at —80 °C for 1 h to
precipitate nucleic acids. After thawing, samples were centrifuged (12,000x g, following
7500x% g, each at 4 °C, 10 min). The RNA pellet was washed twice with 70% EtOH. After
drying, the pellet was dissolved in 30 uL of DEPC-treated water. RNA concentration and
purity were assessed spectrophotometrically.

cDNA synthesis: First-strand cDNA was synthesized from the isolated RNA by reverse
transcription (RT) using a commercial kit following the manufacturer’s instructions (Bio-
Rad Laboratories, Hercules, CA, USA). RT reactions were performed in a TC 1000-G DLAB
thermocycler (Dragonlab, Beijing, China) and adjusted to a final reaction volume of 20 yL
with nuclease-free water.

Gene expression analysis by RT-qPCR: Gene expression profiling was conducted us-
ing real-time quantitative PCR technique with reverse transcription (RT-qPCR) [58,59].
Target gene-specific primers (Table 1) were designed using Primer3 version 4.1.0 and
Primer-BLAST (NCBI, accessed on 20 April 2024; https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). Primer specificity was verified using Nucleotide BLAST (NCBI, accessed on
20 April 2024; https://blast.ncbinlm.nih.gov/Blast.cgi). Reactions were performed using
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GoTaq® qPCR Master Mix (Promega, Madison, W1, USA) and a LightCycler 480 system
(Roche Diagnostics, Basel, Switzerland) with fluorescence detection. The analyzed genes
included subunits of NMDA receptors (grin2aa, grin2bb, grin3a, grin3ba). The eukaryotic
elongation factor 1-alpha (efla) was used as a reference gene, previously validated as stable
in zebrafish larvae [60]. Each reaction was run in technical triplicate. Each experimen-
tal group comprised at least 7 biological replicates, each consisting of RNA pooled from
8 larvae. The pooled sample was therefore the experimental unit of the molecular analysis;
because larvae were pooled, transcript levels could not be linked to the behavioral scores of
individual larvae.

Table 1. Primer sequences and accession numbers for reference and target genes used in RT-qPCR.

Gene Accession Number Forward Primer [5'—3'] Reverse Primer [5'—3']
efla FJ915061.1 CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC
grin2aa XM_021473854.1 TCTTCTCCATCAGCAGGGGTA CCGCCACGTTTAGGAGAGTT
grin2bb XM_017355008.2 CCAACGAGGTGCTGAGGTAT CGTCCGAGTACAGCTCGAAG
grin3a XM_009305086.3 TCCAACGACAGACTCAGAACT GGACGGTTCCCAGGTGAAAT
grin3ba XM_021467383.1 CGTCACCAGCAGAGGTTCAA CAGGCACAAGGTGGGACATC

Thermal cycling conditions were optimized for each primer set and included an initial
denaturation step at 95 °C for 2 min, followed by 45 cycles of amplification. Melting curve
analysis was performed at the end of the run to confirm amplification specificity. The details
for each primer set are provided in Table 2.

Table 2. Thermal cycling conditions for the RT-qPCR amplification.

Primer Derfariltll?r:lltion D(lelaé;zell:;;n Annealing/Extension =~ Melting Curve Analysis
efla 59°C, 60 s
grin2aa, grin2bb 95°C, 120 s 95°C,15s 95 °C to 60 °C
grin3a, grin3ba 60°C, 60s

2.5. Statistical Analysis

Statistical analysis of behavioral and molecular (RT-qPCR) data was performed using
Statistica 13 software (StatSoft, Tulsa, OK, USA). Results from biological and technical
replicates within each group were averaged and are presented as the mean + SEM (stan-
dard error of the mean). The experimental unit was the individual larva for behavioral
data (DLCI) and the pooled sample of eight larvae for RT-qPCR data; technical replicates
were averaged before analysis and were not treated as independent observations. The
data distribution was assessed using the Shapiro—Wilk test and found to be normal. For
comparisons involving EtOH concentration alone, a one-way ANOVA was performed. For
analyses evaluating the effects of EtOH concentration and withanolide treatment, a two-way
ANOVA was used, including the interaction between these factors. Post hoc differences
between groups were evaluated using the Tukey test with the same significance threshold
(p <0.05).
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Relative gene expression strategy was applied, and their mRNA profiles were cal-
culated using the 2722t method [58,59]. Average Ct values from technical replicates
were normalized to the reference gene (eflx) and expressed relative to the control group
(0% EtOH) [58,59]. A single reference gene was used, in line with its validation as a stable
reference gene in zebrafish [60], and its mRNA levels were statistically stable among the
groups in our experimental model.

3. Results
3.1. DLCI Results

The first step was to assess the effect of EtOH on DLCI in D. rerio larvae (see Figure 2).
A one-way ANOVA revealed a significant effect of EtOH concentration (F (4346) = 216.80,
p < 0.001). Subsequent post hoc analysis showed a statistically significant decrease in DLCI
in the EtOH 2% and EtOH 4% groups (both p < 0.001). DLCI values for the EtOH 0.5% and
EtOH 1.0% groups were practically identical to those of the H,O control group (Figure 2).

