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Abstract. An exploratory effect of Phaleria macrocarpa fruit extract on interleukin-6 mRNA expression in human
PBMCs induced by glucose-enhanced SARS-CoV-2 spike protein and lipopolysaccharide in vitro. Nurhasanah A.H.,
Louisa M., Angelina M., Estuningtyas A. Type 2 diabetes mellitus is a significant risk factor for dysregulated inflammatory
responses during Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) infection. Corticosteroids, commonly used
as anti-inflammatory agents in diabetic patients, often cause hyperglycemia, making infections and inflammation more difficult
to control. These conditions highlight the need for laboratory models that can support preliminary screening of anti-
inflammatory drug candidates under elevated-glucose conditions. This exploratory study aimed to establish a human peripheral
blood mononuclear cell (PBMC) inflammatory model induced by SARS-CoV-2 and lipopolysaccharide in the presence of high
glucose and to assess the modulatory activity of Phaleria macrocarpa fruit ethanol extract on interleukin-6 (IL-6) mRNA
expression under combined stimulation. This in vitro study used a human PBMC model induced by the SARS-CoV-2 spike
protein and lipopolysaccharide under elevated glucose conditions. PBMCs were isolated from venous blood of a limited number
of healthy adult volunteers. The concentrations of glucose, SARS-CoV-2 spike protein, and lipopolysaccharides used in PBMC
cultures were selected for their ability to increase IL-6 mRNA expression under the tested conditions. Non-cytotoxic
concentrations of Phaleria macrocarpa fruit ethanol extract were identified by maintaining cell viability of at least 80 percent.
Combined stimulation with the SARS-CoV-2 spike protein, lipopolysaccharide, and high glucose increased IL-6 mRNA
expression. Treatment with Phaleria macrocarpa fruit ethanol extract was comparable with dexamethasone in reducing IL-6
mRNA expression under the combined stimulation condition. These preliminary findings suggest that Phaleria macrocarpa
suppresses IL-6 mRNA expression in response to combined stimulation in this in vitro PBMC model. However, our findings
should be interpreted as exploratory due to the small number of the PBMC donor pool. Further studies using a larger, sex-
balanced donor population, broader cytokine panels, and chemical standardization are required.

Pedepar. IMomykoBe aociaimzkeHHsi BIUIMBY ekcTpakTy mioaiB Phaleria macrocarpa ma excmpecito MPHK
iHTepJielikiHy-6 y MOHOHYKJIeapHHUX KJIIiTHHAX mnepudepu4HOi KpPoOBi JIOAWHH, iHIyKOBaHUX spike-0inkom
SARS-CoV-2 Ta ainomnoJicaxapuioM B yMOBaX MiIBHILEHOr0 PiBHA riwoko3u in vitro. Hypxacanax A.I'., Jlyica M.,
Anrennna M., Ectyninrrisic A. L[ykposuii diabem 2-20 muny € 3Hayywum aKkmopom pusuxy po36UMKY NOPYULEHUX
sananvHux pearyiti nio yac ingexyii, cnpuuunenoi sipycom Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-
2). Kopmuxocmepoiou, aKi wupoKo 3acmocosyiombcs K NPOMU3ANAIbHi 3acobu @ nayienmie 3 0iabemom, 4acmo
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BUKTTUKAIOMb 2iNepeikemilo, Wo VCKIAOHIOE KOHMPOIb IHeKyiiHuX i 3ananvhux npoyecis. L{i obcmasunu 3ymo600oms
nompeby y cmeopeni 1a60pamopHux mooenei 0 NonepeoHbo20 CKPUHIHZY NOMEHYIUHUX NPOMUZANATbHUX TIKAPCLKUX
3acobi6 8 ymo6ax nidguweHoi KonyeHmpayii 2nokosu. Memoro ybo2o nouLyko8o2o 00CIiodiceHHs, 6)10 CMBOPEHHS 3aNAbHOL
MOOeNi HA OCHOBI MOHOHYKIIeApHUX KIimuH nepugepuynoi kpogi moounu (peripheral blood mononuclear cell, PBMCs),
inoyrxosanoi SARS-CoV-2 ma ninononicaxapudom 3a ymos UCOKO20 PiBHsL 2IIOKO3U, d MAKONIC OYIHIOBAHHS MOOYIIOEANLHOL
AKMUBHOCMI emanoIbHo20 ekxcmpaxkmy nnodie Phaleria macrocarpa wooo excnpecii mPHK (mampuuna PHK) inmep-
aetxiny-6 (interleukin-6, 1L-6) 3a kombinosanoi cmumynayii. ¥ 0ocriosicenni in vitro 6UKOpucmosysanu Mooeib i0OCbKUX
PBMCs, cmumynvoeanux spike-6inkom SARS-COV-2 ma ninononicaxapuoom 6 ymosax niosuwyeHoi KoHyeHmpayii 2noKosu.
PBMCS suoinsinu 3 6eHO3HOT Kpogi 06MediceHoi KiibKoCmi 300poux 00pociux 006posonvyis. Konyenmpayii enoxosu, spike-
oinka SARS-CoV-2 ma ninononicaxapudy ons kymwmusgysannss PBMCs niobupanu na ocHosi ixHboi 30amHuocmi nioguuyy-
eamu excnpecito MPHK IL-6 3a 0ocnioxcysanux ymos. HemokcuuHi KoHyeHmpayii emanonvHo2o excmpakmy nioodie Pha-
leria macrocarpa eusHauanu WISXOM 3A0€3NEUEHHS HCUMMEZOAMHOCMI KNimuH Ha pisHi He menute 80%. Kombinosana
cmumynsayis spike-o6inkom SARS-COV-2, ninononicaxapuoom ma 6UCOKOK KOHYESHMPAYIEI 2TOKO3U CRPUHUHSALA NIOGU-
wenns excnpecii MPHK IL-6. Bniue emanonvrnoeo excmpaxmy niodie Phaleria macrocarpa wo0o snudicenis excnpecii
MPHK IL-6 3a ymos kombinosanoi cmumynsyii 6ye 3icmasHum 3 epekmom dexcamemasony. Ompumani nonepeoui pesyib-
mamu ceiowamv, wjo Phaleria macrocarpa npueniuye excnpecito mPHK IL-6 y 6i0no6iob Ha KOMOIHOBAHY CIUMYIAYIIO 6
yiti mooeni PBMCs in vitro. Boowouac pesyibmamu ciid po3ensoamu sk NOULYKOSL Yepe3 HeGelUKy KLIbKIiCmb OOHOpI8
PBMCs. /[ niomeepoicentss ompumanux Oauux HeoOXioni nooanbuli 00CIiONCeHH S I3 3anyUeHHAM OLbuol ma 2eHOepHO

