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subunit NR2A and glutamate transporters GLT-1, EAAC1, and xCT.
Methods

Seventy-two adult male Wistar rats (200-220 g) were randomly divided
into nine groups (n=8 each): control, arsenic-only (20 mg/kg/day
sodium arsenite, administered via oral gavage for 14 days),
bromelain-only (5, 10, or 15 mg/kg/day, oral gavage), arsenic plus
bromelain (at the same doses), and arsenic plus donepezil (2
mg/kg/day, intraperitoneal). Sodium arsenite (20 mg/kg/day, p.o.) was
administered for 14 days to induce neurotoxicity, followed by
bromelain (5-15 mg/kg/day, p.o.) or donepezil (2 mg/kg/day) for an
additional 14 days (post-exposure) treatment. Glutamate
concentration was measured using sandwich Enzyme-Linked
Immunosorbent Assay [ELISA] and total RNA was isolated to perform
RT-qPCR to evaluate the expression of NR2A, GLT-1, EAACT, and xCT.

Results

Arsenic exposure impaired spatial memory, increased brain tissue
glutamate, and reduced NR2A and transporter gene expression. Post-
exposure bromelain treatment partially/fully normalized these
outcomes, with the most consistent effects at 10 mg/kg. Findings are
based on mMRNA expression and tissue glutamate.

Conclusions

Bromelain provides multi-target neuroprotection in arsenic
neurotoxicity, rescuing glutamatergic homeostasis by coordinated
upregulation of NMDA receptor NR2A and the transport network (GLT-
1, EAAC1, xCT), accompanied by spatial learning and memory
improvement. The demonstrated dose-response, showed numerically
greater effects over 15 mg/kg donepezil, although direct superiority
comparisons were not pre-specified. Also, the lack of overt adverse
effects support its translational potential as a safe, plant-based
adjunct to excitotoxic diseases and toxin-exposed populations.

Keywords
Neuroprotection, Excitotoxicity, Cognitive dysfunction, Pineapple-
derived protease, Synaptic plasticity
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% N
{.77747:3 Amendments from Version 1

In this revised version, we substantially strengthened methodological transparency, statistical rigor, and interpretive
caution.

An experimental design/timeline figure has been included to show clearly acclimatization, 14 day arsenic exposure phase,
the post-exposure treatment phase (Days 15-28; bromelain/donepezil), Morris Water Maze (MWM) acquisition/probe
timing and euthanasia/tissue collection schedules.

We made minor modifications in the Abstract (e.g., co-administered) to more precisely describe the post-treatment
regimen.

We also clarified that the arsenic-only group was euthanized earlier (Day 15) while other groups were euthanized on Day 28,
and we explicitly acknowledge this staggered timing as a limitation with a recommendation for an arsenic-vehicle recovery
control in future work.

Methods were expanded to enhance reproducibility, such as description of MWM distal cues and cues stability, reporting of
inter-trial interval and better navigation of Results through explicit group and figure/panel references.

We revised Results headings and figure legends to emphasize main findings, and clarified endpoint-specific sample sizes by
explicitly reporting n = 8 for behavioral outcomes versus n =5 for qPCR subsets, with corresponding updates to legends and
statistical reporting. In case of molecular analyses on genes and regions, we have added multiple-comparison control
through the Benjamini-Hochberg FDR procedure (g = 0.05) and report both raw and adjusted p-values.

Lastly, we ensured moderation of mechanistic language in which protein-level validation was absent, made clear that ELISA
glutamate is total tissue glutamate (and not extra-cellular pools), standardized transporter nomenclature (EAACT), and
resolved small typing/terminology errors.

Any further responses from the reviewers can be found at the end of the article

Introduction

Memory, learning, and decision making are basic aspects of daily life, and their impairments are features of neurode-
generative and psychiatric disorders. Diseases, such as Alzheimer’s disease and schizophrenia, are associated with
deterioration in cognitive performance. These disorders are strongly associated with disorders of excitatory neurotrans-
mission, specifically N-methyl-D-aspartate receptors (NMDARs).'™" NMDARs are ion channels which respond to
glutamate and have a major role in establishing synaptic plasticity as well as memory. Marginal alterations in the
functionality of NMDARs may exert lethal effects on neural circuitry.””’ Overactivation of NMDARs, for example,
calcium overload, results in excitotoxic pathways that cause neuronal damage, whereas hypoactivation of NMDAR has
been linked to cognitive impairments in disorders such as schizophrenia and age-related decline.*’ The integrity of
cognition depends therefore on the maintenance of adequate functions of elements of NMDAR and their expression.

In addition to receptors, glutamate transporters are also important in the regulation of excitatory signaling.'*'" Astrocytes
and neurons have excitatory amino acid transporters (e.g. GLT1/EAAT2 in astrocytes and EAACI in neurons) that
remove glutamate quickly out of synapses, thereby halting neurotransmission and any accumulation of exogenous
glutamate that is toxic.'”'* Glutamate homeostasis is also mediated by the cystine glutamate antiporter (system x-c
(containing the xCT subunit)) linking extracellular cystine availability with intracellular glutamate release.'” Dysregula-
tion of these transporters aggravates neuronal dysfunction; interference in stimulation of glutamate transport causes
extracellular glutamate overflow, excessive activation of NMDARs, oxidative stress, and subsequent neurotoxicity.” For
example, loss of astrocytic GLT1 leads to early memory and learning deficits,'® whereas loss of neuronal GLT1 leads to
memory deficits later in life.'”"'® Similarly, reduced levels or functions of GLT1 have been correlated with cognitive
impairment in the context of Alzheimer, Parkinson and ALS.'® Neurodegeneration is caused by glutamate excitotoxicity,
transporter failure, and NMDAR overstimulation. Based on these observations, the development of therapies that
improve the clearance of glutamate by upregulating transporters (in particular astrocytic EAAT2/GLT1) has proven to
be an attractive approach to prevent excitotoxic damage in the brain.*® In fact, it is possible to reverse cognitive deficit in
animal model with pharmacological up-regulation of GLT1 and the GLT1-up-regulating drugs such as ceftriaxone can
enhance cognition in animals models of Alzheimer disease.'””” Given that several environmental neurotoxicants
precipitate cognitive decline by disrupting glutamate transporter function and NMDAR signaling, arsenic exposure
represents a clinically relevant model to interrogate interventions that restore glutamatergic homeostasis.

Previous studies have demonstrated the neuroprotective effects and underlying mechanisms of several dietary phyto-
chemicals, including fisetin,z"22 zingerone,z“’z“ morin,z7 chrysin,z“ and curcumin.””"*" Among these bioactive com-
pounds, bromelain, a multi-component protease extracted from the stems and fruits of Ananas comosus (pineapple), has

also attracted interest because of its traditional anti-edematous and anti-inflammatory properties.”'~” New evidence

Page 4 of 31



F1000Research 2025, 14:1053 Last updated: 29 JAN 2026

suggests that bromelain has neuroprotective effects too.”**” It has the ability to regulate both oxidative stress and

neuroinflammatory models, resulting in decreasing neuronal death and improving paths in models of neurological
disease. Bromelain has demonstrated effectiveness in reducing cognitive decline and disease-related pathology in
experimental rodent models of Alzheimer’s and Parkinson’s disease.”“~" Bromelain enhanced spatial learning and
memory in a mouse model of Alzheimer without any side effect, and it was proposed to produce its effect through anti-
oxidative effects. In another sciatic nerve injury model, bromelain decreased pro-inflammatory mediators, which
correlated with decreased pain and anxiety behaviors. Despite these encouraging results, the effects of bromelain on
neurotransmitter systems, especially glutamate transport and NMDAR-mediated signaling, are not fully understood.

Arsenic neurotoxicity is a clinically relevant model for excitotoxic cognitive loss.”” Arsenic (As) is a common
environmental pollutant that has easy access to the blood-brain barrier and is deposited in the hippocampus and other
areas. Cognitive and behavioral disorders in humans have been documented following chronic (and even low) exposure
to arsenic, and this problem is acknowledged as a predisposing factor for neurological disorders.*”*' Arsenic, at the
cellular level, arsenic triggers a range of detrimental mechanisms, such as oxidative stress, mitochondrial dysfunction,
and inflammation, which culminate in interfering with neuronal activity. It is noteworthy that neurotoxicity associated
with arsenic is due to the disruption of glutamate homoeostasis; it is either there is an excess of extracellular glutamate
and, consequently, an overactivation of NMDARSs, resulting in impairment of synaptic plasticity and death of neurons.
Earlier exposure of rodents to arsenic leads to downregulation of glutamate transporter expression (GLT1, EAACI1, xCT)
and NMDAR subunits, and has been linked to memory problems.*'~** Such changes are a reflections of excitotoxic
processes and indicate that cognitive dysfunction as a result of arsenic exposure is at least in some part a result of
glutamatergic dysregulation.

Therefore, we hypothesized that bromelain may reverse arsenic-mediated cognitive deficits through its ability to
normalize excitatory neurotransmission. In particular, we aimed to establish whether treatment with bromelain increases
the expression of the main glutamate transporters (GLT1, EAACI, and xCT) and the NMDAR subunit NR2A in the
hippocampus and prefrontal cortex, thus decreasing the level of glutamate excitotoxicity and enhancing cognitive
performance. We aimed to reduce excitotoxic brain damage by the mechanistic action of bromelain on these molecular
targets using a rat model of arsenite exposure. This paper provides an idea of how bromelain can help maintain synaptic
and cognitive health against the pressure of toxic environmental stresses.

Methods

Ethical approval

The experimental procedure was approved by the Institutional Animal Care and Use Committee of the College of
Medicine, University of Nigeria Institutional Animal Care and Use Committee (IACUC) (ethics approval
no. COMHREC/2025/01/025), and all efforts were made to avoid unnecessary suffering in animals. Experiments were
performed under the guidelines of the U.S. National Research Council Guide for the Care and Use of Laboratory Animals
and ARRIVE 2.0 guidelines.