EtOH

1.0
0.8
0.6
0.4

0.2

0.0

dark-light contrast index

I
H-0 EtOH 0.5% EtOH 1.0% EtOH 2.0% EtOH 4.0%

Figure 2. Effect of EtOH on the dark-light contrast index in D. rerio larvae. a—p < 0.001 vs. H,O.
Data are presented as mean + SEM.

The next step was to assess the interaction between WIN and EtOH with respect to the
DLCI parameter in D. rerio larvae as shown in Figure 3. A two-way ANOVA revealed signif-
icant overall effects [ EtOH effect: F (4800) = 236.52, p < 0.001; WIN effect: F (3800) = 12.91,
p < 0.001; interaction: F (12,800) = 7.94, p < 0.001]. Post hoc analysis showed a significant
decrease in DLCI at every WIN concentration under 2.0% and 4.0% EtOH (all p < 0.001)
relative to the corresponding H,O control groups. WINO variability was consistent with
that described for Figure 2. When DLCI values were compared between analogous EtOH
exposed groups receiving WIN and their withanolide-free controls, a statistically significant
decrease was observed for WIN500 4.0% versus WINO 4.0% (p < 0.001). A decrease in DLCI
was also observed for WIN500 4.0% versus WIN10 4.0% and WIN100 4.0% (all p < 0.001).

Next, the results of the interaction between WITA and EtOH were evaluated with
respect to the DLCI parameter in D. rerio larvae (see Figure 4). A two-way ANOVA re-
vealed significant overall effects [EtOH effect: F (4833) = 103.29, p < 0.001; WITA effect:
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F (3833) = 10.02, p < 0.001; interaction: F (12,833) = 4.47, p < 0.001]. WITAOQ group variabil-
ity was consistent with that described for Figure 2. Post hoc analysis revealed a significant
decrease in DLCI in the WITA10 group at 4.0% EtOH relative to the H,O control of the same
withanolide concentration (p < 0.001). Within the WITA100 groups, significant decreases
were observed across the 1.0-4.0% EtOH range compared to the WITA100 H,O control
(all p < 0.001). Furthermore, DLCI in the WITA100 1% group was significantly lower than
in the WITAO 1% group (p < 0.001). No statistically significant differences were found
either within the WITA500 group or between this group and the remaining groups.
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Figure 3. Effect of WIN on the dark-light contrast index in D. rerio larvae exposed to an EtOH gradient
(0-4.0%). Significant comparisons (p < 0.001): a vs. WINO H,O; e vs. WINO EtOH4%; f vs. WIN10
H,0; j vs. WIN10 EtOH4%; k vs. WIN100 H,O; o vs. WIN100 EtOH4%; p vs. WIN500 H,O. Data are
presented as mean + SEM.

The final step regarding the behavioral results was the analysis of the interaction
between WTFA and EtOH with respect to the DLCI parameter in D. rerio larvae as de-
scribed in Figure 5. A two-way ANOVA revealed significant overall effects [EtOH ef-
fect: F (4692) =201.19, p < 0.001; WTFA effect: F (3692) = 6.12, p < 0.001; interaction:
F (12,692) = 5.55, p < 0.001]. WTFAOQ group variability was consistent with that described
for Figure 2. Post hoc analysis showed a decrease in DLCI at every WTFA concentration
under 2.0% and 4.0% EtOH (all p < 0.001) relative to the corresponding H,O control groups.
Additionally, several significant effects were observed among the withanolide-free and
low-EtOH conditions: DLCI in the WTFA10 H,O group was significantly lower than in
the WTFAO H,O control (p < 0.001), while DLCI in the WTFA100 H,O group was signif-
icantly higher than in the WTFA10 H,O group (p < 0.001). Elevated DLCI values were
also observed in the WTFA10 0.5% and WTFAS500 1% groups relative to their respective
EtOH-matched controls (p < 0.001).
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Figure 4. Effect of WITA on the dark-light contrast index in D. rerio larvae exposed to an EtOH
gradient (0-4.0%). Significant comparisons (p < 0.001): a vs. WITAO H,O; c vs. WITAOQ EtOH1%; f vs.
WITA10 H,O; k vs. WITA100 H,O. Data are presented as mean + SEM.
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Figure 5. Effect of WTFA on the dark-light contrast index in D. rerio larvae exposed to an EtOH
gradient (0-4.0%). Significant comparisons (p < 0.001): a vs. WTFAO H,O; f vs. WTFA10 H,O; k vs.
WTFA100 H,O; p vs. WTFA500 H,O. Data are presented as mean + SEM.
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3.2. Gene Expression Results

