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Results: NS1 exposure did not significantly affect monocyte counts.
The proportion of JC-1-positive cells was 0.892 + 0.024 in controls,
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INTRODUCTION

Dengue virus (DENV) infection represents a major global public health challenge, with dengue
incidence showing substantial increases over recent decades.!> Dengue is a mosquito-borne viral disease with
a broad geographic distribution, with an estimated 390 million DENV infections occurring annually
worldwide.? Dengue remains an important public health problem in Southeast Asia, including Indonesia, where
a seroprevalence of 69.4% was reported in a representative urban pediatric population in 2014 .34

Although most DENV infections are asymptomatic or mild, some patients develop severe dengue
characterized by increased vascular permeability and plasma leakage, which can lead to life-threatening
complications.> Furthermore, neurological manifestations, including encephalopathy, encephalitis, and
peripheral neurological complications such as Guillain-Barré syndrome (GBS), have also been reported,
indicating that the clinical impact of dengue extends beyond the vascular system.®

The DENV genome encodes three structural and seven non-structural proteins, among which non-
structural protein 1 (NS1) has attracted considerable attention because of its roles in viral replication and
disease pathogenesis.” NS1 is a highly conserved glycoprotein that participates in viral replication and
contributes to dengue pathogenesis.® NS1 contributes to viral RNA replication and is also secreted into the
circulation, where circulating NS1 antigenemia has been associated with clinical characteristics and disease
severity.”® Secreted NS1 forms a lipid-associated hexamer and can interact with host endothelial components,
including the glycocalyx, contributing to complement activation, endothelial dysfunction, and increased
vascular permeability.®° NS1 can disrupt endothelial glycocalyx and cell-junction integrity, including tight and
adherens junctions, thereby contributing to vascular leakage, a hallmark of severe dengue.”'° DENV infection
may also involve the central nervous system and the blood-brain barrier, particularly in patients with
neurological manifestations.®!>12

Although the vascular effects of NS1 have been extensively investigated, its effects on immune cells,
particularly monocytes, remain less well characterized.!*!> Peripheral blood mononuclear cells (PBMCs),
consisting primarily of lymphocytes and monocytes, are important components of the host immune response,
with monocytes representing important target cells for DENV infection.!>!'® DENV infection can induce
inflammatory responses and apoptosis in monocytes, with differences in cytokine responses observed among
monocyte subsets.!>17:18

Recent studies have demonstrated that NS1 can interact with lipids and modulate inflammatory
responses in monocyte-derived cells.®!*!* However, the specific effects of recombinant NS1 on apoptosis-
associated responses in primary human PBMCs remain incompletely characterized,'>'%!7 particularly because
most previous studies used live whole viruses or immortalized cancer cells, making it difficult to isolate the
direct effects of pure NS1, and the results may not fully represent the physiological responses of human immune
cells.

One cellular mechanism implicated in DENV pathogenesis involves alterations in mitochondrial
function and apoptosis-associated signaling.!”!°-2! Mitochondria play a central role in cellular survival and
apoptosis, and disruption of mitochondrial homeostasis can alter mitochondrial membrane potential and
apoptosis-associated signaling, including pathways involving executioner caspases such as Caspase-3.!9%!
Changes in mitochondrial membrane potential can provide information regarding mitochondrial functional
status and cellular stress.!®?! In DENV infection, alterations in mitochondrial dynamics and function have been
associated with cellular stress and apoptosis, suggesting that mitochondrial disturbances may contribute to
cellular injury during infection.?*-!

Several knowledge gaps underlie the necessity of this study. Previous studies have investigated
DENV-associated apoptosis and mitochondrial responses using infectious virus or specific cellular models;
however, the direct effects of recombinant NS1 on primary human immune cells remain less well characterized,
so the specific effects of pure NS1 on human immune cells have not been systematically isolated and studied. "
Studies of DENV-associated apoptosis have also used established cell models, which may not fully reproduce
the responses of primary human immune cells,'>? that may not fully represent the physiological responses of
human immune cells to DENV infection; thus, a more relevant model such as primary human PBMCs is
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needed. Few studies have simultaneously examined apoptosis-associated Caspase-3 transcript abundance and
mitochondrial responses following exposure to recombinant NS1 in primary human PBMCs to demonstrate
how NSI1 induces an integrated cellular response ranging from transcriptional activation of apoptosis to
impairment of mitochondrial function and loss of cellular viability.!® Although circulating NS1 antigenemia
has been associated with clinical disease characteristics and severity, the mechanisms linking NS1 to immune-
cell dysfunction and apoptosis remain incompletely understood, so research capable of elucidating these
pathways is urgently needed for the development of effective therapeutic strategies.®!>?2