Experimental animals and housing conditions

Eight-week-old Male Wistar rats (Rattus norvegicus) weighing 200-230 g were procured from the animal facility of the
University of Nigeria. The rats were kept in a room with controlled temperature (28°C) and humidity (50-60%) and
12 h/12 h light/dark cycle (8 rats per cage). Animals were allowed free food intake of standard chow and water. Animals
were acclimatized to the facility for 14 days before the start of the experiment.

Sample size and power calculation

The sample size was calculated a priori to achieve sufficient statistical power to identify biologically relevant differences
between experimental groups using the G¥*Power software (version 3.1.9.7, Universitat Dusseldorf, Germany). One-way
analysis of variance ANOV A (fixed effects, omnibus, one factor) was selected because the primary comparisons involved
multiple independent treatment groups (nine of them). The parameters used were based on the reported effect sizes in
other rodent neurotoxicity studies that measured the change in glutamate transporter and receptor expression after
pharmacological manipulation (Cohen’s f = 0.5, large effect size).

* o (Type I error probability): 0.05 (two-tailed)
e Power (1-§): 0.80
* Number of groups: 9

» Effect size (Cohen’s f): 0.5
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The analysis showed a minimum of eight animals per group to attain the desired statistical power. This figure is adequate
to maintain the balance between scientific sensitivity and ethical minimization of the use of animals in line with the 3Rs
principle (Replacement, Reduction, Refinement).

Eight adult male Wistar rats were used in each group, with a total of 72 rats in the nine treatment groups. This sample size
is sufficient to provide strong power to detect treatment effects on biochemical and molecular responses (NR2A, GLT-1,
EAACI, and xCT expression) and a reasonable amount of attrition due to unanticipated health problems.

All behavioral testing used n = 8 rats per group. For molecular analyses (RT-qPCR and glutamate ELISA), a predefined
subset of animals (n = 5 per group) was used due to assay resource constraints. Selection was performed prior to tissue
processing and was not based on behavioral performance.

Experimental grouping and treatment regimen
The 72 rats were randomly divided into nine experimental groups (n = 8 per group) following acclimatization as follows:

* Group A: Normal Control: no toxin or drug exposure (vehicle only; standard feed and water).

* Group B: Arsenic Control: Sodium arsenite (20 mg/kg body weight, p.o.) for 14 days to induce cognitive
impairment.

* Group C: Bromelain Low: Bromelain (5 mg/kg body weight, p.o.) for 14 days.
* Group D: Bromelain Medium: Bromelain (10 mg/kg, p.o.) for 14 days.
* Group E: Bromelain High: Bromelain (15 mg/kg, p.o.) for 14 days.

* Group F: Arsenic + Bromelain Low: Sodium arsenite (20 mg/kg, p.o., 14 days), followed by bromelain
(5 mg/kg, p.o., 14 days).

* Group G: Arsenic + Bromelain Medium: Sodium arsenite (as above) followed by bromelain (10 mg/kg, p.o.,
14 days).

¢ Group H: Arsenic + Bromelain High: Sodium arsenite (14 days/20 mg/kg) followed by bromelain (14 days/15
mg/kg).

* Group I: Arsenic + Donepezil (Positive Control): sodium arsenite (20 mg/kg, 14 days) followed by donepezil
(2 mg/kg, p.o., 14 days).
The dosage regimen was based on previous studies on arsenic neurotoxicity and bromelain efficacy.””** In the first two
weeks, sodium arsenite (NaAsO 2; Merck KGaA, Darmstadt, Germany) was administered by oral gavage once daily. The
20 mg/kg dose was selected from pilot studies as the lowest dose that induced significant learning memory deficits
without excessive systemic toxicity.

Freshly prepared in distilled water, bromelain (Pure Encapsulations 1000 mg, Sudbury, MA, USA) was orally gavaged
daily to the respective groups in the second two weeks (Days 15-28). The doses (5, 10, 15 mg/kg) were selected to
encompass a low-to-high therapeutic range based on previous animal investigations in which cognitive enhancement was
observed at approximately 10 mg/kg. Donepezil (Aricept 2 mg/kg) was used as a reference neuroprotective agent, which
has been shown to improve memory in toxin-induced models.

The control and arsenic-only groups were treated with a similar amount of vehicle (distilled water) throughout the
treatment period.

Animal monitoring and welfare

The health status of the rats and their signs of toxicity were monitored daily. Body weight was recorded weekly. No
mortalities or major adverse events occurred during the course of the study.
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To minimize possible confounding factors, the experiment was conducted in two cohorts, where the representation of the
groups was equal. An observer blinded to the group assignments was administered the behavioral testing.

Experimental timeline

Cognitive performance was assessed after arsenic or control treatment (day 15) using the Morris water maze). Male rats
were used in order to minimize the variability of behavior in estrous cycling during Morris water maze testing and to
match arsenic neurotoxicity paradigms that are commonly employed in adult rodents. Eight-week-old rats were chosen to
simulate young adult neurobehavioral functioning and to reduce the age effects on cognitive deterioration. However, sex
and age could potentially have an effect on arsenic neurotoxicity and glutamatergic regulation, and thus the results are not
to be extrapolated to females and other age groups without further research. Bromelain or donepezil treatments were then
applied for the next 14 days. Behavioral testing was performed at the endpoint (day 28) prior to euthanasia and tissue
collection (see Figure 1A).

The arsenic-only group (Group B) was humanely euthanized on day 15 after completing arsenic exposure to obtain
maximum arsenic effects without recovery. The remaining rats were euthanized on day 28. Because the arsenic-only
group was euthanized earlier than the treatment groups, time-related recovery cannot be fully separated from treatment
effects; this limitation is addressed in the Discussion. The staggered endpoint was intended to distinguish between the
acute effects of arsenic and the post-treatment outcomes. Samples were collected at the respective sacrifice times and
analyzed behaviorally and biochemically.

Behavioral assessment: Morris Water Maze Test

The Morris water maze (MWM) method was used to assess spatial learning and memory before the treatments on the 14th
study day and then on study day 28 to measure cognitive impairment and recovery. The MWM instrument was a round
pool (126 cm diameter and 75 cm height) that contained water (depth 40 cm) controlled at 24 & 1 °C. Water was opacified
with non-toxic opaque paint (white tempera) or skim milk powder to conceal a sunken escape platform. There was an
inter-trial interval of 10 minutes between successive trials. All animals were monitored visually in regards to swim ability
during testing and no gross sensorimotor or motivational impairments were identified. Considering the concept of small
areas, four quadrants (NE, NW, SE, and SW) were depicted on the walls of the pool and were located visually using
specific markings. During training and testing a clear plastic platform (10 cm diameter) was positioned 2 cm beneath the
water surface in the target quadrant (SW quadrant, ~10 cm from the wall).

All the rats underwent two stages acquisition (training) and retrieval (testing). On the walls of the testing-room, the distal
visual cues (e.g. high-contrast geometric shapes) were provided and kept at fixed positions during the acquisition and
probe trials. The starting positions were pseudo-randomized in between the trials and the location of the platform was
constant within the target quadrant during the acquisition. The rats were subjected to four training trials three times during
the acquisition phase (days 12-14 of the experiment). During each trial, the rat was calmly placed in the water at a pseudo-
random start position (switching between NE, NW, and SE start locations) and given a maximum of 60 s to discover the

Experimental Design Timeline

Acclimatization WAUE e [T [TTailely} Post-Exposure MWM Day 12 -14 Groups A, C-1
Treatment Acquisition | Day 15 & 28 Euthanasia

14 Days op Days 1-14 ! Days 15-28 o Day 15 & 28 Day 28
MWM Acqulsmon

Arsenic (5mg/kg) Bromelain / Tissue Collection

Donepezil

Acclimatization Arsenic Induction Days 15-28 \\MWM Acquisition Tissue CO'IQCM

Figure 1A. Experimental design and timeline. Rats were acclimatized, then exposed to arsenic for 14 days (Days 1-
14) and treated post-exposure with bromelain or donepezil (Days 15-28). Morris Water Maze (MWM) acquisition was
conducted on Days 12-14. Probe testing and euthanasia/tissue collection occurred on Day 15 for the arsenic-only
group and on Day 28 for the remaining groups.
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hidden platform. If a rat was unable to locate within 60 s, it was directed to the platform by the experimenter. The duration
was 15 seconds, after which the rats were removed from the platform. This training was modified based on Forero et al.
(2023)* with slight changes. The aim was to allow rats to learn where the hidden platform was using spatial cues.

On the test day, 24 h after the final training trial, a probe trial was conducted (day 15 for the arsenic-only group and day
28 for all others). During the probe test, the platform was removed from the pool. Each rat was dropped into a new starting
point and permitted to swim freely all over the arena for 60 s. Primary outcomes were escape latency during acquisition
trials and, during the probe trial, latency to the former platform location. Path length and swim speed were not determined.
A smaller escape latency indicates an enhanced memory of the location of the platform. Patterns of swim paths were also
examined, so that no significant sensorimotor impairments were present (all rats could swim normally). It was filmed
using a video camera above the pool, and tracking was conducted manually using a stopwatch (computer automated
tracking software was an option, but resource issues were not considered).

Tissue collection and processing

At the end of the experiment, the rats were anesthetized (using intraperitoneal injection of sodium pentobarbital
(100 mg/kg) followed by decapitation, as recommended by the AVMA Guidelines for the Euthanasia of Animals
(2020). This method ensures rapid loss of consciousness and is approved under the COMHREC/2025/01/025 protocol. In
the arsenic-only group (Group B), euthanasia occurred on day 15, immediately after the final memory test, whereas in all
other groups, the process took place on the 28th day. The schedule ensured that the arsenic-alone animals were tested at
the peak of impairment, whereas the treatment groups were examined after the recovery/treatment phase.