In the studies on the influence of EtOH gradient and withanolides on grin2aa gene
mRNA expression in D. rerio larvae, significant overall effects were observed [EtOH effect:
F (4118) = 29.918, p < 0.001; withanolide effect: F (3118) = 477.31, p < 0.001; interaction:
F (12,118) =29.943, p < 0.001]. The results are shown in Figure 6. Post hoc analyses showed
that EtOH alone significantly (p < 0.05) increased grin2aa expression at 2.0% and 4.0% EtOH
in control larvae (H,O group), with the strongest upregulation observed at 4.0% EtOH.
When comparing WITA-treated groups with the corresponding EtOH concentrations in
larvae not receiving withanolides, a statistically significant increase in grin2aa expression
was observed at WITA 0% EtOH and WITA 0.5% EtOH (both p < 0.05). No significant
within-group differences were detected across EtOH concentrations within the WITA group.
The lowest level of statistically significant variability was observed in larvae exposed to WIN,
where a significant difference occurred only between the WIN 0% EtOH group and the
corresponding WITA group (p < 0.05). The greatest variability was detected in the WTFA
group, in which grin2aa expression was significantly increased relative to all corresponding
EtOH concentrations in larvae exposed to H,O alone, as well as relative to larvae receiving
WITA + EtOH and WIN + EtOH (all p < 0.05).

grin2aa

+m~mc-
Q0 = a

WITA 100 WIN 100 WTFA 100

B EtOH 0% BEtOH 0.5% BEtOH 1% BEtOH 2% BEtOH 4%

Figure 6. Effect of WITA, WIN and WTFA on grin2aa mRNA expression in D. rerio larvae under the
influence of an EtOH concentration gradient (0-4.0%). a—p < 0.05 vs. H,O; b—p< 0.05 vs. H,O 0.5%;
c—p < 0.05 vs. H,0 1%; d—p < 0.05 vs. H,0O 2%; e—p < 0.05 vs. H,O 4%; f—p < 0.05 vs. WITA 0%;
g—p < 0.05 vs. WITA 0.5%; h—p < 0.05 vs. WITA 1%; i—p< 0.05 vs. WITA 2%; j—p< 0.05 vs. WITA
4%; 1—p < 0.05 vs. WIN 0.5%; n—p < 0.05 vs. WIN 1%; o—p < 0.05 vs. WIN 2%; p—p < 0.05 vs. WIN
4%; q—p < 0.05 vs. WTFA 0%. Data are presented as mean + SEM.

In the analysis of the influence of the EtOH gradient and withanolides on grin2bb gene
mRNA expressionin D. rerio larvae, statistically significant main effects and interactions were
observed [EtOH effect: F (4123) = 7.3510, p < 0.001; withanolide effect: F (3123) = 56.484,
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p < 0.001; interaction: F (12,123) = 17.248, p < 0.001]. Post hoc analyses showed that EtOH
alone increased grin2bb gene expression at all tested concentrations in the control (H,O)
group (p < 0.05) (see Figure 7). It was also demonstrated that WITA administered without
EtOH (Figure 7) increased grin2bb expression (p < 0.05). Within the WITA group, all EtOH
concentrations resulted in significantly lower expression levels compared with WITA alone
(0% EtOH) (p < 0.05). When comparing corresponding EtOH concentrations between the
WITA and H,O groups, the only statistically non-significant difference was observed at
2.0% EtOH. Within the WIN group, no significant within-group differences were detected
across the EtOH gradient. When larvae receiving WIN at different EtOH concentrations
were compared with larvae exposed to the corresponding EtOH concentrations without
any withanolide, the only statistically significant difference was observed at 4.0% EtOH
(p < 0.05). More pronounced differences were detected between the WITA and WIN groups,
where statistically significant differences were found between the corresponding 0-1.0%
EtOH groups (p < 0.05). As in the case of grin2aa, the greatest variability was observed
in the WTFA group (Figure 7). Within this group, each EtOH concentration resulted in
a significant increase in expression relative to the WTFA control (0% EtOH) (p < 0.05).
When compared with the corresponding EtOH concentrations in the other groups, larvae
exposed to 0.5% EtOH showed higher expression than those in the H,O and WIN groups
(p < 0.05); at 1.0-2.0% EtOH, expression was increased relative to H,O, WITA, and WIN
(p < 0.05); and at 4.0% EtOH, a significant difference was observed only in comparison
with the corresponding EtOH concentration in WIN-treated larvae (p < 0.05).
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Figure 7. Effect of WITA, WIN and WTFA on grin2bb mRNA expression in D. rerio larvae exposed to
an EtOH gradient (0-4.0%). Statistical significance (p < 0.05): a vs. H,O; b vs. H,0 0.5%; ¢ vs. H,O
1%; d vs. H,O 2%; e vs. H,O 4%; f vs. WITA 0%; g vs. WITA 0.5%; h vs. WITA 1%; i vs. WITA 2%;
1 vs. WIN 0.5%; n vs. WIN 1%; o vs. WIN 2%; p vs. WIN 4%; q vs. WTFA 0%. Data are presented as
mean *+ SEM.
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In the studies investigating the effects of an EtOH gradient and withanolides on grin3a
gene expression, the main effect of EtOH was not statistically significant [F (4133) = 0.962,
p = 0.431], whereas the effect of the withanolides [F (3133) = 5.050, p < 0.005] and the
EtOH x withanolide interaction [F (12,133) = 6.150, p < 0.001] were significant (see Figure 8).
Although the main effect of EtOH did not reach significance, the significant interaction
justified subsequent simple-effects analysis. Post hoc analysis revealed that EtOH alone
caused a significant decrease in expression in the control group (H,O) at all tested concen-
trations (p < 0.05), with the strongest reduction observed at 1.0% EtOH. Each of the tested
withanolides also reduced grin3a expression in the EtOH-free groups.
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Figure 8. Effect of WITA, WIN and WTFA on grin3a mRNA expression in D. rerio larvae exposed to
an EtOH gradient (0—4.0%). Significant comparisons (p < 0.05): a vs. H,O; b vs. H,O 0.5%; d vs.
H,0 2%; e vs. H,O 4%; i vs. WITA 2%; j vs. WITA 4%; k vs. WIN 0%; o vs. WIN 2%; q vs. WTFA 0%.
Data are presented as mean + SEM.