30anaHCco8aHoOi nonyiaYii OOHOPIE, WUPWIUX NaHelell YUMOKIHIG I NPpo8edeHHAM XIMIUHOT cmaHOapmu3ayii ekCmpaxniy.

Individuals with type 2 diabetes mellitus (T2DM)
face a higher risk of developing severe coronavirus
disease 2019 (COVID-19) and have higher mortality
rates compared to non-diabetic individuals. Although
the exact mechanisms underlying greater severity in
diabetic patients are not fully understood, both con-
ditions involve dysregulated immune and inflam-
matory responses [1, 2]. A key feature of severe
COVID-19 is the cytokine storm, which causes
vascular hyperpermeability, multiorgan failure, and
death. In severe cases, there is an overproduction of
proinflammatory cytokines and chemokines, along
with a limited induction of interferons (IFN-a, IFN-f,
and IFN-y). Increased interferon production activates
nuclear factor kappa light chain enhancer of
activated B cells (NF-«xB), a crucial mediator of in-
flammatory responses. When activated, NF-kB trans-
locates to the nucleus, leading to increased production
of proinflammatory molecules, including interleukin-6
(IL-6). IL-6 is a key biomarker of COVID-19-related
cytokine storms and is inversely associated with
immune function impairment [3, 4].

Current therapeutic strategies recommended by
the World Health Organization (WHO) for managing
hyperinflammation include corticosteroids such as
dexamethasone; however, their effectiveness remains
limited [5, 6]. Additionally, severe COVID-19 and its
steroid-based treatments can negatively impact
diabetes management by worsening hyperglycemia
through increased insulin resistance and impaired -
cell secretory function. In turn, uncontrolled hyper-
glycemia may further increase COVID-19 severity
[7]. High-dose dexamethasone is also associated with
significant adverse effects [7, 8, 9]. These limitations
highlight the need for complementary strategies that
can reduce hyperinflammation while minimizing
risks in patients with metabolic comorbidities.
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Natural products remain an important source of
potential anti-inflammatory agents [10, 11]. One
known natural product is Phaleria macrocarpa fruit,
which has been reported to possess various bioactive
properties, including antioxidant, antidiabetic,
antiviral, anti-inflammatory, and immunomodulatory
activities [12-15]. However, its anti-inflammatory
activity has not been thoroughly evaluated in a human
immune cell hyperinflammatory model with in-
creased glucose exposure, a context relevant to
diabetes-related vulnerability.