In this study, primary human PBMCs were exposed to recombinant DENV-2 NS1 to examine
Caspase-3 mRNA expression and mitochondrial membrane potential-related responses to explore the effects
of pure recombinant NS1 protein on Caspase-3 mRNA expression and mitochondrial membrane potential,
thereby providing a more accurate representation of natural immune cell responses to the viral protein without
the confounding effects of whole virus infection. This study adopts an integrative approach by measuring two
key parameters simultaneously— Caspase-3 mRNA abundance as an apoptosis-associated molecular response
and mitochondrial membrane potential-related changes assessed using JC-1 fluorescence—enabling a more
holistic understanding of how NS1 affects cells from the transcriptional level to organelle function. The use of
recombinant NS1 allows the cellular response to be examined in the absence of other viral proteins and
infectious viral replication, which is may provide a basis for further investigation of the cellular effects of NS1
to inhibit NS1's pathogenic actions without disrupting normal cellular functions. These findings may contribute
to further mechanistic investigation of cellular responses induced by DENV NS1 in primary human immune
cells. Therefore, this study aimed to investigate the effects of recombinant DENV-2 NS1 on Caspase-3 mRNA
expression and mitochondrial membrane potential-related responses in primary human PBMCs, which is
expected to provide important contributions to understanding the molecular pathogenesis of dengue and pave
the way for the development of more effective diagnostic and therapeutic strategies.

METHOD

This study employed an experimental in vitro design to investigate the effects of recombinant Dengue
Virus Non-Structural Protein 1 (NS1) on mitochondrial membrane potential-related cellular responses and
Caspase-3 mRNA expression in human peripheral blood mononuclear cells (PBMCs). The research was
conducted at the Integrated Laboratory of the Faculty of Medicine, Universitas Muhammadiyah Sumatera
Utara, Medan, Indonesia, over a period of one year. The study protocol was reviewed and approved by the
Health Research Ethics Committee of Universitas Muhammadiyah Sumatera Utara (Ethical Approval Letter
No. 1359/KEPK/FKUMSU/2024). All procedures involving human blood samples were performed in
accordance with the principles of the 1964 Helsinki Declaration and its later amendments.

Blood samples were collected from three healthy adult donors, representing three independent
biological replicates (n = 3). Donors met the following inclusion criteria: age between 20 and 25 years, no
history of acute or chronic infectious diseases in the past four weeks, no history of dengue virus infection or
vaccination, no autoimmune disorders or immunosuppressive conditions, and no pregnancy or lactation.
Exclusion criteria included a positive serological test for dengue at recruitment, acute febrile illness, use of
immunosuppressive medications, and a history of allergic reactions to blood collection materials. All donors
provided written informed consent prior to participation. The three donors were male, aged 20, 21, and 22
years, respectively, and had normal complete blood count parameters with no reported underlying medical
conditions.

PBMCs were isolated from fresh whole blood collected in EDTA-containing tubes using density
gradient centrifugation with Histopaque-1077 (Sigma-Aldrich, USA). Briefly, 5 mL of whole blood was
layered over 5 mL of Histopaque-1077 and centrifuged at 1010 x g for 30 minutes at room temperature without
brake. The buffy coat layer containing PBMCs was aspirated, transferred to a new tube, and washed twice with
phosphate-buffered saline (PBS; Gibco, USA) by centrifugation at 605 x g for 10 minutes. The final cell pellet
was resuspended in RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, USA), 100 U/mL penicillin, and 100 pg/mL streptomycin (Sigma-Aldrich, USA). Cell viability and
total cell count were determined using the trypan blue exclusion method and a Neubauer hemocytometer. To
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minimize potential bias and inter-assay variability, all cell culture procedures and subsequent analyses were
performed in a randomized and blinded manner within a single experimental batch.