Immediately after sacrifice, sterile scissors were used to quickly open the skull. The entire brain was removed and washed
with ice-cold saline to remove the blood. To maintain RNA and protein integrity in brain tissues, they were processed on a
cold surface. The brains were blotted dry and then meticulously dissected to separate the hippocampus and prefrontal
cortex on both sides. The protocol for guided freehand dissection was presented by Spijker.*® Briefly, the brain was
longitudinally cut in the midsagittal plane, the hippocampus of each half-brain was pulled out of the latter on the ventral
surface and peeled off, and a mild slice was removed from the prefrontal cortex (~3 mm in front of the frontal pole). This
dissection procedure produces tissue samples that have highly represented targeted areas, as well as limited cross-
contamination between other regions.

The snipped tissues were immediately placed in RNAlater stabilization solution (Ambion, USA) to inhibit RNA
degradation. The samples were stored overnight in RNAlater at 4°C followed by storage at -80°C until molecular
analysis. (In preliminary tests, a 2-week fixation in RNAlater did not significantly degrade RNA quality; tissues remained
suitable for PCR) Part of each hippocampus was also flash-frozen and stored in a freezer at -80°C in order to perform
glutamate assay. For this part of our study, we did not subject the animals to perfusion fixation, because our endpoints
were molecular. Every effort was made to ensure that animal suffering and pain was brought to the barest minimum.

RT-qPCR Gene analysis expression

Total RNA was extracted from the hippocampal and prefrontal cortex using a commercial RNA isolation kit (TransGen
Biotech, Beijing, China) according to the manufacturer’s instructions. Approximately 30 mg of tissue was homogenized
in 1 mL of TRIzol reagent in the presence of 0.1 M 8-mercaptoethanol (Life Technologies, Gaithersburg, MD, USA) as a
reducing agent. The homogenates were maintained at room temperature and incubated for 5 min to ensure that all
nucleoprotein complexes were dissociated. Chloroform (200 uL per mL TRIzol) was added, and the samples were shaken
vigorously for 15 s and then centrifuged at 12,000 x g for 15 min at 4°C. The RNA in the aqueous phase was carefully
transferred to a new tube, and an equal amount of 70 percent ethanol was added. A silica gel membrane spin column was
used to apply the solution. The column that was bound was washed with the supplied buffers and RNA was eluted with
RNase-free water. This step was followed by on-column DNase I digestion step that was meant to avoid contamination
with genomic DNA. The quality and quantity of RNA were determined based on absorbance measured at 260 nm and
280 nm using the NanoDrop 2000 (ThermoFisher Scientific), with A260/280 between 1.9 and 2.1. DNA integrity was
validated through electrophoresis on a 1 percent agarose gel with clear 18 S and 28 S rRNA bands.

cDNA Synthesis

Complementary DNA (cDNA) was synthesized from 2-3 pg of total RNA per sample using a high-capacity reverse
transcription kit (Applied Biosystems, Foster City, CA, USA). RNA was initially denatured at 65°C for 5 min and cooled
rapidly. The reverse transcription reaction (volume of 20 pL) consisted of RNA template, 4 L volume of 5x RT buffer,
2 puL of ANTP mix (10 mM each), 1 pL of random hexamer primers, 1ul of Moloney murine leukemia virus (MuLV)
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reverse transcriptase, and RNase free water. The reaction was incubated at 42°C to be incubated with 30 min after which it
was incubated at 95°C to destroy the enzyme after 5 min. The obtained cDNA was kept at -20°C until qPCR.

Real-time PCR: Q-PCR was performed using Rotor-Gene Q real-time PCR with SYBR Green chemistry. The target
genes, including cystine/glutamate antiporter XCT (Slc7al1), EAATI (Slcla3), GLT1 (Slcla2), NMDA receptor NR2A
subunit (Grin2a), glial fibrillary acidic protein GFAP (Gfap), and housekeeping gene B-actin (Actb) were prepared using
specific primer pairs.

Primer sequences are as follows:

* GFAP (Gfap): Forward 5-AAAGACACTGAAACAGGAGAGAG-3', Reverse 5'-GGACTGAGCAACC
AGGAATAG-3

* xCT (Slc7all): Forward 5'-ACCAACATGGCTGTCACTTAT-3', Reverse 5'-CTCTGTCTCTGTCTCTGT
CTCT-3

e EAATI (Slcla3): Forward 5-AAAGAGCAGAGGCGGAATAG-3', Reverse 5'-AGAAGAAGGCCAAG
GTTCAG-3’

* GLTI (Slcla2): Forward 5-ACTGGCTGCTGGATAGAATG-3', Reverse 5'-CTCGGACTTGGAAAGGT
GATAG-3

* NR2A (Grin2a): Forward 5-GTCCAACCCTAACACAGTAGAG-3', Reverse 5-GTTTAGAGAATCCTG
GCGTAGAG-3’

* B-Actin: Forward 5-ACAGGATGCAGAAGGAGATTAC-3', Reverse 5-ACAGTGAGGCCAGGAT
AGA-3

Each PCR assay consisted of a 25 pL reaction containing 12.5 pL. of 2x SYBR Green Master Mix (Applied Biosystems),
0.5 uM of forward and reverse primer and 2 pL of diluted cDNA template(~100 ng RNA equivalent). The thermal cycling
conditions consisted of an initial denaturation at 95°C for 10 min and 35 cycles of 95°C for 30 s, 57-60°C for 40 s and
72°C for 40 s, depending on the primer annealing temperature. An analysis of the melting curve between 60°C and 95°C
at cycling completion was also performed to confirm the specificity of amplification (a single product peak per product).
Each primer pair contained no-template control (NTC) to rule out possible contamination or primer dimers; the NTCs
were negative in each case.

Quantification

Cycle threshold (CT) values were obtained for each sample. The expression levels of the target genes were normalized to
[B-actin as an internal reference in the same sample (ACT = CT (target) — CT(B-actin)). The relative expression of each
target gene in the treated groups was calculated using the 2-AACT method, with the normal control Group A (Group A) as
the calibrator. This yielded a fold-change in mRNA expression relative to that in the control. Each PCR was run in
duplicate, and the average CT was used for analysis. Data are presented as mean fold-change + standard error (SE) for
n =5 animals per group (except for the arsenic-only group n = 5 at its time point).

Determination of glutamate level

The concentration of brain glutamate was determined using a competitive Enzyme-Linked Immunosorbent Assay
(ELISA) kit (Analytik Jena GmbH, Germany) according to the manufacturer’s instructions. Hippocampal tissue samples
(~50 mg) were homogenized in ice-cold 0.1 M phosphate-buffered saline (pH 7.4) and centrifuged (10,000 g, 10 min,
4°C) to obtain supernatants. The supernatants were collected, and the samples were diluted and used for the ELISA.

The principle of the assay is competitive binding; unused glutamate in the samples competes with a glutamate-enzyme
conjugate to combine with glutamate-specific antibodies mounted on the wells of a microplate. The wells of a microtiter
plate coated with anti-glutamate antibody were filled with 25 pL of each sample or glutamate standard solution. Then,
50 pL of glutamate-type analog conjugated enzyme was added to each well. Adhesive film was applied on the plates and
incubated overnight at 4°C with competition binding. The wells were then washed thrice using the wash buffer provided
in the kit to remove unbound material. Next, 100 pL of each well was subjected to TMB substrate solution and incubated
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at room temperature (20-25) for approximately 20 min under gentle shaking in the dark. The reaction was stopped by
adding 100 pL of stop solution (1 N HCI), which yielded a yellow color. A microplate reader was used to measure the
absorbance (450 nm) with reference absorbance (600 nm).

A standard curve was developed using known glutamate concentrations (ranging from 0 to 50 pg/mL of glutamate), and
sample concentrations of glutamate were calculated using the obtained standard curve. All samples were analyzed in
triplicate. In this competitive ELISA, the optical density is proportional to the inverse of the glutamate concentration
(glutamate in the sample competes with conjugation of the enzyme); the lower the glutamate, the higher the optical
density. We generated a standard inhibition plot and calculated the levels of glutamate in each sample, measured in pmol
per gram of tissue.

Statistical analysis

Results are expressed as the mean = standard error of the mean (SEM). One-way analysis of variance (ANOV A) using the
appropriate multiple comparison tests was performed using behavioral (escape latency) and biochemical data (glutamate
level and gene expression fold-changes). In particular, all treatment groups were compared with the arsenic-only group
using Dunnett’s test, and multiple bromelain dosages and donepezil were compared using Tukey’s HSD test. To examine
learning curves in the water maze escape latency (acquisition trial interval over days), two-way repeated-measures
ANOVA (factors: group and training day) was used, and Bonferroni correction of multiple comparisons was obtained on
each day. All tests were defined at a significance level of p < 0.05. Data were analyzed using GraphPad Prism 8.0
(GraphPad Software, CA, USA). The sample sizes (n = 5) within each group were selected using power calculations
against pilot data, where n = 5 was estimated to be able to detect a 20 per cent reduction in escape latency or a 2-fold degree
of change in gene expression in a study with an alpha value of 0.05, with a level of power greater than 80 per cent. To
prevent bias, all analyses were performed with the experimenter not knowing who was in the group.

To control for multiple comparisons across the molecular endpoints (NR2A, GLT-1, EAAC], and xCT) within each brain
region, p-values were additionally adjusted using the Benjamini—-Hochberg false discovery rate (FDR) procedure with q =
0.05. Both unadjusted and FDR-adjusted p-values are reported.

Results

Bromelain restores arsenic-impaired spatial learning and memory

Acquisition (Day 12-14): During training days, learning was impaired due to arsenic exposure in terms of reduced
reduction in escape latency with time compared to control. Treatment with bromelain enhanced acquisition with the most
consistent improvement at 10 mg/kg.

Probe (retrieval): In the probe trial, the arsenic-exposed rats had a higher latency the previous platform compared to the
bromelain-treated groups and this was as expected with respect to enhanced memory retention.