Administration of WITA or WIN flattened the biphasic effect of EtOH. In the WITA
group, no significant within-group differences between EtOH concentrations were observed,
whereas in the WIN group minor differences were detected compared with the respective
control conditions (0.5% and 4% EtOH, p < 0.05). The most pronounced effect was observed
after the WTFA administration. In this case, WTFA in combination with EtOH increased
grin3a expression relative to WTFA 0% (significantly at 0.5% and 2.0%, p < 0.05), as well as
relative to the corresponding concentrations in the H,O, WITA, and WIN groups (also at
0.5% and 2% EtOH, p < 0.05). At 4.0% EtOH, however, a decrease was observed compared
with the group that did not receive any withanolide.

In the studies investigating the effects of an EtOH gradient and withanolides on
grin3ba gene expression, statistically significant changes were observed for the EtOH effect
[F (4134) = 26.144, p < 0.001] and for the withanolides [F (3134) = 188.59, p < 0.001], as
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well as for their interaction [F (12,134) = 42.232, p < 0.001], as shown in Figure 9. Detailed
post hoc analysis revealed that EtOH alone caused a significant decrease in expression in the
control group (H,O) at all EtOH concentrations (p < 0.05). Each of the withanolides also
caused a significant decrease in grin3ba expression. In the WITA group, 0.5% EtOH caused
a significant increase in expression, whereas in the WIN group, an overall flattening was
observed. Once again, the greatest changes were observed in the WTFA group, where its co-
administration with EtOH resulted in statistically significant increases in expression at each
concentration, both compared to the WTFA control group and to groups receiving EtOH
alone without withanolide, as well as to groups receiving WITA and WIN simultaneously
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with EtOH.
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Figure 9. Effect of WITA, WIN and WTFA on grin3ba mRNA expression in D. rerio larvae exposed
to an EtOH gradient (0-4.0%). Significant comparisons (p < 0.05): a vs. H,O; b vs. H,O 0.5%; c vs.
H,0 1%; d vs. H,O 2%; e vs. H,O 4%; f vs. WITA 0%; g vs. WITA 0.5%; h vs. WITA 1%; i vs. WITA
2%; j vs. WITA 4%; 1 vs. WIN 0.5%; n vs. WIN 1%; o vs. WIN 2%; p vs. WIN 4%; q vs. WTFA 0%.
Data are presented as mean + SEM.

4. Discussion

The present study was designed as a direct complement and extension to our previously
published investigation of the GABAergic component of acute EtOH-withanolide interac-
tions [15], extending the analysis to the glutamatergic system using the same experimental
specimens, dosing, and behavioral protocol. We combined a behavioral readout, the DLCI
parameter, with transcriptional profiling of four NMDA receptor subunit genes, allowing
the photokinetic response and NMDA receptor subunit transcription to be examined in
larvae from the same experimental groups. Because RNA was extracted from pools of eight
larvae, whereas the DLCI was calculated for individual larvae, the two endpoints can be
related only at the group level, as co-occurring responses to the same treatments, and not as
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an individual-level association. At the transcriptional level, the four subunit genes revealed
a consistent pattern that both complements and contrasts with the GABAergic findings:
acute EtOH was associated with GIuN2-type subunit upregulation alongside GluN3-type
downregulation, and the three withanolides modulate this response in ways that differ
markedly between compounds.

At the behavioral level, the DLCI evaluation revealed a clear concentration-dependent
effect of acute EtOH. Photokinetic differentiation was preserved at 0.5% and 1.0% EtOH,
where DLCI values were indistinguishable from the H,O control. It then declined sharply at
2.0% and was effectively abolished at 4.0%, where values fell to around zero. A DLCI value
close to zero indicates that locomotion is no longer linked to lighting conditions. The larvae
moved at similar levels in light and dark and lost their normal preference for movement in
the dark. This loss of differentiation at high EtOH is consistent with the sedative phase of
EtOH biphasic action. It reflects a high-dose breakdown of sensory-motor coupling rather
than a simple change in overall activity, which the normalized index is designed to discount.