Recombinant dengue virus type 2 NS1 protein (DENV-2 NS1, AAC59275; MedChemExpress, USA)
was used in this study. The protein was produced in HEK293 cells with a purity exceeding 95%, as confirmed
by silver staining and Western blot analysis, and was certified by the manufacturer to contain less than 0.1
EU/ug endotoxin. The lyophilized NS1 protein was reconstituted in sterile PBS to a stock concentration of 500
pg/mL and stored at —80°C until use. PBMCs were seeded in 24-well plates at a density of 5 x 10° cells per
well in 500 pL of complete RPMI-1640 medium. For the JC-1 assay, round glass coverslips pre-coated with
poly-L-lysine were placed at the bottom of each well to enhance cell adherence, and cells were allowed to
adhere overnight at 37°C in a humidified atmosphere containing 5% CO-. Following the initial culture period,
cells from each donor were allocated to the experimental conditions. For the JC-1 assay, PBMCs from each
donor were exposed to three conditions: untreated control (0 pg/mL NS1), recombinant NS1 at 1 pg/mL, and
recombinant NS1 at 5 ug/mL. Each condition was assessed using three technical measurements within each
donor. These technical measurements represented repeated measurements of the same biological sample and
were not considered independent biological replicates. For Caspase-3 mRNA expression analysis, PBMCs
from the same three donors were exposed to untreated control or recombinant NS1 at 1 pg/mL, with three
technical PCR replicates performed for each donor and experimental condition. The exposure duration was 6
hours at 37°C in a humidified atmosphere containing 5% CO-. Following exposure, cells were processed for
JC-1 assessment or RNA isolation.

JC-1 staining was used to assess mitochondrial membrane potential-related cellular responses
following NS1 exposure. JC-1 is a lipophilic cationic dye that accumulates in mitochondria in a membrane-
potential-dependent manner. At relatively higher mitochondrial membrane potential, JC-1 forms red-
fluorescent aggregates, whereas at relatively lower membrane potential it remains predominantly as green-
fluorescent monomers. Following NS1 exposure, cells were washed twice with PBS and incubated with 2 uM
JC-1 staining solution in complete RPMI-1640 medium for 15 minutes at 37°C in the dark. After incubation,
the staining solution was removed and the cells were washed twice with PBS. Fluorescence was visualized
using a Zoe Fluorescent Cell Imager (Bio-Rad, USA). Five predetermined standardized locations were
evaluated for each well (center, 3 o'clock, 6 o'clock, 9 o'clock, and 12 o'clock positions) using brightfield and
red fluorescence imaging (excitation/emission: 488/590 nm). For each field, the proportion of JC-1-positive
cells among morphologically identified monocytes was calculated. The five field-level measurements were
averaged to obtain a single donor-level value for each experimental condition. Monocytes were identified based
on their characteristic morphological features observed in brightfield images. The resulting measurement
represented the normalized proportion of JC-1-positive cells among morphologically identified monocytes and
was not interpreted as a conventional red-to-green JC-1 fluorescence ratio.

Total RNA was extracted from PBMCs using the RNeasy Plus Mini Kit (Qiagen, Germany; Catalog
No. 74134) according to the manufacturer's protocol. Following NS1 exposure and removal of the culture
medium, cells were lysed directly in the 24-well plates by adding 350 pL of Buffer RLT Plus supplemented
with B-mercaptoethanol (B-ME). Cell lysates were collected using a cell scraper, homogenized, and transferred
to gDNA Eliminator spin columns to remove genomic DNA contamination. RNA was then purified using
RNeasy spin columns following sequential washes with Buffer RW1 and Buffer RPE. Total RNA was eluted
with 40 pLL of RNase-free water and stored at —80°C until further analysis. RNA concentration and purity were
determined using a NABI UV-Vis spectrophotometer by measuring absorbance at 260 and 280 nm. All RNA
samples had Azs0/Azso ratios between 1.8 and 2.1.