There was a significant decline in spatial learning and memory after exposure to arsenic, but the administration of
bromelain restored cognitive performance. The morris water maze test in the arsenic-only group (Group B) demonstrated
escape latency that was significantly longer than that of normal rats (Group A), signaling major learning and memory
impairment in this group. On the last day of training, arsenic-exposed rats spent significantly more time finding the hidden
platform (escape latency 55-60 s) than control rats (20-25 s). These arsenic-only rats generally took a considerably longer
time to discover the former position of the platform than they had done earlier or failed within 60 seconds, indicating poor
retention of spatial memory. In contrast, rats administered bromelain (Groups C, D, and E) escaped in a similar fashion to
the controls; escape latencies were as short and did not vary significantly over the period of training as those of Group A,
demonstrating that bromelain alone did not have a negative impact on learning or memory. Interestingly, bromelain
therapy following exposure to arsenic (Groups F-H) remarkably enhanced maze retention scores compared with
untreated arsenic rats. At the end of treatment, the arsenic + bromelain group exhibited decreased escape latencies
(p < 0.05, compared with Group B) and effectively countered the arsenic-induced deficit (Figure 1B). Medium-dose
bromelain (10 mg/kg, Group G) was remarkable, and the mean escape times were nearly equal to those of the controls.
The group administered a high dose of bromelain (15 mg/kg, Group H) showed a shorter escape latency than the
donepezil group (Group I) during memory retrieval. Quantitatively, the mean time taken to reach the target was
approximately 15 per cent less in the case of high-dose bromelain rats compared to donepezil-treated rats, but this
was not significant. Unsurprisingly, donepezil treatment also significantly improved performance compared to arsenic
only (p < 0.01), although bromelain at high doses had an even more significant effect on spatial memory. This finding
indicates that bromelain has the potential to salvage cognitive dysfunction caused by arsenic and that it is as effective as
the conventional medication donepezil. Notably, there were no rats on bromelain-only who demonstrated prolonged
latencies or abnormal behavior, indicating that there was no evident adverse effect on cognition with bromelain at the
doses used, at least not at inference levels.
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Figure 1B. Bromelain improves spatial learning and memory in arsenic-exposed rats. Escape latency (time to
find the hidden platform) was significantly longer in arsenic-only rats vs. controls. Bromelain (low, medium, high
dose) reduced latency, with high-dose effects comparable to donepezil. Data are mean =+ SEM. ®p < 0.05 vs. control;
bp < 0.05 vs. arsenic-only; °p < 0.05 vs. low-dose bromelain; 9p < 0.05 vs. medium-dose bromelain; ®p < 0.05 vs. high-
dose bromelain; fp < 0.05 vs. donepezil.

Bromelain normalizes arsenic-suppressed NR2A and glutamate transporter mRNA expression

The neurotoxic effects of arsenic were linked to the general downregulation of glutamate transporters and receptor genes
in both the hippocampus and prefrontal cortex, which bromelain treatment notably overcame. In our arsenic-only rats
(Group B), mRNA levels of the NMDA receptor NR2A subunit, the transporters GLT1, EAACI, and xCT were
significantly reduced in both brain regions compared to those in the normal controls (see Figures 2 and 3). This validates
that the transcriptional regulation of major glutamate-handling proteins is affected by arsenic exposure, as previously
reported. In quantitative terms, arsenic hippocampal NR2A expression was reduced by ~40% of control, GLT1 by ~50%,
EAACI by ~45%, and xCT by ~60% of control (all p < 0.01 compared with Group A). The same was true for the
prefrontal cortex. These changes support the concept that arsenic aggravates glutamate uptake and receptor operations,
resulting in a condition that is susceptible to excitotoxicity.

When bromelain was used alone (Groups C, D, and E), minor upregulation of genes related to glutamate was observed
relative to the control experiments. When arsenic was absent, low-dose bromelain tended to elevate NR2A, GLTI,
EAACI, and xCT expression by ~10-20% compared to controls, whereas medium- and high-dose bromelain led to minor
but statistically significant alterations in the expression of some genes (p <0.05, vs. Group A subset of targets). Although
these modifications in br-only rats were small, they indicate that bromelain has regulatory effects on the expression of
neurotransmitter genes, even under normal conditions. Remarkably, this level of upregulation did not result in any
cognitive changes, as the bromelain-only rats exhibited normal behavior in the MWM, suggesting that the gene
modulatory effects of bromelain are positive but not deleterious.

Most importantly, mRNA levels of NR2A, GLT1, EAACI, and xCT were strongly enhanced by bromelain therapy after
arsenic exposure (Groups F, G, and H) compared to those in the arsenic alone group (Figures 2 and 3). Bromelain at any
dose significantly increased the expression of these genes in the hippocampus (p < 0.01 vs. Group B). The medium dose
(10 mg/kg) proved especially effective, as most of the mRNA levels were close to or exceeded the control levels. For
example, hippocampal NR2A expression in the medium-dose group was ~95% of the control (a 2.3-fold increase
compared to the presence of arsenic-only), whereas GLT1 was ~110% of the control (2-fold increase compared to
arsenic-only). Small and large doses of bromelain also brought about considerable changes, but the medium dose resulted
in the greatest overall performance in the hippocampus. Surprisingly, the dose-response was slightly different in the
prefrontal cortex: high-dose bromelain demonstrated the highest upregulation of xCT and GLT1 (even surpassing
the same effect produced by the medium dose), but the upregulation of NR2A and EAAC1 did not increase further with
the high dose. This indicated a localized, dose-dependent effect of bromelain on gene regulation. While moderate dosing
could best target hippocampal neurons (where NR2A plays a significant role in synaptic plasticity), higher doses could
also be effective in enhancing cortical astrocytic function (reported by an increase in XCT and GLT1 in the cortex).
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Figure 2. Bromelain upregulates NMDA receptor subunit NR2A and glutamate transporter genes in the
hippocampus. mRNA levels of NR2A, xCT, EAAC1, and GLT1 were downregulated by arsenic vs. control. Bromelain
(low, medium, high dose) significantly restored expression, with the medium dose showing the strongest effect,
approaching control values. Data are mean + SEM. ®p < 0.05 vs. control; °p < 0.05 vs. arsenic-only; °p < 0.05 vs. low-
dose bromelain; %p < 0.05 vs. medium-dose bromelain; °p < 0.05 vs. high-dose bromelain; fp < 0.05 vs. donepezil.

Regardless of dose, bromelain-treated arsenic groups demonstrated a significant upregulation in all measured genes
compared to the corresponding untreated arsenic group, demonstrating a definite reversal of the suppressive effects of
arsenic.

For comparison, these glutamate-related genes were also upregulated by donepezil treatment (Group I) administered after
arsenic. Among all groups, donepezil showed the greatest expression of NR2A, GLT1, EAACI, and xCT in both the
hippocampus and cortex, and it was stronger than the effect of bromelain in most drug conditions (p < 0.05 among
donepezil and bromelain high-dose conditions when tested on NR2A and GLT1). For example, the hippocampal NR2A
level in the donepezil group was approximately 1.3-fold higher than that in the medium bromelain group. This was not
surprising since the positive effect of donepezil on glutamatergic neurotransmission was achieved indirectly by
increasing cholinergic neurotransmission and neurotrophic support. Nonetheless, some interesting findings were that
bromelain performed better than donepezil in some of the measures. In the prefrontal cortex, the high-dose bromelain
group showed greater EAAC1 and xCT than donepezil. Cortical xCT mRNA in Group H was approximately 20 percent
greater than Group I, and EAAC1 mRNA was approximately 15 percent greater, indicating that bromelain might have an
exclusive benefit in regulating glial antioxidant transport systems (xCT) and cortical neuronal glutamate uptake. These
minuscule disparities allude to a possibly different condition of bromelain that may supplement or surpass the outcomes
of typical treatment in particular brain areas. Collectively, the gene expression data show that bromelain significantly
prevents arsenic-induced repression of essential excitatory signaling components, and can therefore restore the potential
of glutamate clearance and the normal functioning of NMDARs.

Bromelain reduces arsenic-elevated brain tissue glutamate
In line with the results of gene and behavioral analyses, the use of bromelain as a treatment reversed the arsenic-induced
imbalance in glutamate homeostasis. Exposure to arsenic results in a high accumulation of glutamate in the brain tissue. In
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Figure 3. Bromelain upregulates NR2A and transporter genes in the prefrontal cortex. Arsenic suppressed
mRNA expression of NR2A, xCT, EAACT, and GLT1, while bromelain (notably high dose) significantly enhanced
expression. Effects were dose-dependent, with strong upregulation of xCT and GLT1. Donepezil generally produced
higher expression, though bromelain showed stronger effects on EAAC1 and xCT. Data are mean + SEM. “p < 0.05
vs. control; Pp <0.05 vs. arsenic-only; °p < 0.05 vs. low-dose bromelain; “p < 0.05 vs. medium-dose bromelain; °p <0.05
vs. high-dose bromelain; 'p < 0.05 vs. donepezil.

the hippocampal homogenates (and cortical homogenates), the arsenic-only group (Group B) had an increased
concentration of glutamate compared to the control group (Figures 2 and 3). Arsenic-only rats exhibited ~1.8-fold
greater levels of glutamate than controls on average (p < 0.01), indicative of impaired clearance and excitotoxic
saturation. This is consistent with the idea that arsenic produces glutamate dyshomeostasis, likely as a result of impaired
transporter activity and hyperrelease. The glutamate ELISA, In feasible terms, unraveled concentrations of approxi-
mately 12-15 micromole/gram in arsenic-exposed brains in comparison to ~7-8 micromole/gram controls.

Glutamate levels were not significantly different between the bromelain-only groups (C, D, E) and the control group.
Indeed, glutamate levels in these rats were low (similar to Group A), which means that bromelain alone does not exhaust
glutamate below normal levels or leads to its abnormal accumulation. This is a vital safety assurance that bromelain has no
effect on destabilizing baseline neurotransmitters.