Previous mechanistic studies indicate that the
Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) spike protein can enhance inflam-
matory responses to lipopolysaccharide (LPS), a
well-established toll-like receptor 4 (TLR4) ligand,
thereby increasing proinflammatory cellular respon-
ses both in vitro and in vivo [16, 17, 18]. Evidence
also suggests that higher glucose exposure may
amplify immune cell inflammatory responses. There-
fore, a peripheral blood mononuclear cell model that
combines increased glucose exposure with stimu-
lation by the spike protein and lipopolysaccharide
could serve as a practical platform for early screening
of potential anti-inflammatory interventions [19, 20].
Given its known pharmacological properties, P. mac-
rocarpa was selected for preliminary evaluation in
this model, with IL-6 mRNA expression used as the
primary inflammatory marker.

This study aimed to establish an exploratory model
of inflammatory peripheral blood mononuclear cells
(PBMCs) under high-glucose exposure by sequential
stimulation with SARS-CoV-2 spike protein and
lipopolysaccharide, and to evaluate whether an ethanol
extract of Phaleria macrocarpa fruit modulates the
induced IL-6 mRNA response.
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MATERIALS AND METHODS OF RESEARCH

This study adhered to the Declaration of Helsinki
and was approved by the Institutional Ethics Committee
of the Faculty of Medicine, Universitas Indonesia
(No. KET-1415/UN2.F1/ETIK/PPM.00.02/2025).
Written informed consent was obtained for partici-
pation and PBMC sample collection.

Plant collection and extract preparation

The dried fruit of Phaleria macrocarpa was
obtained from a sample collected by the National
Research and Innovation Agency (BRIN). The plant
determination was done by the Traditional Medicine
Raw Material Standardization Laboratory, BRIN
(Voucher Number: 6449-244096-1).

Approximately 166.8 g of the powdered sample
was sequentially extracted by maceration in 70%
ethanol for 4 days at ambient temperature, with
periodic shaking. The extract was then concentrated
under reduced pressure using a rotary evaporator
(Buchi Laboratorium-Technik AG, Flawil, Switzer-
land) at 45°C until all solvent was removed, yielding
the dried crude extract.

Phytochemical analysis

The bioactive compounds of the Phaleria macro-
carpa fruit extract were analyzed using phytoche-
mical screening. The test procedures involved the
examination of alkaloids, phenols, flavonoids,
saponins, tannins, and terpenoids [21, 22].

High-performance  liquid  chromatography
(HPLC) analysis

HPLC analysis was performed to confirm the
presence of phalerin and mangiferin as markers for
Phaleria macrocarpa fruit ethanol extracts. The study
was conducted using a Waters HPLC 2695 Alliance
system equipped with a photodiode array detector
(2998). Chromatographic separation was achieved on
a Symmetry C18 column. Sample solutions were
filtered through a 0.22 ym membrane filter and
injected into the column in a 30 pL volume. For
phalerin, isocratic separation was performed using
acetonitrile and water (63:35, v/v) as the mobile phase
at 35°C, a flow rate of 0.9 mL/min, and detection at
220 nm. Mangiferin analysis was conducted using a
mobile phase consisting of methanol and 0.5% formic
acid (30:70, v/v). The chromatographic conditions
were as follows: column temperature, 40°C’ flow rate,
1.0 mL/min; and detection at 257 nm [18, 19].

PBMC isolation

Human peripheral blood mononuclear cells were
isolated from venous blood of healthy adult
volunteers. Eligibility criteria for donors were healthy
men or women aged 18-45 years, blood group O, who
received at least two doses of the COVID-19 vaccine.
Individuals with confirmed diabetes mellitus were
excluded. PBMCs were obtained from two healthy

110

female donors. Three experimental replicates were
performed and should be interpreted as technical
replicates. A blood volume of 15 mL was collected
from each donor at each collection.

Whole blood was diluted 1:1 with cold Dulbecco's
phosphate-buffered saline (DPBS, Gibco, Cat
No. 14190-144) and layered over an equal volume of
density-gradient medium (Ficoll-Paque™ PLUS,
Cytiva, Cat No. 17144003) [13]. Samples were centri-
fuged at 2,500 rpm for 30 minutes. The PBMC layer
was collected, washed twice with cold Dulbecco's
phosphate-buffered saline (DPBS, and centrifuged at
1,200 rpm for an additional 10 minutes at room
temperature. The isolated pellets were resuspended in
1 mL of cold DPBS. Cell count was determined using
a hemocytometer, and viability was assessed by trypan
blue exclusion. Samples with >90% viability were
selected for downstream experiments [23].