This behavioral profile is mechanistically relevant because larval zebrafish locomotion
is sensitive to NMDA-receptor antagonism by 5 dpf [26], and the light-dark locomotor
response engages glutamatergic circuitry [25,53]. The DLCI therefore provides a behavioral
readout that is plausibly coupled to the glutamatergic system probed at the transcriptional
level, although a direct NMDA-receptor dependence of the photokinetic differentiation itself
remains to be demonstrated pharmacologically. The concentrations at which photokinetic
differentiation collapsed, namely 2.0% and 4.0% EtOH, coincide with those at which grin2aa
transcription was most strongly upregulated, whereas grin2bb mRNA levels were already
elevated across the gradient. One interpretation compatible with these data is that, at high
EtOH concentrations, NMDA receptor function is inhibited sufficiently to disrupt the pho-
tokinetic response, and that the upregulation of GluN2-type subunit transcripts represents
a compensatory response to this hypofunction [4,61]. However, neither receptor activity
nor subunit protein abundance was measured here, so this mechanism is proposed rather
than demonstrated. This correspondence is a group-level co-occurrence. The behavioral
and transcriptional measures were obtained from the same experimental groups, but RNA
was analyzed in pools of eight larvae, whereas the DLCI was determined for individual
larvae; the present design therefore cannot establish an individual-level association between
the two endpoints, nor that the transcriptional changes cause the behavioral changes.

The three withanolides modulated this EtOH effect to differing and comparatively
modest degrees. This is consistent with the much smaller effect sizes for the withanolide
factor than for the EtOH factor in all four analyses. WITA was the only compound that pre-
served photokinetic differentiation under high EtOH, and only at its highest concentration.
At WITA 500, the DLCI remained positive at 4.0% EtOH, and no significant within-group
decline was detected. This behavioral buffering is directionally consistent with the reported
capacity of WITA to normalize NMDA receptor function under pathological conditions and
with the attenuation of EtOH-induced transcriptional changes described below. The protec-
tive behavioral effect emerged at a concentration above the 100 ug/L used for transcriptional
profiling, so the two datasets cannot be mapped dose for dose, and the convergence should
be read as general rather than quantitative. WIN did not preserve differentiation. At its
highest concentration, it deepened the DLCI reduction at 4.0% EtOH. This agrees with the
limited response of NMDA receptor subunit transcripts to WIN and would be compatible
with the hypothesis, which remains to be tested functionally, that WIN acts preferentially
through GABAergic mechanisms [15]. WTFA likewise did not rescue the high-EtOH col-
lapse: DLCI was reduced at 2.0% and 4.0% EtOH at every WTFA concentration, without a
significant difference from the corresponding withanolide-free groups. This is compatible
with the possibility that WTFA potentiates rather than offsets the depressant action of EtOH,
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in line with its synergistic transcriptional response and with the potentiated locomotor
suppression reported in our previous GABAergic study [15].

Transcription of grin2aa increased significantly at 2.0% and 4.0% EtOH, with the
strongest upregulation at 4.0%. In contrast, grin2bb was upregulated at all tested EtOH
concentrations (0.5-4.0%), indicating a lower threshold of sensitivity to acute EtOH. This
difference in concentration sensitivity between the two co-orthologues is pharmacologically
consistent with the established higher sensitivity of GluN2B-containing receptors to EtOH
inhibition, attributed to both kinetic and structural differences at the subunit level [39,40].
If the upregulation reflects a compensatory response to receptor inhibition, stronger in-
hibition of GluN2B-containing receptors would be expected to produce a more sensitive
transcriptional response, in line with our observation that grin2bb transcripts were already
upregulated at 0.5% EtOH, a concentration at which grin2aa ones remain unchanged. This
finding is consistent with the broader literature identifying GluN2B upregulation as the
reproducible response to EtOH across experimental models [62].

It is worth noting that in adult mammalian systems, acute EtOH has been reported to
increase GluN2A and GluN2B protein without corresponding mRNA changes [63]. That
points to post-transcriptional regulation taking over in a mature context. In the present
zebrafish larvae at 5 dpf, by contrast, all four genes showed pronounced transcriptional
responses. One interpretation is that a still-maturing nervous system, in which the GluN2B-
to-GluN2A transition is under way [18,27], is more transcriptionally plastic and therefore
more sensitive to pharmacological perturbation. Abramova et al. [24] recently showed that
the electrophysiological differences between receptors containing zebrafish GluN2Aa/Ab
and GluN2Bb parallel those between mammalian GluN2A- and GluN2B-containing re-
ceptors, and that grin2a loss of function in zebrafish larvae increases locomotor activity
and may shift the receptor population towards GIuN2B; this supports both the transla-
tional relevance of the present model and the assumption that grin2 paralogues retain
subunit-specific pharmacology.