Glutamate concentration was also significantly decreased in arsenic-treated rats administered bromelain (Groups F and
G) compared to arsenic only in Group D. A trend of reduced glutamate with low-dose bromelain was observed (Figure 4);
however, the difference was not significant (glutamate = 12 (micro sign) m/g in Group B vs. 15 (micro sign) m/g in
Group A, p=0.09). The middle dose produced a strong adjustment (p < 0.05, compared with Group B) and re-approached
the norm of glutamate concentration (~9-10 mU/g). The strongest effect was achieved with high-dose bromelain, whose
Glu content was close to that of the control (~8 umol/g, not significantly different from the control) and significantly
lower than that in the medium-dose and arsenic-only groups. Indeed, high-dose bromelain decreased brain glutamate
levels even more than donepezil (Group I glutamate ~9 umol/g compared with Group H ~8 umol/g). Regardless of the fact
that both treatments reduced the influence of glutamate accumulation, the large amount of bromelain was more effective
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Figure 4. Bromelain reduces arsenic-elevated glutamate in hippocampal tissue. Arsenic significantly increased
glutamate vs. control, indicating excitotoxicity. Bromelain lowered glutamate dose-dependently, with high dose
normalizing levels and outperforming donepezil. Data are mean + SEM. 2p < 0.05 vs. control; °p < 0.05 vs. arsenic-
only; °p < 0.05 vs. low-dose bromelain; 9p < 0.05 vs. medium-dose bromelain; °p < 0.05 vs. high-dose bromelain;
fp < 0.05 vs. donepezil.

in relation to donepezil. This indicates the effectiveness of bromelain in increasing glutamate clearance or decreasing the
release of glutamate in toxic states. Statistical comparisons revealed that the glutamate level in Group H was significantly
lower than that in Group I (p < 0.05), proving that bromelain has a strong effect when administered at high doses.

Taken together, bromelain can normalize the neurochemical imbalance caused by arsenic. Bromelain probably prevents
neuronal over-excitation by preventing glutamate accumulation with excitotoxic effects. The glutamate results are
consistent with the increases in transporter expression; when bromelain increased the transporter expression of GLT1,
EAC, and xCT, the ability of the brain to remove or recycle glutamate was enhanced, causing reduced steady-state levels
of glutamate tissue. This biochemical finding supports the behavioral findings, suggesting that there is a mechanistic
relationship between the improved cognitive agent bromelain and restored glutamate homoeostasis.

Discussion

Research has shown that bromelain, a natural substance, has a strong defense effect against arsenic-induced cognitive
dysfunction by regulating glutamate neurotransmission. Exposure to arsenic results in major impairments of spatial
learning and memory with associated glutamate excitotoxicity and suppression of key glutamate transporters and
glutamate NMDAR subunits. These findings are congruent with an understanding of the pathophysiology of arsenic
neurotoxicity.”*** Excessive extracellular glutamate and overactivation of NMDARs mediated by arsenic lead to
dysfunction of synapses and neuronal damage, which presents as cognitive impairments.””** We found that rats exposed
to arsenic only exhibited long escape latencies in the MWM and were barely able to remember the position of the platform
indicating extreme inhibition of hippocampus-mediated memory. Simultaneously, they had increased glutamate levels in
their brain tissues (which is an indicator of poor glutamate clearance) and the expression of NR2A, GLT1, EAACI, and
xCT significantly declined. Interestingly, NR2A subunits are downregulated: NR2A-containing NMDA receptors play
an essential role in synaptic plasticity and memory consolidation, and their deficiency is probably one of the causes of
cognitive dysfunction. In addition, the decreased levels of GLT1 and some other transporters support previous research in
which arsenic was shown to downregulate glutamate transportation, thereby increasing the risk of excitotoxicity.***
Similar conclusions were drawn by Hubbard and Binder, "’ who revealed that exposure to arsenic inhibits the expression
of GLT1/EAAT?2 and xCT, and as a result, suppresses glutamate uptake. These findings further support learning and
memory impairment as an attribute of arsenic neurotoxicity, which is primarily due to glutamate dysregulation.

Most importantly, bromelain therapy successfully reversed these arsenic-mediated alterations. It was found that there was
a significant improvement in the performance levels of the rats treated with bromelain in the Morris water maze, which
indicates that they had recovered their ability to perform cognitive tasks. The bromelain-dose-dependent contribution to
the reduction of escape latencies was spectacular: all doses of bromelain-treated groups showed better results in
comparison to arsenic-only treatment, and even the highest dose of bromelain groups showed shorter escape latencies
than the dose-of-donepezil-treated group. This indicates that the cognitive enhancing effect of bromelain can either be
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comparable or even surpass the effect of a normal cognitive-enhancing drug such as donepezil in arsenic-induced deficits.
In addition, bromelain alone did not affect cognition, which agrees with a recent observation that bromelain can be used to
improve memory in healthy rodents without side effects. Kumar et al.”® observed similar results when bromelain
supplementation enhanced spatial learning in mice, proving that, according to our observations, bromelain intrinsically
possesses pro-cognitive properties.

The most impressive result was the normalization of brain glutamate levels conferred by bromelain. Bromelain
significantly decreased the increased glutamate level, which was induced by arsenic to almost the control level,
particularly at 15 mg/kg. This decrease is probably a direct result of the upregulation of glutamate transporters. Because
the ELISA quantified total glutamate in tissue homogenate, these results do not directly measure extracellular/synaptic
glutamate pools that mediate excitotoxicity. Accordingly, we interpret reduced tissue glutamate as an indirect marker
consistent with improved glutamatergic homeostasis rather than direct evidence of enhanced extracellular clearance. A
correlation between transporter action and glutamate concentration has been firmly established; restoring a glutamate
transporter partially reduces extracellular glutamate and rescues neurons.'”"'®°%" This is in line with our findings
because the upregulation of bromelain transport was associated with reduced glutamate and enhanced cognition.
According to Turski and Ikonomidou,’” it is imperative to maintain low extracellular glutamate levels to mediate
excitotoxicity, which is a precipitator of neurodegeneration. The glutamate-reducing effect of bromelain is consistent
with an earlier study by Bakare and Owoyele,” who identified similar effects of bromelain in a pain model linked to the
attenuation of neuropathic pain signaling. By decreasing glutamate levels in our study, bromelain most likely stopped the
vicious cycle of NMDAR overactivation and neuron loss that arsenic would have reinforced. This mechanistic
knowledge of how bromelain increases glutamate clearance provides novel information on the neuroprotective effects
of bromelain.

Another important finding was the upregulation of the NMDAR NR2A subunit by bromelain. The expression of the
NR2A subunit was severely downregulated in arsenic-only rats, which is concerning because loss of NR2A affects the
process of synaptic plasticity and may alter NMDAR signaling to become pro-death. The ability of bromelain, especially
medium doses, to establish normal NR2A levels in the hippocampus and cortex is associated with better memory. This
implies that bromelain can protect or restore the normal NMDAR composition and performance after toxic stress.
Surprisingly, an intermediate dose of bromelain was the best dose for NR2A, suggesting a hormetic or optimal dose
response. Perhaps a moderate level of bromelain is the optimal amount to engage in the intracellular signaling (CREB or
BDNF) pathway to facilitate NR2A expression, and excessive amounts do not offer any extra benefit in that respect.
These signaling pathways though, not directly measured in the current study, are discussed as the possible mechanisms
according to the previous literature. Ladagu et al.” noted that neurotoxicity caused by metals can be addressed by specific
interventions through the regulation of NMDAR subunits. The implication of our data is that bromelain can restore the
balance of NMDAR subunits closer to physiological values, thus contributing to synaptic resilience. The bromelain-
mediated enhancement of NR2A expression correlates well with enhanced cognitive performance; NR2A-bearing
NMDARSs play a significant role in long-term potentiation and memory consolidation, and their restoration probably
promoted the relearning that was seen in bromelain-treated rats.

The region-specific differences evident (medium vs. high dose effects in the hippocampus vs. cortex) are also important.
A region of the brain that is important in spatial memory, namely the hippocampus, was most effectively stimulated by
10 mg/kg bromelain in both gene expression and memory, whereas the prefrontal cortex (related to executive function
and working memory) showed the highest transporter upregulation at 15 mg/kg. This could be related to cell population
differences: the cortex is thickly covered in an astrocytic network that could take a greater dose of bromelain to drive up
xCT and (GLT1) expression, whereas the hippocampus (perhaps with a different blood-brain barrier permeability or
sensitivity of enzymes) demonstrated an effect saturation at the intermediate dose. It may also be that ridiculously large
bromelains may tap into feedback mechanisms that at least tone down some gene expression in the hippocampus.
Nevertheless, it is also clear that both areas enjoyed the positive effects of bromelain, highlighting its central action.