PBMC culture, glucose conditioning, and hyper-
inflammatory stimulation

PBMCs were cultured in complete medium
consisting of RPMI-1640 (Gibco, Cat No. 11875-
093) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma-Aldrich, Cat No. F9665) and
1% penicillin-streptomycin  (Sigma-Aldrich, Cat
No. P4333). Cells were incubated for 2 h at 37°C in a
humidified 5% CO,atmosphere. Afterward, adherent
cells were separated from the non-adherent ones [24].
Adherent PBMCs were seeded at a density of
1.5x108cells per well in high-glucose medium and
incubated overnight.

PBMCs were cultured in high-glucose medium
conditioned for 2 hours by supplementing the culture
media with glucose at 5.5, 15, 25, or 30 mM. The
resulting glucose concentrations in culture super-
natants were measured spectrophotometrically at
500 nm using the Glucose GOD FS assay (DiaSys,
Cat. No. 1 2500 99 83 021). Based on these measu-
rements and the corresponding IL-6 mRNA response,
15 mM glucose supplementation was selected for
subsequent experiments.

To induce a hyperinflammatory condition, adhe-
rent PBMCs were subsequently stimulated with
SARS-CoV-2 spike protein (RayBiotech, Cat
No. 30-01101-10) for 2 hours, followed by lipopo-
lysaccharide (LPS) (Sigma-Aldrich, Cat No. L2880)
at 10 ng/mL for 24 hours. Spike protein exposure was
maintained during the LPS phase. An overview of the
study workflow is presented in Figure 1.

Treatment with Phaleria macrocarpa extract

Adherent PBMCs were treated with varying
concentrations of Phaleria macrocarpa fruit ethanol
extract (12.5, 25, and 50 ug/mL) or dexamethasone
(50 mg/mL) for 24 hours. Dexamethasone (Infalabs,
B0120206) served as a positive anti-inflammatory
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control. Vehicle controls contained dimethylsulfoxi-
de (Sigma-Aldrich, Cat No. D2650) at the same final
concentrations as treatment groups. Phaleria macro-
carpa fruit extracts or dexamethasone were added
after sequential PBMC stimulation with SARS-CoV-
2 spike protein and lipopolysaccharides (Fig. 1).

Interleukin-6 mRNA gene expression

For gene expression analysis, cells were harvested
after 24 h, and total RNA was isolated using the
Quick-RNA™ Miniprep Plus Kit (Zymo Research,
Cat No. R1058). Total RNA was reverse-transcribed
into cDNA using the ReverTra Ace® RT-qPCR Master
Mix with gDNA remover (Toyobo, Cat No. FSQ-
301), following the manufacturer's instructions.
Relative mRNA expression was quantified using the
comparative method, with B-actin serving as the
internal reference gene. Real-time PCR was
performed using the SensiFAST SYBR® No-ROX
(Biolane, Cat No. BIO-98005) on a MiniOpticon
instrument (Bio-Rad). Primer sequence used for
Interleukin-6 (IL-6): Forward:

keeping gene, B-actin was used, with primer sequen-
ces: Forward: ACAGGATGCAGAAGGAGATTAC,;
Reverse: ATAGAGCCACCAATCCACAC. The
data threshold (CT)
values automatically generated by the
software. Relative mRNA expression levels
were calculated using the Livak (2 AACt)
method [25].

Data analyses

Data are presented as the median and interquartile
range (IQR). Differences between groups were tested
using the Kruskal-Wallis test, followed by the Mann-
Whitney U test. A p-value less than 0.05 was
considered significant at the 95% confidence level.
Because of the limited number of PBMCs used in this
experiment, the analysis was considered preliminary.
The experiment was conducted in three replicates and
served as a technical control. All inferential statistics
should be interpreted with caution and regarded as
exploratory. Plots were created using GraphPad

consisted of cycle
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Fig. 1. Overview of the study workflow: (a) Blood samples were collected from patients using standard
venipuncture procedures; (b) PBMCs were isolated by density-gradient centrifugation using Ficoll-Paque;
and (c) isolated PBMCs were cultured and sequentially stimulated to establish an exploratory inflammatory
model. Cells were first cultured under high-glucose conditions, then exposed to the SARS-CaoV-2 spike protein
and lipopolysaccharide (LPS). PBMCs were then treated with Phaleria macrocarpa fruit extract for 24 h.
After treatment, total RNA was isolated for gene expression analysis
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RESULTS AND DISCUSSION