The GluN3-type subunits responded in the opposite direction. Both grin3a and grin3ba
mRNAs levels decreased significantly at all tested EtOH concentrations, with the strongest
reduction observed at 1.0% for grin3a. The functional significance of this downregulation
is best understood in the context of GluN3A modulatory role. Unlike GluN2 subunits,
which confer high conductance and Ca?* permeability, incorporation of GluN3A dampens
receptor activity, reducing single-channel conductance and Ca?* influx and increasing
Mg?* sensitivity [20,21]. During development, this “brake” prevents premature synaptic
stabilization [20,64,65]. If the reduced grin3a and grin3ba transcript levels translate into
fewer GluN3-containing receptors, acute EtOH would be expected to release this brake, a
mechanism operating in parallel with GluN2-type upregulation but through a distinct route.
Both changes point in the same direction, towards greater NMDA-mediated excitatory
capacity, which is consistent with a compensatory response to acute receptor inhibition.
This interpretation remains inferential. The existing literature on GIuN3A and EtOH is
limited and comes from experimental contexts very different from ours. Jin et al. [47]
reported elevated GluN3A mRNA in the hippocampus and orbitofrontal cortex of chronic
alcoholics post-mortem, and Brady et al. [66] showed increased GIuN3A protein after
prenatal EtOH exposure in rodents-both representing prolonged exposure paradigms in
mammalian systems. The opposite direction of change relative to our acute larval model
does not necessarily indicate a contradiction, but rather may reflect distinct temporal phases
of the adaptive response. In chronic paradigms, where sustained GluN2 upregulation has
already occurred, GluN3A upregulation could instead serve to limit Ca** permeability of
the overexpressed receptor population—a protective rather than compensatory adaptation.
This possibility is consistent with the low sensitivity of GluN1/GluN3 receptors to EtOH
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inhibition [43,67]. No study, however, has followed GluN3A regulation across the transition
from acute to chronic exposure within a single model, and the proposed link therefore
remains speculative.

The grin3ba findings are particularly noteworthy because, to our knowledge, no pub-
lished data exist on GluN3B expression changes in response to EtOH. The available literature
on GluN3B is limited to basic characterization of expression patterns [68], the behavioral
phenotype of knockout mice showing impaired motor learning and cognition [69], and
emerging evidence linking GIuN3B to psychiatric disorders including schizophrenia and
substance use disorders [70]. Our data provide novel evidence that both members of the
GluN3 subfamily are transcriptionally responsive to acute EtOH. grin3a response—with
maximal downregulation at 1.0% and partial recovery at higher concentrations—is difficult
to explain with the available data. One speculative possibility is that it reflects the biphasic
nature of EtOH’s inhibition of NMDA receptors more broadly: Boikov et al. [71] described
a high-affinity Ca*"-dependent and a low-affinity Ca**-independent component of EtOH
action on NMDA receptor channels, which could engage different transcriptional responses
at different concentrations. However, this mechanism was characterized for GluN1/GIluN2
receptors and its relevance to GIluN3A transcriptional regulation is unknown. It should also
be noted that the main ANOVA for grin3a did not reach significance for the EtOH factor,
although post hoc pairwise comparisons did detect significant differences—suggesting that
the overall grin3a response to EtOH showed a less consistent and non-monotonic response
to EtOH than that of the other three genes.

Before considering the interactions with EtOH, it is important to examine the inde-
pendent effects of each withanolide, since these define the transcriptional starting point
from which the EtOH interaction proceeds. WITA alone increases both grin2aa and grin2bb
expression while reducing the grin3a and grin3ba transcript levels. In other words, it mim-
ics EtOH’s gene expression pattern, though likely through very different mechanisms.
WITA has documented synaptogenic and neuroprotective properties: Kuboyama et al. [72]
showed that it induced regeneration of both axons and dendrites and restored synaptic
structures in neurons damaged by amyloid-p, and Soman et al. [73] demonstrated that it
normalized NMDA receptor density in epileptic rats while reversing memory deficits. Dar
et al. [74] also showed WITA shields against glutamate-induced toxicity via MAPK block-
ade and PI3K/Akt activation. Thus, the increase in grin2 subunit expression could reflect
pro-synaptic, adaptive effects rather than compensation for inhibition. WIN produced the
most modest baseline effects. For grin2aa, the only significant comparison was with the
WITA group, while for grin2bb, changes were limited. WIN alone did, however, significantly
reduce grin3a and grin3ba expression, consistent with the general pattern of GluN3-type
downregulation observed across all three withanolides. This minimal transcriptional impact
is consistent with WIN’s proposed mechanism of action, which operates downstream of the
receptor. Dar et al. [75] showed that WIN protects against NMDA-induced excitotoxicity by
reducing Ca®* accumulation, reactive oxygen species, and caspase activation—intracellular
events that do not necessarily require changes in receptor subunit transcription. Such a
mechanism need not alter receptor gene expression directly, which is consistent with the
present transcriptional data. WTFA alone also shifted all four genes, although not markedly
more than WITA or WIN; its distinctive profile emerged only in combination with EtOH,
as discussed below. In silico work suggests that WS constituents can occupy allosteric
sites on GluN2B-containing receptors: Kumar and Patnaik [76] docked WS phytochem-
icals against GluN2B, and Vashisth et al. [77] screened 80 WS constituents against the
GluN1b/GIluN2B complex, obtaining binding energies between —4.1 and —11.9 kcal/mol,
with 17x-hydroxywithanolide D rather than WITA or WTFA emerging as the highest-
ranking ligand. These are computational predictions only, and no experimental evidence of
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direct binding of any withanolide to the NMDA receptor has been reported. If true, such an
interaction might explain the pronounced effects observed when WTFA and EtOH are given
together. Importantly, all three withanolides tend to lower baseline grin3a/ba, though likely
by different mechanisms-a shift in NMDA composition worth probing further downstream.

These compound-specific patterns are consistent with those reported for the GABAer-
gic system [15], where all three withanolides reduced gabral and gabra2 but diverged in
their effects on gabrd and gabrg2. Both studies consistently show that each purified with-
anolide produces a different pattern of subunit expression changes at both GABAA and
NMDA receptors.