From a therapeutic perspective, our results show that bromelain is a promising agent for the attenuation of excitotoxic
brain injury. The multimodal actions of bromelain (antiinflammatory, antioxidant (implied by others),”~” and are now
shown to include glutamatergic regulation) make bromelain a promising neuroprotective agent. In contrast to drugs that
affect a single pathway, bromelain would provide an overall protective effect: it decreased oxidative stress markers in
other trials and corrected neurotransmitter balance in our trial. Moreover, bromelain is a low-risk oral nutraceutical that
may be beneficial for any chronic treatment or at-risk populations. The capability of this model to compete with that of
donepezil is outstanding. Donepezil acts primarily to enhance cholinergic signaling; however, its effectiveness in this
regard is an important indicator of the role of glutamatergic pathways in mental health and evidence that bromelain exerts
its cognitive effects via an alternate mechanism that is potentially complementary.
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It is possible to consider the mechanisms through which bromelain can produce these transcriptional effects. Bromelain
can modify some of the essential signaling pathways that determine the existence of glutamate transporters. That is,
inhibition of inflammatory cytokines via the NF-kappaB pathway, or upregulation of GLT1 by nuclear receptor
activation, such as the peroxisome proliferator activated receptor. Bromelain could also induce anti-inflammatory effects
by lowering TNF- a, IL-1 beta and other cytokines, which can help to alleviate inflammation-induced inhibition of
transporter gene expression. Bromelain has also been noted to stimulate extracellular signal receptor kinase (ERK)
pathways and elevate the levels of brain-derived neurotrophic factor (BDNF) in stressed animals; hence, a higher
expression of synaptic proteins might follow. Moreover, the antioxidant effect of bromelain may stimulate the Nrf2
pathway, which is associated with an elevated expression of xCT (because xCT is a constituent of the glutathione
production complex). In fact, Eraky et al. (2023)’” demonstrated that bromelain altered the TXNIP/Nrf2 axis in an
Alzheimer model. Should bromelain stimulate Nrf2, which would result in the observed increase in xCT expression
because Nrf2 induces the transcription of antioxidant response elements in genes such as SLC7A11 (xCT). These
hypotheses may require additional molecular experimentation, although it is clear that bromelain achieves an overall
neuroprotective effect by acting on many cell signaling pathways.

Nevertheless, there are a few limitations to admission despite agreeable outcomes. The sample sizes we considered were
relatively small (n = 5 per group), but they provided adequate power to identify differences (increased group sizes would
have better statistics and would have enabled stratification by sex (we had used males only in the current study). Second,
the protocol of our study was performed at the mRNA level of gene expression; it is compelling to verify whether there are
corresponding elevations in the protein levels of NR2A and transporter proteins (e.g., via western blot or immunohis-
tochemistry). Third, the model of arsenic exposure, although applicable, is an acute/subacute toxicity situation.
As accumulates its effect in real-life chronic exposure over prolonged periods. It would be interesting to determine
whether bromelain has a similar beneficial effect in chronic low-dose exposure to arsenic or other excitotoxic states (such
as stroke or epilepsy). Finally, although we have demonstrated that there are associations between the biochemical effects
and functional improvements of bromelain, the links lack causality (i.e., we did not investigate the presence of a
relationship to the point where reducing glutamate led to cognitive improvement). In future studies, the causal effect of
specific transporters or receptors on the actions of bromelain could be proven by employing pharmacological blocking or
gene knockdown.

Taken together, our results show that bromelain may be a complex neuroprotective agent. It not only enhances behavioral
performance in an arsenic-induced cognitive impairment model but also ameliorates the underlying glutamatergic
imbalance by increasing transporters and stabilizing NMDAR subunits. This example of an integrative mechanism of
action also sets bromelain apart from the more conventional forms of treatment that may coincide with influencing only a
particular factor (donepezil exerts its effects on the levels of acetylcholine but does not directly affect the glutamate
systems). The fact that administration of bromelain (or bromelain-containing supplements) has the ability to improve
spatial memory in rats and remove risk factors of excitotoxicity indicates that this compound may be investigated as an
adjunctive therapy in diseases characterized by glutamate excitotoxicity (such as neurodegenerative diseases), as well as
in populations at risk of environmental toxin exposure (possibly as a preventive factor).

An important design limitation is that the arsenic-only group was tested and euthanized at Day 15, whereas the treatment
groups were assessed at Day 28 following a 14-day post-exposure intervention phase. Therefore, we cannot fully exclude
time-dependent spontaneous recovery as a contributor to observed differences. Future studies should include a time-
matched arsenic—vehicle recovery group to isolate treatment-specific effects.

Conclusion

In conclusion, this study demonstrates that bromelain has neuroprotective and cognitive-enhancing activity in a rat model
of arsenic-mediated neurotoxicity. Treatment with bromelain enhanced spatial learning and memory abilities and was
associated with the regulation of excitatory neurotransmission, which increased the NMDA receptor NR2A subunit and
glutamate transporters (GLT1, EAACI1, and xCT) in the hippocampus and prefrontal cortex, and thus, may induce
elimination of glutamate and avoid excitation toxicity. Such molecular adaptations assist in the normalization of brain
glutamate levels and maintenance of synaptic integrity in response to toxic stress. Because protein expression and
transporter function were not directly measured, mechanistic conclusions should be interpreted as preliminary. The
effectiveness of bromelain was dependent on the dose, giving it equivalent or similar abilities at higher doses than
donepezil in selected measures and validating its use as a treatment option. Since bromelain is naturally based and has a
good safety history, our results provide the possibility of its application in the reversal of cognitive impairments induced
by environmental toxins or in neurodegenerative disorders, such as glutamate maladaptation. Future studies are needed to
identify the signaling pathways through which bromelain alters gene expression, as well as its long-term potential and
utility in other models of cognitive dysfunction. Bromelain appears to be a potentially new way to protect cognitive
health, which acts through different mechanisms of neurotoxicity, as seen in the case of arsenic exposure.
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?

Tak Pan Wong
McGill University, Montreal, Canada

Godson et al., in this revised version of the manuscript, examined the effects of bromelain, a
group of enzymes derived from Ananas comosus, on arsenic-induced glutamatergic dysfunction
and cognitive impairment in rats. Previous studies suggest that the neurotoxic effects of arsenic
may be mediated through NMDAR-related excitotoxicity. The authors therefore hypothesized that
bromelain, which has been reported to exert neuroprotective effects, could rescue cognitive
deficits by modulating the expression of NMDAR subunits and glutamate transporters.

In this study, adult male rats were exposed to arsenic, which impaired spatial memory
performance in the Morris water maze (MWM). Bromelain treatment attenuated these
arsenic-induced cognitive deficits. RT-PCR analyses revealed that arsenic significantly reduced the
expression of the NR2A subunit of the NMDAR as well as several glutamate transporters (xCT,
EAAC1, and GLT-1), and that these effects were partially reversed by bromelain treatment. In
addition, the authors used an ELISA-based assay to quantify glutamate levels in hippocampal
homogenates and found that arsenic increased glutamate levels, which were markedly reduced by
bromelain treatment as well as by the positive control, donepezil.

Taken together, the authors concluded that bromelain provides multi-target neuroprotection
against arsenic-induced neurotoxicity by restoring glutamatergic homeostasis through
upregulation of NR2A and glutamate transporters.

Exposure to arsenic from contaminated groundwater and food remains a major health issue
worldwide, particularly in developing countries. Studies that contribute to a better understanding
and treatment of arsenic-related neurotoxicity are therefore important. The authors have clearly
explained the rationale of the study. The experiments are described in detail and include
appropriate controls, as well as a positive control group (donepezil).

My major concerns relate to the choice of methods used to detect glutamate levels and the
unclear presentation of most of the data. Glutamate measured from homogenized tissue was
used to represent extracellular glutamate levels associated with neurotoxicity. This assumption is
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unfortunately incorrect. Glutamate is present intracellularly and also functions as an amino acid
beyond its role as a neurotransmitter. Measuring glutamate levels in tissue homogenates reflects
total tissue glutamate content rather than extracellular glutamate turnover, as suggested by the
authors. More appropriate and sensitive approaches, such as microdialysis, voltammetry, or
electrophysiological recordings, are required to study extracellular glutamate dynamics.

The presentation of the data is also very confusing. Group identities are indicated only by capital
letters in all figures, without clear explanations. These group labels should be defined in the
figures themselves or, at minimum, in the figure legends. The use of lowercase letters to denote
statistical significance is similarly confusing. According to the figure legends, these letters appear
to represent statistically significant differences between specific groups (e.g., b: comparison
between the indicated group and the arsenic-only group). However, this convention is not applied
consistently. For instance, in Figure 2b, group F is marked with the letter b, despite showing xCT
expression levels similar to those of group B. Moreover, the letter f, indicating p < 0.05 versus
donepezil, appears in group I, which is the donepezil group itself.

Another concern relates to the interpretation of the data. The effects of bromelain on glutamate
receptor and transporter expression are described as strong. However, the levels of NR2A and
EAAC1T following different doses of bromelain treatment remain significantly lower than control
levels in both the hippocampus and prefrontal cortex (see Figs. 2a and 2c). Although the authors
state that hippocampal NR2A expression in the medium-dose group reached approximately 95%
of control, this interpretation is not supported by the data presented in the histograms (compare
bars A and G). Overall, these results do not support the conclusion that bromelain definitively
reverses the suppressive effects of arsenic. Furthermore, medium and high doses of bromelain
appear to significantly reduce glutamate levels compared with controls. While multiple types of
glutamate transporters were examined, only a single NMDA receptor subunit was analyzed.
Together, these findings may suggest that bromelain exerts some modulatory effects on
glutamate homeostasis in the brain. However, describing these effects as preventing
arsenic-induced repression of essential excitatory signaling components or as restoring glutamate
clearance and normal NMDAR function appears to be an overinterpretation of the data. The
authors are therefore encouraged to tone down the implications of these findings.

One issue raised in the previous round of review concerns confusion regarding sample size. This
could be addressed by clearly reporting the n values in all figures.

Finally, for the behavioral data, because escape latency was measured across multiple days of
training as well as during the probe test, the authors should clarify which data were used to
generate Figure 1B. Presenting escape latency data from both the training sessions and the probe
test would allow a clearer assessment of the effects of bromelain on learning versus memory
retrieval.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Partly

Are sufficient details of methods and analysis provided to allow replication by others?
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Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: My research investigates how glutamate receptor function contributes to
behavioral deficits in animal models of stress-related psychiatric disorders.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Reviewer Report 10 January 2026
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v

Melissa Hernandez-Frausto
Neuroscience and Phisiology, New York University Langone Health, New York, New York, USA

The new version of the manuscript has been improved and most of my comments have been
addressed with a precise and clear experimental design timeline figure and adding an
Experimental grouping and treatment regimen in the main text. A very clear description of the
Morris Water Maze test regarding the cues location has been addressed and the results title with
the main finding is appreciated. As in my previous revision comment, a further analysis of the
behavioral performance during the treatments such as latency to target, distance to find the
target, velocity and quadrant position and trajectory would highly improve and strength the study.
However, this new version with most of the comments addressed highly improves the study
findings and clarification.