Phytochemical profile and extraction yield

The ethanol extraction of 166.8 g of Phaleria
macrocarpa fruit powder yielded 56.7 g of dried
extract, corresponding to an extraction yield of 34%.
Qualitative phytochemical screening (Table 1) indi-
cated the presence of alkaloids, phenols, flavonoids,
saponins, tannins, and triterpenoids. This broad
phytochemical profile is consistent with the reported
pharmacological potential of P.macrocarpa and
supports its evaluation in anti-inflammatory assays in
various conditions [26, 27, 28].

References in previous studies indicate that pha-
lerin and mangiferin are the two main components

and markers of Phaleria macrocarpa extracts [29,
30, 31]. Therefore, we conducted a targeted HPLC
analysis using the reference compounds phalerin and
mangiferin. The results showed that the Phaleria
macrocarpa fruit ethanol extract contained phalerin
as the main compound at 3710 ng/mL (17.04%) and
mangiferin, a bioactive compound with antidiabetic
properties, at 82.17 ng/mL (2.93%). Studies have
shown that Phaleria macrocarpa extracts rich in
phalerin and mangiferin exert antidiabetic and anti-
inflammatory activities [27, 30, 31, 32], thereby sub-
stantiating their use in hyperinflammatory condi-
tions aggravated by hyperglycemia.

Table 1

Phytochemical test results of Phaleria macrocarpa fruit ethanol extract

Types of qualitative tests

Results

Alkaloids
Phenols
Flavonoids
Saponins
Tannins

Triterpenoids

Note. (+) shows the presence of the phytochemical constituent.

Selection of a high-glucose culture condition

Glucose concentrations in culture supernatants
were evaluated under the specified glucose conditions
and are presented in Table 2. Among the four glucose-
supplementation conditions tested, the 15mM
glucose-supplemented medium yielded a supernatant
glucose concentration of 358 mg/dL, which cor-
responds to the hyperglycemic range. When peripheral

blood mononuclear cells were incubated for 24 hours
under 15 mM glucose-supplemented conditions, IL-
6 MRNA expression increased by about 1.80-fold
compared with control (Fig.2, a). Accordingly,
15mM glucose was selected for subsequent expe-
riments because it produced a measurable IL-6 mMRNA
response and represented exposure above the physiolo-
gical reference of 5.5 mM.

Table 2

Glucose concentrations in PBMC culture media
after supplementation with varying glucose concentrations

Concentrations of glucose supplementation

Supernatant glucose concentrations after 24-hour treatment

in culture media (mM)

in mM in mg/dL
55 14.15 257.23
15 19.73 358.60
25 28.82 524.04
30 32.10 578.41
112 Ha ymosax niyensii CC BY 4.0 -
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Proinflammatory response to SARS-CoV-2 spike
protein and lipopolysaccharides

In the present study, IL-6 mMRNA expression was
assessed as a marker of the acute proinflammatory
response. Stimulation of PBMCs with the SARS-
CoV-2 spike protein at 12.5 ng/mL for 24 hours
resulted in about an 18-fold increase in IL-6 expres-
sion compared with the control group (Fig. 2, b).
Thus, the SARS-CoV-2 spike protein at 12.5 ng/mL
was selected for sequential stimulation because it
elicited the highest IL-6 response in this step.

Mechanistically, the SARS-CoV-2 spike protein
activates proinflammatory signaling in immune cells.
A study by Olajide et al. showed that high—dose
SARS-CoV-2 S1 spike protein significantly increases
secretion of TNF-a, IL-6, IL-1, and IL-8, along with
upregulation of NF-xB signaling pathways [33].
Similar increases in IL-1 and IL-6 expression have
been observed in PBMCs from patients with immune-
mediated hearing loss (IMHL) stimulated with the
SARS-CoV-2 spike protein at 12 ng/mL [34]. Prior
ex vivo studies also indicate that the spike protein acts
synergistically with low-dose LPS to enhance TNF-
and IL-1 production [35]. Additionally, in silico
studies have reported that the SARS-CoV-2 spike
protein can bind not only to the angiotensin-
converting enzyme 2 receptor but also to TLR4, a
key receptor for lipopolysaccharide, potentially
intensifying downstream inflammatory signaling
[36]. However, receptor engagement and downstream
pathway activation were not directly assessed in the

present study; therefore, these mechanisms should be
interpreted as literature-supported hypotheses rather
than confirmed findings.