The most informative results emerge from combining withanolides with EtOH, in
which the three compounds produced fundamentally different outcomes. WITA modified
the EtOH-induced transcriptional response in a gene-specific manner. For grin2aa, WITA
elevated expression at baseline and at 0.5% EtOH relative to the corresponding H,O groups,
but no significant within-group differences were detected across EtOH concentrations within
the WITA group—suggesting that WITA's effect on this subunit was not further augmented
by increasing EtOH concentrations. For grin2bb, a different pattern was observed: EtOH
within the WITA group progressively reduced expression relative to WITA alone, which is
opposite to the upregulation seen in control larvae. For grin3a and grin3ba, WITA flattened
the EtOH-induced biphasic response, eliminating the significant within-group variability
observed in controls. This gene-specific modulation is consistent with reports that WITA
can normalize NMDA receptor function under pathological conditions [72,73], and may
involve direct receptor interaction—molecular docking studies have predicted that WITA
binds allosterically to GluN2B-containing NMDA receptors [76,77]. If WITA does interact
directly with NMDA receptors, the gene-specific pattern we observe may reflect the interplay
between WITA's own receptor-level effects and the compensatory transcriptional response
to EtOH-medjiated inhibition, with the net outcome varying depending on subunit-specific
regulatory dynamics. A similarly selective modulation was seen in our companion study;,
where WITA partly counteracted EtOH-induced changes in gabra2 and gabrg2 mRNA levels
but not in gabral or gabrd [15], suggesting that, at the transcriptional level, the interaction
of WITA with EtOH is subunit-selective rather than uniform.

From a translational perspective, WITA’s capacity to attenuate EtOH-induced tran-
scriptional changes is noteworthy. The compensatory upregulation of NMDA receptors
that develops during EtOH exposure is a key contributor to withdrawal-associated hy-
perexcitability, seizures, and excitotoxic neuronal damage [4,62,78]. If WITA limits this
upregulation, the receptor population upon cessation of EtOH exposure could theoreti-
cally be less prone to hyperexcitation. However, this interpretation is based on a larval
zebrafish model under acute exposure conditions, and its relevance to mammalian systems
or clinical scenarios remains to be established through chronic exposure paradigms in
higher vertebrates.

WIN demonstrated the weakest interaction effects among the three compounds. Al-
though isolated significant differences were detected for individual genes at specific EtOH
concentrations, no consistent pattern of modulation emerged across the four subunits. This
limited glutamatergic interaction contrasts with WIN’s behavioral effects: in our compan-
ion study, WIN enhanced locomotion at low-to-moderate EtOH concentrations [15]. One
possible explanation for this discrepancy is that the locomotor effects of WIN are mediated
primarily through the GABAergic system, where WIN maintained broad suppression of
GABAA receptor subunit transcription under EtOH—potentially weakening inhibitory
neurotransmission and permitting greater motor output through disinhibition [79].

WTFA produced the largest and most consistent interaction effects across all four genes.
For grin2aa and grin2bb, co-exposure with EtOH resulted in upregulation that far exceeded
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the effects of either compound alone. For grin3ba transcripts, EtOH co-administration
caused significant level increases at each concentration compared to WTFA alone, to EtOH-
only controls, and to WITA and WIN groups. The grin3a mRNA-level response was more
complex and similar to other withanolides: WTFA + EtOH increased expression at 0.5%
and 2.0% relative to WTFA alone and to the other groups, but a decrease was observed at
4.0% EtOH. The pronounced grin2-type upregulation under combined WTFA + EtOH sug-
gests a synergistic interaction at the transcriptional level. If both compounds inhibit NMDA
receptor function—EtOH through established non-competitive inhibition [37,39,80] and
WTEFA through the predicted allosteric mechanism at GluN2B [76,77]—their combined in-
hibitory effect would produce a deeper reduction in Ca®* influx through the channel. Since
NMDA receptor expression is regulated by Ca®* entering through the receptor channel,
with reduced Ca?* influx triggering compensatory upregulation of receptor subunits [61],
a stronger combined inhibition would be expected to drive a proportionally stronger tran-
scriptional response—which is consistent with the magnitude of grin2aa and grin2bb upreg-
ulation we observe. This explanation is, however, hypothetical: binding of WTFA to NMDA
receptors has so far been predicted only in silico [76,77].

Interestingly, this massive GluN2 upregulation was accompanied by a reversal of grin3-
type expression: while both WTFA alone and EtOH alone decreased grin3a and grin3ba,
their combination at intermediate EtOH concentrations produced significant increases.
This reversal may represent a secondary protective response—when the overexpression of
high-conductance, Ca?*-permeable GluN2-containing receptors reaches levels that could
create excitotoxic risk, upregulation of GluN3 subunits would counterbalance this by lim-
iting channel conductance and Ca** permeability upon incorporation into the receptor
complex [16,20]. This molecular profile is consistent with WTFA behavioral effects in our
companion study, where it potentiated locomotor suppression primarily at high EtOH con-
centrations while increasing GABAA subunit expression associated with stronger inhibitory
signaling [15]. Taken together with the GABAergic findings, the current data are compatible
with the hypothesis that WTFA enhances both components of EtOH’s depressant action, i.e.,
GABAergic inhibition and NMDA receptor blockade. If confirmed functionally, such a dual
enhancement would raise safety concerns. The degree of NMDA receptor subunit upregu-
lation observed with combined WTFA + EtOH exposure substantially exceeds that with
EtOH alone. Since compensatory NMDA receptor upregulation is a well-established mecha-
nism contributing to withdrawal hyperexcitability and excitotoxic neuronal damage [81,82],
the synergistic upregulation produced by WTFA co-administration could amplify this
risk. Given the growing popularity of ashwagandha-based supplements [11] and the
documented prevalence of concurrent EtOH use [12,13], this finding may be relevant for
consumer safety.