Gene expression analysis was performed using one-step quantitative real-time PCR (RT-qPCR) with
the KAPA SYBR® FAST One-Step qRT-PCR Master Mix (Sigma-Aldrich, USA) on the AriaMx Real-Time
PCR System (Agilent Technologies, USA). Each 20 pL reaction contained 10 pL of 2x KAPA SYBR Green
Master Mix, 0.4 pL of KAPA RT Mix (50x%), 0.4 puL each of forward and reverse primers (10 uM), 2 uL of
template RNA (1 ng), and RNase-free water to adjust the final volume. The primer sequences used were as
follows: GAPDH forward 5'-ACAACTTTGGTATCGTGGAAGG-3' and reverse 5'-
GCCATCACGCCACAGTTTC-3’; and Caspase-3 forward 5'-CTCCTAGCGGATGGGTGCTATTG-3' and
reverse 5-TTATTAACGAAAACCAGAGCGCCG-3'. The thermal cycling protocol consisted of cDNA
synthesis at 45°C for 15 minutes, enzyme activation at 95°C for 3 minutes, followed by 40 cycles of
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denaturation at 95°C for 3 seconds and annealing/extension at 60°C for 20 seconds. Melt curve analysis was
performed to confirm primer specificity. Each donor-condition sample was analyzed in three technical PCR
replicates. The three technical replicate Ct values were averaged to obtain a single Ct value for each donor and
experimental condition before subsequent statistical analysis. Non-template controls and no-reverse-
transcriptase controls were included in each run to verify the absence of contamination and genomic DNA
amplification.

RT-qPCR data were analyzed with reference to the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines. Ct values were determined using the AriaMx
software with automatic baseline and threshold settings. For each donor and experimental condition, the mean
Ct value obtained from the three technical PCR replicates was used for subsequent analysis. ACt values were
calculated as Ct(target) — Ct(GAPDH). Relative Caspase-3 mRNA expression was initially explored using the
comparative 2"AACt method with GAPDH as the reference gene, with the corresponding untreated control
condition used as the calibrator. However, substantial variation in GAPDH Ct values was observed between
control and NS1-treated samples. Therefore, the resulting fold-change estimates were considered exploratory
and were not interpreted as definitive normalized expression values. Statistical comparisons were performed
using donor-level ACt values rather than technical replicate measurements. Primer amplification efficiency
was assessed using a five-point standard curve for each primer pair, yielding efficiencies of 96.2% for GAPDH
(R?=0.998) and 95.5% for Caspase-3 (R* = 0.996), which were within the generally accepted range of 90—
110%. Because the stability of GAPDH under NS1 exposure could not be adequately established, additional
validation using multiple candidate reference genes, such as -actin and 18S rRNA, is required in future studies.

Statistical analyses were performed using SPSS version 25.0 for Windows (SPSS Inc., Chicago, IL,
USA). The three independent donors were considered biological replicates and constituted the experimental
units (n = 3). Technical replicates were used to assess measurement variability and were not treated as
independent observations. For the JC-1 assay, the five field-level measurements obtained from each donor
were averaged to generate a single donor-level mean for each experimental condition. Thus, statistical analyses
were performed using three donor-level observations per condition rather than individual fields or technical
measurements. For RT-qPCR, the mean Ct values from the three technical PCR replicates were used to
calculate donor-level ACt values. Because the control and NS1-treated samples were derived from the same
donors, paired-samples #-tests were used for pairwise comparisons of donor-level data. A p-value < 0.05 was
considered statistically significant. Given the small number of biological replicates (n = 3), all statistical
findings were considered exploratory and should be confirmed in studies involving a larger number of
independent donors.

RESULTS
JC-1 Staining

Monocyte cell counts were assessed by fluorescence microscopy using five standardized fields of
view from each culture well. Measurements from the five fields were averaged to obtain a representative value
for each donor and treatment condition. Data from three independent donors were analyzed as biological
replicates (n = 3). The mean monocyte counts were 654.67 + 154.53 cells/well in the control group, 636.33 +
98.02 cells/well following exposure to NS1 at 1 ug/mL, and 754.33 + 134.35 cells/well following exposure to
NS1 at 5 pg/mL (Figure 1). These findings indicate that NS1 exposure did not substantially alter the number
of monocytes under the experimental conditions.
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Figure 1. Number of Monocyte Cells and Cells with JC-1 Staining
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Figure 2. Proportion of JC-1-positive cells normalized to Monocyte Count

The number of JC-1-positive cells was subsequently assessed as an indicator of a mitochondrial
membrane potential-related cellular response. The mean numbers of JC-1-positive cells were 583.67 = 131.58
cells/well in the control group, 442.33 + 124.43 cells/well in the NS1 1 pg/mL group, and 532.67 + 91.31
cells/well in the NS1 5 pg/mL group (Figure 1). Although the NS1 1 ug/mL group showed a lower mean
number of JC-1-positive cells than the control group, this observation should be interpreted descriptively given
the small number of biological replicates.