To induce a hyperinflammatory state, lipopoly-
saccharide (LPS) was added to the culture medium to
stimulate the innate immune response in PBMCs.
LPS, a structural component of Gram-negative
bacteria, a potent activator of the innate immune
system and widely used in experimental models of
inflammation because it mimics cytokine-mediated
inflammatory responses. Upon interaction with innate
immune cells, particularly monocytes and macro-
phages, LPS stimulates the production of proinflam-
matory cytokines and chemokines, thereby contri-
buting to host defense mechanisms [37]. Toll-like
receptor 4 (TLR4) is the primary receptor for LPS
recognition and signal transduction. Binding of LPS to
TLR4 activates NF-xB through recruitment and
activation of MyD88, IL-1 receptor—associated Kinase
(IRAK), TNF receptor-associated factor 6 (TRAF6),
and NADPH oxidase (Nox). NF-«B plays a central role
in regulating the transcription of genes related to innate
immunity and inflammatory responses [24].

Our results showed that PBMCs stimulated with
LPS at 10 ng/mL had the greatest increase in IL-6
MRNA expression (Fig. 2, ¢). These findings align
with previous studies showing that LPS stimulates the
production of proinflammatory cytokines and chemo-
kines in innate immune cells. Even low concen-
trations of LPS have been shown to induce IL-6 and
TNF-a production [37].
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Fig. 2. Interleukin-6/actin mRNA expression stimulation with (a) high glucose;
(b) SARS-CoV-2 spike protein; (c) lipopolysaccharides.
Results are presented as median (interquartile range)
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Activity of dexamethasone or Phaleria macro-
carpa fruit extract on IL-6 expression in lipopo-
lysaccharide-induced conditions

In the lipopolysaccharide-induced model
(10 ng/mL), dexamethasone reduced IL-6 mMRNA
expression, with the greatest reduction at 50 ng/mL
(Fig. 3, a). This effect is consistent with the known
ability of glucocorticoids to suppress inflammatory
gene transcription [38]. However, glucocorticoid re-
ceptor signaling and nuclear factor-kxB (NF-«xB) activa-
tion were not directly measured in this experiment.

Treatment with Phaleria macrocarpa fruit ex-
tracts at several concentrations after LPS stimulation
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at 10 ng/mL generally reduced IL-6 mRNA expres-
sion compared with the stimulated control (Fig. 3, b).
However, the pattern was not entirely consistent. This
variability may be attributable to the complex and
heterogeneous chemical composition of herbal
extracts, in which observed effects may result from
the combined interactions of multiple constituents
[39]. Therefore, these findings should be interpreted
as a preliminary indication of an IL-6 mRNA-
suppressive signal, suggesting that Phaleria macro-
carpa fruit extract contains components that may
attenuate LPS-induced IL-6 upregulation.
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Fig. 3. Interleukin-6/B-actin mMRNA expression after stimulations with (a) lipopolysaccharides 10 ng/mL
and dexamethasone 50, 100, or 200 ng/mL; (b) lipopolysaccharides 10 ng/mL
and Phaleria macrocarpa (PM) fruit extract 6.25, 12.5, 25, 50, or 100 pg/mL.
Results are presented in median (interquartile range)

Cell viability assessment and determination of
non-cytotoxic conditions

To confirm that changes in inflammatory
markers were unaffected by the treatment's cytotoxic
effects, cell viability was evaluated under the
designated inflammatory stimulation and treatment
conditions. The stimulatory agents (glucose, SARS-
CoV-2 spike protein, and lipopolysaccharides) and
the treatment agents (dexamethasone and Phaleria
macrocarpa fruit extract) were assessed for their
effects on PBMC viability. None of the treatments
showed a significant reduction in cell viability
compared with the control cells, and the average cell
viability remained above 80% (Fig. 4).
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The results suggest that the stimulation treatments
used in subsequent analysis were unlikely to account
for the observed effects on IL-6, indicating that these
effects were unlikely to result from a significant loss
of viable cells.