Several methodological considerations are relevant. D. rerio larvae at 5 dpf are at an
early developmental stage; although the zebrafish is an established model for translational
neuroscience [83], receptor expression dynamics at this stage differ from those in adult
zebrafish or mammals [35]. Larvae at the developmental stage used in this study are also
at a point where GABAergic inhibition is still developing and may not be fully mature in all
brain circuits at this age [28,30]. If some GABAergic signaling is still excitatory rather than
inhibitory at this stage, it could make NMDA receptors easier to activate [16,32]. This may
help explain why we observed strong mRNA changes here, while adult mammalian studies
mostly report protein-level changes without matching mRNA changes [63]. The teleost-
specific whole-genome duplication produces 13 NMDA receptor subunit genes, compared
with 7 in mammals [33,35], and the extent of functional divergence between paralogues is
not fully established. However, recent studies confirm structural and functional conservation
between zebrafish and mammalian NMDA receptor orthologues [24,84].
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Our analysis is limited to the transcriptional level. We are aware that the mRNA changes
do not necessarily always translate into changes in protein expression, receptor assembly,
membrane trafficking, or electrophysiological function. Discrepancies between NMDA re-
ceptor mRNA and protein expression have been documented after EtOH exposure [4,63,85].
Nonetheless, the internally consistent pattern across four subunit genes suggests biologically
meaningful changes warranting investigation at the protein and functional levels.

Some design limitations should also be noted. Because RNA was isolated from pooled
larvae, behavioral and transcriptional data can be related only at the group level. A minor
contribution of DMSO cannot be fully excluded, although its concentrations were very
low and identical across withanolides. Finally, larvae were treated as independent units,
without modeling the experimental run as a separate factor.

We examined four of thirteen zebrafish NMDA receptor subunit genes. The obligatory
GluN1 subunits (grinla, grinlb) were not assessed, as their constitutive expression in all
functional NMDA receptors makes them less informative for capturing subunit-specific
pharmacological interactions. Other paralogues (e.g., grin2ab, grin2ba, grin2ca, grin2cb,
grin2da, grin2db) were also not included and remain to be investigated. Furthermore, while
all three withanolides are predicted to cross the blood-brain barrier [86] and have been
detected in rat brain after oral administration [87], the pharmacokinetics of immersion
delivery in zebrafish larvae remain insufficiently characterized [88,89]. Future studies
should combine transcriptional analysis (including a spatial transcriptomics approach)
with protein quantification and electrophysiological recordings, extend the investigation
to adult zebrafish and mammalian models, and explore chronic exposure and withdrawal
paradigms to test the safety predictions arising from the present data.

5. Conclusions

This study shows that acute EtOH disrupts photokinetic behavior in zebrafish larvae
and reshapes the expression of NMDA receptor subunit genes, and that three structurally
related withanolides modulate these effects in compound-specific manners. Acute EtOH
produced a concentration-dependent loss of photokinetic differentiation: larvae still dis-
tinguished conditions at 0.5% and 1.0% EtOH, whereas at 2.0% and 4.0% the DLCI col-
lapsed and locomotion no longer tracked changes in illumination. At the transcriptional
level, EtOH upregulated grin2aa and grin2bb and downregulated grin3a and grin3ba. The
grin2bb responded already at 0.5% EtOH, in line with the known higher EtOH sensitivity
of GluN2B-containing receptors. The behavioral collapse coincided with the strongest
grin2aa transcription induction; however, this association was observed at the group level
only and was correlative. The three withanolides diverged clearly. WITA was the only
compound that preserved photokinetic differentiation under high EtOH (at 500 pg/L), and
it attenuated selected EtOH-induced transcriptional changes. WIN had minimal effects on
both the DLCI and NMDA mRNA receptor subunit expression, suggesting that its central
actions may depend mainly on other mechanisms. WTFA did not prevent the behavioral
impairment but, combined with EtOH, drove grin2-type mRNA-level upregulation well
beyond that seen with EtOH alone and, at intermediate EtOH concentrations, reversed the
EtOH-induced decrease in grin3-type transcripts. The WITFA-EtOH interaction carries the
clearest practical message, as it may raise safety concerns for consumers who combine WS
preparations with EtOH. Because the study was performed in larvae, after acute exposure,
and at the transcriptional level, these findings require validation at the protein and func-
tional levels, in chronic paradigms and in the long term in mammalian models before they
can be extrapolated to humans.
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