To account for differences in monocyte numbers between culture wells, the number of JC-1-positive
cells was normalized to the total number of morphologically identified monocytes. The resulting proportion of
JC-1-positive cells was 0.892 + 0.024 in the control group, 0.686 + 0.104 in the NS1 1 pg/mL group, and 0.695
+ 0.031 in the NSI 5 pg/mL group (Figure 2). These values represent the proportion of JC-1-positive cells
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among morphologically identified monocytes and were used as a normalized indicator of the mitochondrial
membrane potential-related cellular response.

Because the three treatment conditions were obtained from the same independent donors, the donor
was considered the experimental unit. Although the normalized proportion of JC-1-positive cells was lower in
the NS1-treated groups, the overall Friedman test did not demonstrate a statistically significant difference
among the three conditions (p = 0.097). Pairwise comparisons were considered exploratory because of the
small number of biological replicates. No significant difference was observed between the NS1 1 pg/mL and
5 pg/mL groups (t(2) = —0.220, p = 0.846).

Comparison t df p-value
Control vs NS1 1 ug/mL 3.130 2 0.089
Control vs NS1 5 ug/mL 8.062 2 0.015
NS1 I pg/mL vs NSI 5 ug/mL -0.220 2 0.846

Table 1. Pairwise comparasion of the normalize of JC-1 Positive

Given the small number of biological replicates (n = 3), these findings should be interpreted as
preliminary evidence of an NS1-associated reduction in the proportion of JC-1-positive cells rather than
definitive evidence of impaired mitochondrial membrane potential. The comparable values observed between
the 1 pg/mL and 5 pg/mL NS1 groups suggest that increasing the NS1 concentration from 1 to 5 pg/mL did
not result in an additional reduction in the normalized JC-1-positive cell proportion. Therefore, the 1 pg/mL
concentration was selected for subsequent RT-qPCR analysis of Caspase-3 mRNA expression.

RT-qPCR

Total RNA concentration was assessed for the control and NS1 1 pg/mL groups. The mean RNA
concentrations were 3.13 = 0.15 and 3.73 + 0.12, respectively (Figure 3). Because samples from the same three
donors were compared between treatment conditions, the donor was considered the experimental unit. The
difference in RNA concentration was evaluated at the donor level. Given the small number of biological
replicates (n = 3), these findings were interpreted descriptively and primarily used to characterize the RNA
samples for subsequent RT-qPCR analysis (Figure 3).
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Figure 3. Total RNA Control vs Treatment

Analysis of GAPDH GAPDH Ct values were 28.17 £ 0.19 in the control group and 25.13 + 0.30 in
the NS1 1 pug/mL group (Figure 4). The lower Ct values observed following NS1 exposure indicated increased
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GAPDH transcript abundance under the treatment condition. Because the GAPDH Ct values differed
substantially between control and NS1-treated samples, GAPDH was considered potentially unstable as a
reference gene under the experimental conditions. Therefore, these data raised concerns regarding the validity
of GAPDH-based normalization of Caspase-3 mRNA expression. Caspase-3 Ct values were 31.37 = 0.24 in
the control group and 24.58 + 0.70 in the NS1 1 pg/mL group (Figure 4). Because Ct values alone do not
account for differences in reference gene abundance, Caspase-3 mRNA expression was evaluated using donor-
level ACt values. The paired-samples t-test showed a significant difference in ACt between the control and
NS1-treated groups (t(2) = 11.85, p = 0.007). (Figure 4). However, because GAPDH showed substantial
variation between treatment conditions, the observed ACt difference should be interpreted cautiously. These
findings suggest a difference in Caspase-3 transcript abundance between control and NS1-treated PBMCs;
however, they do not provide definitive evidence of increased Caspase-3 mRNA expression without validation
using stable reference genes. Confirmation using a validated normalization strategy, together with protein-level
or functional apoptosis assays, is required.
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Figure 4. Ct values of GAPDH and Caspase-3 in control and NS1-treated PBMCs

The RT-qPCR data were analyzed following the Minimum Information for Publication of Quantitative
Real-Time PCR Experiments (MIQE) guidelines. The cycle threshold (Ct) values were determined using the
AriaMx software (Agilent Technologies, USA) with automatic baseline and threshold settings. For each
sample, the average Ct value was calculated from three technical replicates. The relative expression analysis
was initially explored using the 2"AACt method with GAPDH as the reference gene. However, substantial
differences in GAPDH Ct values between control and NS1-treated samples indicated that GAPDH may not be
stable under the experimental conditions. Therefore, the GAPDH-normalized fold-change calculation was
considered exploratory rather than definitive. Donor-level ACt values were used for statistical comparison,
while definitive relative expression analysis requires validation using one or more stable reference genes.