Suppression of I1L-6 MRNA expression by Pha-
leria macrocarpa extracts in the combined spike
protein and lipopolysaccharide model under high-
glucose conditions

Figure 5 addresses the central objective of estab-
lishing an inflammatory model that incorporates both
infection-associated stimuli and a high-glucose con-
dition, and then applying it to the early screening of
drug candidates.
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Fig. 4. Percentage of viable PBMC after treatment with stimulatory or treatment agents.
(a) stimulatory agents: glucose 15 mM, SARS-CoV-2 spike protein 12.5 ng/mL; lipopolysaccharide 10 ng/mL;
combination of SARS-CoV-2 spike protein 12.5 ng/mL and LPS 10 ng/mL; or combination of glucose 15 mM,
SARS-CoV-2 spike protein 12.5 ng/mL, and LPS 10 ng/mL; (b) treatment agents: dexamethasone 50 ng/mL,
Phaleria macrocarpa (PM) fruit extract 50 ug/mL, or Phaleria macrocarpa (PM) fruit extract 50 pg/mL.
Results are presented as median (interquartile range)

Hyperglycemia is a common feature of poorly
controlled diabetes, prompting investigation into how
immune cells pre-exposed to elevated glucose levels
respond to inflammatory stimuli. A previous study
modeled this clinical context by pre-incubating
PBMCs with graded glucose concentrations (5.5, 8, 16,
and 24 mM) for 48 h, followed by stimulation with the
TLR3 agonist poly(I: C) (20 pg/mL) for an additional
24 h. Hyperglycemia has been reported to increase
proinflammatory cytokine production while impairing
type | interferon generation and signaling, mechanisms
that may exacerbate inflammatory responses and
weaken antimicrobial defenses in diabetes [40].

Additionally, hyperglycemia has been reported to
predispose monocytes/macrophages to a proinflam-
matory phenotype by increasing oxidative stress and
enhancing NF-kB signaling, thereby intensifying
responses to toll-like receptor 4 (TLR4) ligands,
including lipopolysaccharide [40]. The combined use
of high glucose, the SARS-CoV-2 spike protein, and
lipopolysaccharide is therefore a biologically
plausible experimental model of hyperglycemia, in
which chronic metabolic stress may lower the
threshold for cytokine production. However, the
model should not be considered a full replication of
diabetes-associated COVID-19 hyperinflammation.

Consistent with the above concept, increasing in
vitro glucose concentrations from 5 to 25 mmol/L had
only marginal effects on cytokine release after stimu-

26/ Tom XXXI/2

lation with M. tuberculosis lysate, LPS, or Candida
albicans. In contrast, exposure to 40 mmol/L glucose
markedly increased production of TNF-a, TL-1f, IL-
6, and IL-10. Notably, IL-6 and IL-1p increased in a
dose-dependent manner, whereas T-cell-derived
cytokines showed greater variability. Collectively,
these findings support the concept that substantial
hyperglycemia can amplify inflammatory signaling
in immune cells [41].

Stimulation with the SARS-CoV-2 spike protein
in combination with LPS under high-glucose con-
ditions resulted in elevated IL-6 expression compared
with PBMCs maintained in control medium. These
findings suggest that elevated glucose may enhance
IL-6 mRNA responses to infectious or inflammatory
stimuli in this experimental system. The observed
response is consistent with the previous literature on
spike protein-LPS interaction [42]. However, because
nuclear factor kappa B (NF-«B), TLR4, MAPK,
and related pathways were not directly measured, the
mechanism cannot be confirmed by the present data.
Treatment with the Phaleria macrocarpa fruit
ethanol extract resulted in concentration-dependent
suppression of IL-6 expression in the inflammatory
PBMC model. This attenuation was comparable to
that of dexamethasone, the positive control, thereby
substantiating the preliminary data indicating that
Phaleria macrocarpa fruit extract may inhibit IL-6
expression under the combined condition.
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Fig. 5. Effect of Phaleria macrocarpa fruit extract on

IL-6/g-actin mRNA expression in PBMCs induced

with SARS-CoV-2 spike protein and LPS under high-glucose conditions. Treatments: High glucose (15 mM);
SARS+LPS: SARS-CoV-2 spike protein 12.5 ng/mL + lipopolysaccharides 10 ng/mL; High glu+SARS+LPS:
glucose 15 mM + SARS-CoV-2 spike protein 12.5 ng/mL + lipopolysaccharides 10 ng/mL;

High glu+SARS+LPS+PM 12.5: glucose 15 mM + SARS-CoV-2 spike protein 12.5 ng/mL + lipopolysaccharides
10 ng/mL + Phaleria macrocarpa fruit extract 12.5 pg/mL; High glu+SARS+LPS+PM 25:

glucose 15 mM + SARS-CoV-2 spike protein 12.5 ng/mL

+ lipopolysaccharides 10 ng/mL + Phaleria macrocarpa

fruit extract 25 ng/mL; High glu+SARS+LPS+PM 50: glucose 15 mM + SARS-CoV-2 spike
protein 12.5 ng/mL + lipopolysaccharides 10 ng/mL + Phaleria macrocarpa fruit extract 50 pg/mL;
High glu+SARS+LPS+Dex: glucose 15 mM + SARS-CoV-2
spike protein 12.5 ng/mL + lipopolysaccharides 10 ng/mL + dexamethasone 50 ng/mL.
Results are presented as the median (interquartile range)