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Neuroscience, Hippocampal function, Cortico-Hippocampal circuit
interactions, Behavioral neurocience, Neurodegeneration
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I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 08 January 2026
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© 2026 Aljohani Y. This is an open access peer review report distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

v Yousef Mohammed Aljohani
Georgetown University Medical Center, Washington, Columbia, USA

The authors have adequately addressed my main concerns, particularly by clarifying the
experimental timeline and explicitly acknowledging the staggered euthanasia of the arsenic-only
group as a limitation. While additional behavioral and mechanistic depth would further strengthen
the study, the revisions improve transparency and appropriately temper interpretation.

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Neuropharmacology, Aging Neuroscience, Catecholamine Neurotransmission,
Glutamatergic Regulation, and Synaptic Plasticity

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 11 November 2025
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© 2025 Hernandez-Frausto M. This is an open access peer review report distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

? Melissa Hernandez-Frausto
Neuroscience and Phisiology, New York University Langone Health, New York, New York, USA

The article starts with a detailed description on how excitatory neurotransmission associated to
NMDAR receptors and transporters are highly involved in neurological disorders. How arsenic
exposure cause neurotoxicity and cognitive function triggering a range of detrimental
mechanisms and how phytochemical compounds specifically, bromelain can have a protective
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effect to restore neurological function leading to an improvement in cognitive performance.
Here, Anyanwu et al., in seventy-two male rats randomly divided into nine groups with arsenic
treatment only (20 mg/kg/day) for 14 days, bromelain-only (5-15 mg/kg/day), arsenic+bromelain (
5-15 mg/kg/day) and arsenict+donepezil (2 mg/kg/day) for 14 days (28 days in total) were evaluated
first in the Morris water maze to assess hippocampal related cognitive performance. Then brains
were extracted, and glutamate concentration was measured, as well as expression of RNA from
NR2A, GLT-1, EAACT and xCT. They found that arsenic by itself, impaired spatial memory,
increased glutamate levels, and decrease expression of NR2A and transporter genes.
Interestingly, treatment with bromelain at 10 mg/kg dose was capable to reestablished gene
expression and lowered glutamate levels, whereas bromelain at 15 mg/kg, the highest dose was
more effective than donepezil in improving glutamate clearance and cognitive performance.

The article is a relevant study on topics related to arsenic neurotoxicity and bromelain in cognitive
and glutamatergic system improvement with a highly number of groups assessing the different
doses of bromelain and arsenic and a positive control as the donepezil. Very clearly explained the
methods with a detailed explanation of ethical approval, experimental animals and housing,
sample size and power calculation, experimental grouping and treatment regimen, animal
monitoring and welfare, experimental timeline, and the behavioral and tissue collection and
processing. However, I have some comments and concerns about the article’s structure that I
believed can highly improve the manuscript.

1. As there are a high number of experimental groups on the Experimental grouping and
treatment regimen, an experimental design figure should be made so it's clearer for the
readers the groups analyzed at the behavioral and molecular performance. This will help to
clarify if the arsenic + bromelain treatment with the different doses was in co-treatment or
not and the timing of behavioral and brain extraction.

2. Why only used males at 8 weeks of old? Is there difference between males and females in
arsenic neurotoxicity? Is there difference between adolescent or adult rats? Please justify
and specify what is the rationale of this.

3.In the Morris Water Maze Test description, specify if there are any global cues located
around the maze. Are the cues located in a determined distance and maintained during the
whole behavioral performance? Please clarify and write in behavioral assessment.

4. All results should start with the main finding. As example: Instead of Behavioral
performance in Morris Water Maze, it should state " Bromelain restored cognitive
performance in animals exposed to arsenic". Like the paragraph at the beginning of the
graph that it mentions the main result or as the title of the figure legends. This with all the
results from the figures.

5. For the behavioral performance in Morris Water Maze. More analysis will highly improve the
quality of the findings, besides the only analysis of latency. They should divide the analysis
between acquisition and retrieval and analyze for each one the latency to target, distance to
find the target, velocity, the quadrant position and trajectory to see if the effect of
bromelain improve only some or all the parameters.

6. In results, all the findings should be described accordingly to the group but also to the
figure and panels to guide us as readers where is the finding that is being described.

7. The figures should be highly improved. Change the figures for a scatter plot with bar or box
plot with individual animals, this will highly impact the results visualization and the quality
of the figures. The significance should be addressed as * instead of letters and align in the
figure which groups are different among them. As now, the results are very confusing and
not clear to see the differences.
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8. There is no consistency among the groups, in the methodology it states that for statistical
power an n=8 was used whereas in the RNA expression and in discussion it mentioned an
n=>5. Please clarify and justify the differences written.

9. Introduction will highly improve if first states with the Arsenic neurotoxicity, then the link to
glutamate signaling and finally the bromelain as an improvement mechanism.

Minor comments:

o In Page 4: Its Alzheimer's disease not Alzheimer. This phrase “Arsenic, at the cellular level,
arsenic triggers a range of detrimental mechanisms, such as oxidative stress, mitochondrial
dysfunction” is not clear and is not well written. This phrase “it is either there is an excess of
extracellular glutamate and, consequently, an overactivation of NMDARSs, resulting in impairment
of synaptic plasticity and death of neurons.” It is either there is not correct, improve the
grammar.

> In Experimental animals and housing conditions: Specify if the light/dark cycle is
inverted. This phrase “The acclimatization period to the facility was 14 days after the start of the
experiment.” Clarify if the acclimatization to period was after the start of the experiment or
before.

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Neuroscience, hippocampal function, Behavioral neurocience,
neurodegeneration

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Author Response 27 Dec 2025
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Emeka Anyanwu

Reviewer 2

« Comment 1 (Methodology & experimental design; design clarity/timeline confound):
Clarify co-treatment vs post-treatment; arsenic-only euthanized earlier (day 15) vs others day 28;
acknowledge confound/recovery

Thanks so much for this insight. We have provided an additional figure illustrating
specifically that arsenic was given 14 days and bromelain/donepezil was given 15-28 (post-
exposure treatment) and that the arsenic-only group had been euthanized earlier (day 15)
and that other groups were euthanized day 28. We shall also revise the inconsistent
phrasing in the abstract (coadministered) that now distorts the regimen presented in the
Methods.

We acknowledge the staggered euthanasia (Group B at day 15; others at day 28) as a
limitation that may confound treatment effects with time-related recovery , and we will add
a “future work” note recommending an arsenic—>vehicle recovery control group as
suggested.

« Comment 2 (Neuroscience interpretation; protein validation): Claims rely only on mRNA;
avoid overstating; add protein-level validation or tone down.
Response: We agree with you. We have explicitly mentioned the absence of protein
validation as a study limitation; we further reinforced this point by (i) being less mechanistic
in the Results/Discussion, and (ii) making changes in our Conclusion
« Comment 3 (Methodology; glutamate assay interpretation): ELISA measures total tissue
glutamate, not extracellular levels; interpret accordingly.
Response: Agreed. We have amended the discussion to make it clear that the competitive
ELISA is a measure of total tissue glutamate in the homogenate and not a measure of
synaptic/extracellular glutamate dynamics that are of interest in excitotoxicity. We have
adjusted mechanistic inferences to this extent and reported glutamate findings as an
indirect measure in line with modified glutamate processing.
« Comment 4 (Reporting/reproducibility; sample size inconsistency): Methods say n=8 but
gene expression uses n=5; report exclusions/attrition
Response: Thanks for pointing our attention to this ambiguity, we have clarified this in our
revision. The power/sample-size n now has n=8 per group but qPCR gives n=5 and
subsequently in limitations captures small n. In the revision we have:

o Clearly specified which endpoints employed n=8 vs n=5 (e.g., behavior vs

molecular/biochemical subsets).
o Made sure that the proper n of each dataset is reported in figure legends as well as in
the Statistical Analysis section.

« Comment 5 (Statistical rigor; multiple testing): Multiple ANOVAs across genes/regions
need correction for multiple comparisons.
Response: Thank you. Although the manuscript mentions the use of Bonferonni correction
regarding the repeated-measures learning-curve comparison, we have included an explicit
plan of multiplicity control across the molecular endpoints (i.e., Benjamini-Hochberg FDR
across the gene panel in each region, and/or across regions) and have provided adjusted p-
values and raw p-values.
Conclusions.
« Comment 6 (Neuroscience-specific interpretation; mechanistic speculation): NF-«
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B/Nrf2/ERK/BDNF are hypothetical; clearly label as untested
Response: We agree. These pathways have been proposed in the Discussion as hypotheses;
we have made it clear that they are speculative and untested in this study . We have also
ensured that the Conclusions do not suggest pathway validation.
* Minor 1 (Literature currency): Cite primary studies on bromelain BBB permeability
Response: Done. Thanks
* Minor 2 (Figures/reporting): Figures lack y-axis units (MWM) and individual data points; add
scatter or box plots to display variance.
Response: Well noted for implementation in the revision
* Minor 3 (Terminology/typos): Use EAAC1/EAAT3 consistently; replace “arsenic brains.”
Response: Thanks so much for calling our attention to this. We have deleted EAAT3 from the
manuscript using only EAAC1 to ensure consistence as advised.
“arsenic brains.” Has been changed to “arsenic-exposed brains” in keeping with your
suggestion.
* Minor 4 (Stats reporting): List F-values and degrees of freedom for ANOVA in figure legends.
Response: Noted for implementation in the revised manuscript.
Line-specific notes:
Response:

1. The correction of the acclimatization timing will be done to the time before the

beginning of the experiment.
2. The unit of humidity has been corrected from 50-609C to 50-60%.