RT-qPCR analysis showed a difference in Caspase-3 transcript abundance between control and NS1-
treated PBMCs based on donor-level ACt analysis (t(2) = 11.85, p = 0.007). An exploratory GAPDH-
normalized analysis suggested an apparent increase in Caspase-3 mRNA mRNA expression; however, this
estimate should be interpreted cautiously because GAPDH stability under NS1 exposure was not established.
However, because GAPDH Ct values differed substantially between control and NS1-treated samples, the
stability of GAPDH as a reference gene could not be established. Consequently, the calculated fold change
should be considered exploratory and should not be interpreted as definitive evidence of Caspase-3
transcriptional upregulation. Further validation using stable reference genes and protein-level or functional
apoptosis assays is required.

Primer amplification efficiency was assessed using a five-point standard curve generated from 10-
fold serial dilutions of pooled RNA. The amplification efficiencies were 96.2% for GAPDH (R? = 0.998) and
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95.5% for Caspase-3 (R? = 0.996), both within the generally accepted range of 90—110%. However, GAPDH
Ct values differed substantially between control and NS1-treated samples, limiting the reliability of GAPDH-
based normalization. Validation using additional reference genes, such as B-actin and 18S rRNA, is required
before definitive relative expression analysis can be performed.

DISCUSSION

The present study investigated the effects of recombinant DENV-2 NS1 protein on mitochondrial
membrane potential-related cellular responses and Caspase-3 mRNA expression in human PBMCs. NS1
exposure did not significantly alter monocyte cell numbers, but the proportion of JC-1-positive cells was lower
in NS1-treated groups than in the control group. These findings suggest that NS1 exposure may be associated
with alterations in mitochondrial membrane potential-related cellular responses. However, because JC-1
staining in this study was assessed as the proportion of JC-1-positive cells rather than the conventional red-to-
green fluorescence ratio, the findings should not be interpreted as a direct quantitative measurement of
mitochondrial membrane potential.

RT-gPCR analysis showed a significant difference in donor-level ACt values for Caspase-3 between
control and NS1-treated PBMCs. An exploratory GAPDH-normalized analysis suggested an apparent increase
in Caspase-3 mRNA expression; however, this estimate should be interpreted cautiously because GAPDH
stability under NS1 exposure was not established. Therefore, the calculated fold change should be considered
exploratory and cannot provide definitive evidence of Caspase-3 mRNA upregulation without validation using
stable reference genes.

The present findings also do not establish Caspase-3 activation or apoptosis, because only Caspase-3
mRNA expression and JC-1-associated cellular responses were assessed. Direct confirmation using cleaved
Caspase-3 protein, caspase activity, Annexin V/PI, TUNEL, or other functional apoptosis assays is required.
Furthermore, the small number of independent donors (n = 3), use of healthy-donor PBMCs, short exposure
period, and morphological identification of monocytes limit the generalizability and interpretation of the
findings.

Overall, these results provide preliminary evidence that DENV-2 NS1 exposure is associated with
changes in mitochondrial membrane potential-related cellular responses and apoptosis-related gene expression
in human PBMCs. Further studies using larger numbers of biological replicates, validated reference genes,
direct mitochondrial membrane potential measurements, and complementary apoptosis assays are needed to
determine whether these changes represent a direct apoptotic effect of NS1.

CONCLUSION

Recombinant DENV-2 NSI1 exposure was associated with a reduction in the proportion of JC-1-
positive cells and differences in Caspase-3 transcript abundance in human PBMCs. These findings provide
preliminary evidence of alterations in mitochondrial membrane potential-related cellular responses and
apoptosis-associated gene expression following NS1 exposure. However, the substantial variation in GAPDH
expression limits the interpretation of GAPDH-normalized Caspase-3 mRNA expression, and the present
findings do not establish Caspase-3 activation or apoptosis directly. Further studies using validated reference
genes, direct assessment of mitochondrial membrane potential, and complementary protein-level and
functional apoptosis assays are required to confirm these findings and clarify the role of DENV-2 NSI in
PBMC responses.
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