Taken together, these results (Fig. 5) demonstrate
that the ethanol extract reduced IL-6 mRNA expres-
sion induced by the SARS-CoV-2 spike protein and
LPS under high-glucose conditions. This finding
aligns with prior reports that P. macrocarpa contains
bioactive constituents, such as alkaloids, flavonoids,
phenalics, sterols, and terpenoids, which may inhibit
IL-6 production and therefore possess potential anti-
inflammatory activity relevant to inflammation
associated with viral infections and hyperglycemia
[43-46]. However, the present study did not identify
which constituent was responsible for the observed
effect and did not assess IL-6 at the protein level.

Our findings support the feasibility of a peripheral
blood mononuclear cell inflammatory platform in-
corporating high-glucose exposure. SARS-CoV-2
spike protein and lipopolysaccharide, when combined
with high-glucose exposure, enhanced inflammatory
responses. Additionally, initial evidence suggests that
Phaleria macrocarpa fruit ethanol extract may re-
duce IL-6 mRNA expression in this system. Dexa-

methasone, used as a control, produced a similar
suppression of IL-6 mMRNA expression, consistent
with its known anti-inflammatory pharmacology
[38]. However, comparisons with dexamethasone
should be interpreted with caution because only IL-6
MRNA expression was measured, and no protein-
level or pathway-specific validation was performed.

The present study remains an early-stage explo-
ratory experiment because its primary endpoint is a
single messenger of RNA marker. To improve
mechanistic and translational relevance, subsequent
studies should validate effects at the protein level,
such as IL-6 concentrations in the supernatant; in-
corporate additional inflammatory mediators, inclu-
ding TNF-qa, IL-1B, interferon responses, and oxida-
tive stress markers; and improve the interpretability
of extracts through analytical standardization
and/or fractionation.

The fruit of Phaleria macrocarpa contains
phenolic and flavonoid compounds, including man-
giferin and phalerin, that have been reported to
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influence inflammatory signaling and oxidative stress
in preclinical studies [12, 29, 31]. The current study
did not identify a single active constituent. Therefore,
any proposed involvement of upstream pathways,
such as NF-kB or mitogen-activated protein kinase
cascades, remains hypothetical and should be tested
directly in future work using pathway-specific assays
[47]. Chemical standardization, such as high-per-
formance liquid chromatography profiling, will be
crucial for ensuring repeatability and facilitating
future translation.

From a translational standpoint, the use of primary
human immune cells offers advantages over immor-
talized cell lines; however, inter-donor variability and
limited biological replicates pose significant limi-
tations. This study has several limitations. First,
PBMCs were obtained from only two healthy female
donors; therefore, donor-to-donor variability, sex-
related immune differences, and generalizability
could not be adequately assessed. Second, IL-6
mMRNA expression was the sole inflammatory end-
point, and no other inflammatory markers, such as
TNF-0, IL-1B, or interferons, were measured. Finally,
the findings are based on an in vitro model and should
not be interpreted as evidence of clinical efficacy in
COVID-19, diabetes, or diabetes-associated hyperin-
flammation. Subsequent research should involve a
broader, more heterogeneous donor population, pro-
tein-level multiplex cytokine assays, and an expanded
endpoint panel and functional pathways.

CONCLUSIONS

1. This exploratory study established an in vitro
inflammatory model using human peripheral blood
mononuclear cells exposed to elevated glucose levels,

subsequently stimulated with the Severe Acute
Respiratory Syndrome Coronavirus-2 spike protein
and lipopolysaccharides, with interleukin-6 mRNA
expression as the primary marker of effect.

2. Phaleria macrocarpa fruit ethanol extract
reduced the interleukin-6 mRNA expression at non-
cytotoxic concentrations under the tested conditions.
Due to the limited number of PBMC donors, this data
should be considered preliminary.

3. Asubsequent study using a larger, sex-balanced
donor population, broader anti-inflammatory end-
points, and chemical standardization is needed before
this cell-based platform can be applied to screen anti-
inflammatory candidates under conditions of elevated
glucose exposure.
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