3. The MWM has been be expanded with cue description and intervals.

4. Revised version now has supernatant was “collected”, which is consistent with the
planned procedure.
5. sample size discrepancy (n=8 vs n=5) has been addressed above

6. Claims that bromelain has been shown to be better than donepezil has been toned
down, the Results already indicates a non-significant behavioral difference (15% less,
but non-significant) and we will make sure Abstract/Conclusion does not overstate
the superiority argument.

7. To avoid ambiguity, the comparison made with NR2B has been deleted, to keep the
sentence simple

8. We have included the statement: “that tissue glutamate does not measure
extracellular pools”.

We are really grateful for the improvement you added to the work. Thank you

Competing Interests: No competing interests were disclosed.

Reviewer Report 17 October 2025
https://doi.org/10.5256/f1000research.186610.r421876
© 2025 Aljohani Y. This is an open access peer review report distributed under the terms of the Creative

Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Page 26 of 31


https://doi.org/10.5256/f1000research.186610.r421876
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

F1000Research 2025, 14:1053 Last updated: 29 JAN 2026

Yousef Mohammed Aljohani
Georgetown University Medical Center, Washington, Columbia, USA

Summary:

The authors test the hypothesis that bromelain reverses arsenic-induced excitotoxicity by
restoring glutamatergic signaling. Seventy-two rats were divided into nine groups receiving
sodium arsenate, bromelain (5-15 mg/kg), or donepezil. They report that arsenic increased brain
glutamate and downregulated NR2A, GLT-1, EAAC1, and XCT mRNA, whereas bromelain
normalized these gene expressions and improved Morris Water Maze performance. The topic is
timely, linking environmental neurotoxicity and natural neuroprotectants, but several
methodological and interpretative issues need to be addressed.

2. Major strengths

1. Ethical and statistical transparency: explicit IACUC approval and a priori G¥Power sample-
size calculation are commendable.

2. Appropriate behavioral and molecular endpoints: MWM and gPCR for transporter genes are
relevant to glutamatergic homeostasis.

3. Dose-response exploration: inclusion of three bromelain doses (5-15 mg/kg) and a
donepezil comparator provides valuable context for efficacy.

4. Clear reporting of control groups and blinding: the manuscript notes observer blinding
during behavioral testing.

3. Major concerns

1. Design clarity and timing: arsenic exposure was followed by bromelain for 14 days, yet the
abstract and discussion describe co-treatment. Clarify whether bromelain prevents or
reverses toxicity, and whether rats were on arsenic during the bromelain treatment or not.
Importantly, the timeline design introduces a minor confound: the arsenic-only group
(Group B) was euthanized earlier (day 15) than treatment groups (day 28), which could
conflate treatment effects with spontaneous recovery. Future studies could include a
delayed “arsenic — water” recovery group or acknowledge this as a timeline limitation to
strengthen causal inference.

2. Lack of protein-level validation: mechanistic claims rest solely on mRNA data without
Western blot or immunohistochemistry confirmation. It was clarified in the discussion, but
the conclusion should not be overstated.

3. Glutamate assay limitations: ELISA measures total tissue glutamate, not extracellular levels
relevant to excitotoxicity that can be done with microanalysis or other technique; interpret
accordingly.

4. Sample size inconsistency: methods state n=8 per group, but gene expression used n=5;
justify attrition and report exclusion criteria. Two parts contradict the justification for the
sample size in the method.

5. Statistical rigor: multiple ANOVAs across genes and regions lack correction for multiple
testing; consider FDR or Bonferroni adjustment.

6. Mechanistic speculation: references to NF-kB, Nrf2, and ERK/BDNF signaling are
hypothetical; clearly identify as untested.

4. Minor and technical issues

1. The introduction could cite primary mechanistic studies on bromelain’s blood-brain barrier
permeability.

2. Figures lack y-axis units (MWM) and individual data points; add scatter or box plots to
display variance.

3. Typographical corrections: use 'EAAC1/EAAT3' consistently and replace 'arsenic brains' with
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'arsenic-exposed brains.'
4, List F-values and degrees of freedom for ANOVA in figure legends.

5. Overall assessment

This study provides preliminary evidence that bromelain mitigates arsenic-induced cognitive and
molecular deficits. The findings are plausible but not definitive, as the evidence is confined to
MRNA, glutamate measures are indirect, and mechanistic claims exceed the available data. With
clarification of treatment timing, protein-level validation, and tempered interpretation, the
manuscript would be suitable for publication.

6. Line-specific editorial notes

1. Page 5: Correct acclimatization timing (‘before’, not 'after’).

2. Page 5: Correct humidity units ('50-60 °C' — '50-60%").

3. Page 6: Add details on MWM (visual cues, inter-trial interval, locomotion).

4. Page 8: Clarify sample size discrepancy (n=8 vs n=5). "Hippocampal tissue samples (~50 mq)
were homogenized in ice-cold 0.1 M phosphate-buffered saline (pH 7.4) and centrifuged
(10,000 g, 10 min, 4°C) to obtain supernatants. The supernatants were discarded, and the
samples were diluted and subjected to ELISA." I believe you mean here to collect the
supernatant?

5. Pages 9-11: Avoid stating bromelain 'outperformed donepezil' unless statistically validated.

6. Pages 12-13: Include NR2B consideration and add protein validation (Western/IHC).
7. Page 14: Note that the total glutamate ELISA does not measure extracellular pools.

7. Recommendation and competing interests

The study is promising but needs improved methodological transparency, data validation, and
conservative interpretation. Once revised, it could contribute meaningfully to research on
environmental neurotoxicity and glutamatergic signaling.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Partly

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Page 28 of 31



F1000Research 2025, 14:1053 Last updated: 29 JAN 2026

Reviewer Expertise: Neuropharmacology, Aging Neuroscience, Catecholamine Neurotransmission,
Glutamatergic Regulation, and Synaptic Plasticity

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Emeka Anyanwu

Reviewer 1

Comment 1 (Figures/tables/supplement; design clarity): Add an experimental design
figure; clarify whether arsenictbromelain is co-treatment and timing of behavioral tests/tissue
collection

Response: Thank you, this is important with regard to transparency.. We have included a
new Figure which will depict the required clarifications starting from-(i) acclimatization, (ii)
arsenic exposure phase, (iii) post-exposure treatment phase (bromelain/donepezil), (iv)
MWM acquisition/probe timing, and (v) euthanasia/tissue collection

This figure illustration specified that arsenic was given 14 days and bromelain/donepezil
was given 15-28 (post-exposure treatment) and that the arsenic-only group had been
euthanized earlier (day 15) and that other groups were euthanized day 28. We shall also
revise the inconsistent phrasing in the abstract (coadministered) that now distorts the
regimen presented in the Methods.

Comment 2 (Methodology & experimental design; sex/age rationale): Why only 8-week-
old males? justify sex/age; address potential sex differences

Response: We have included justification in Experimental animals and housing
conditions section of the manuscript, stating why 8-week-old male Wistar rats were chosen
(.and this is- to reduce the variation in behavioral results due to hormonal cycles and to
align with commonly used for arsenic neurotoxicity model systems), and we will explicitly
note sex as a biological variable limitation and recommend that females be included in
future studies. This limitation will also be captured in the Discussion and Conclusions.
Comment 3 (Methodology; MWM reporting/reproducibility): Specify global cues around
the maze; whether cues remained fixed.

Response: We revised the method part of MWM to include more details on the cues
ensuring our method is replicable.

Comment 4 (Writing clarity/structure): Results headings should start with the main finding;
strengthen figure legends similarly.

Response: We quite agree with you and appreciate the suggestion. We have ensured that
all the titles of Results, subsection and figure legends emphasize the main finding.
Comment 5 (Statistical analysis & rigor; behavioral analytics): MWM analysis should go
beyond latency; separate acquisition vs retrieval; include distance, speed, quadrant
time/trajectory

Response: Thank you. During the experimental part of this work, our major focus was on
the latency. We would have included more parameters as suggested if it were possible. We
have separated acquisition and retrieval stages in our revision.

Comment 6 (Writing clarity; results navigation): Describe findings with group, figure, and
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panel references.
Response: Thanks. Well noted.
Comment 7 (Figures/tables): Improve figures—scatter/box with individual points; use * for
significance not letters; improve clarity.
Response: We really agree with you that using * for significance makes for better clarity than
letters, currently all our figure have letter symbols, but we have ensured their meanings are well
specified. We will stick to special symbols as * in subsequent research as you have noted. thanks.
Comment 8 (Data reporting/reproducibility): n=8 in methods vs n=5 in
RNA/discussion—clarify and justify
Response: Thanks for pointing our attention to this ambiguity. In the revision we have :

o Clearly specified which endpoints employed n=8 vs n=5 (e.g., behavior vs

molecular/biochemical subsets).
o We made sure that the proper n of each dataset is reported in figure legends as well
as in the Statistical Analysis section.

« Comment 9 (Conceptual framing): Introduction: start with arsenic neurotoxicity —
glutamate signaling — bromelain.
Response: Thanks for this useful suggestion, we also appreciate its appropriateness. We
also acknowledge that the experimental driver of the model is arsenic neurotoxicity; but we
purposefully started the Introduction with glutamatergic signaling, transporter/NMDAR
biology since it is the main mechanistic target of this study (NR2A, GLT-1, EAACT, xCT) and
the core of the hypothesis. Instead of the core conceptual theme, arsenic is then added as a
clinically relevant perturbation of glutamatergic homeostasis. This framework also allows
generalisability outside the field of arsenic toxicology, and retains a consistent flow of the
supportive body of literature, as already referenced. In response to the concern of the
reviewer, we have enhanced the switch to arsenic by conspicuously indicating that the
impairment of cognition by arsenic is largely by disrupting glutamate homeostasis, the
basis behind testing of bromelain as a glutamatergic modulator..
Minor remarks (Writing clarity/typos):
Response: We have made all the correction as suggested.
Thanks so much for the improvements added to the work. We are very grateful

Competing Interests: No competing interests were disclosed.
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