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Abstract—Polygallic acid (PGAL) has been used in vitro to protect synoviocytes from
monosodium urate (MSU) crystals due to its anti-inflammatory properties. However, MSU
crystals can also activate other cells of the synovial fluid (SF). We studied the impact of
PGAL on the phagocytosis of MSU crystals, inflammation, and oxidative stress using an
in vitro model with SF leukocytes and THP-1 monocyte cells. SF leukocytes were stimu-
lated with PGAL and MSU crystals, proinflammatory cytokines and phagocytosis were
assessed. In THP-1 cells, the effect of PGAL on the phagocytosis of MSU crystals and the
levels of IL-1p, IL-6, TNF-a, and reactive oxygen species (ROS) was evaluated. PGAL was
added to THP-1 cultures 24 h before MSU crystal addition as a pre-treatment, and IL-1
was measured. One-way ANOVA with Tukey’s post hoc test was performed, and a P value
< 0.05 was considered statistically significant. PGAL (100 pg/mL) decreased phagocytosis
in SF leukocytes by 14% compared to cells exposed to crystals without PGAL. In THP-1
cells, 100 and 200 pg/mL PGAL reduced phagocytosis by 17% and 15%, respectively. In
SF cells, there was a tendency to decrease IL-1f and IL-6. In THP-1 cells, decreases in
IL-1p and TNF-a, as well as a slight decrease in ROS, were identified. PGAL pre-treatment
resulted in a reduction of IL-1B. PGAL inhibits MSU phagocytosis by exerting an anti-
inflammatory effect on cells exposed to crystals. The use of PGAL before an acute attack
of gout suggests an important protective factor to control the inflammation.
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INTRODUCTION

Gout is a chronic and disabling disease with a
prevalence ranging from < 1 to 6.8% and an incidence
of 0.58 to 2.89 per 1000 person-years. These rates vary
according to the population studied and the methods used
for its evaluation, and these values have increased due to
lifestyle-related factors. [1, 2]. Gout causes severe joint
pain and is produced by the deposition of monosodium
urate crystals (MSU), which are the crystalline form of
uric acid (UA), in the joints and soft tissues [3]. UA is
soluble in plasma at concentrations < 7 mg/dL, but it
crystallizes when it exceeds its saturation point, generat-
ing a state of hyperuricaemia, which plays a key role in
the development of gout [4].

The pathophysiology of gout involves the recogni-
tion of these crystals by cells of the innate immune system
and their phagocytosis through Toll-like cytosolic recep-
tors (TLR)-2 and TLR-4 on monocytes/macrophages.
This phagocytosis activates signalling pathways lead-
ing to inflammation. Acute joint inflammation or flares
are triggered by the phagocytosis of MSU crystals by
macrophages, which can activate the NOD-like recep-
tor protein 3 (NLRP3) inflammasome [5]. Macrophage
activation promotes the translocation of nuclear factor-
kappa B (NF-kB), inducing the expression of pro-IL1f
and activating ASC, NLRP3, and procaspase-1 proteins
[6], which transform the precursor (pro-IL1f) into its
active form IL-1p [7]. Additionally, IL-6, TNF-a, and
chemokines such as CCL2 are released, recruiting other
cells, including neutrophils [8, 9]. Oxidative stress is
induced by reactive oxygen species (ROS) and reac-
tive nitrogen species, primarily produced by neutrophils
through NADPH oxidase, which can be assembled in the
plasma membrane, and intracellular vesicle membranes
[10]. Excessive ROS production plays a significant role
in the development of acute gout, particularly promoting
IL-1p production. The phagolysosomes formed undergo
destabilization due to ROS, cytokines release, and mye-
loperoxidase, resulting in inflammation and oxidative
stress leading to pyroptosis [11, 12]. The production of
ROS is also influenced by TLR signalling through mye-
loid differentiation protein (MyD88), and NF-xB, as well
as a reduction in intracellular ATP and depolarization of
the mitochondrial membrane [13, 14].

Recent experimental and translational research has
focussed on understanding the pathophysiology of gout
and developing preventive strategies, aiming to contrib-
ute to the knowledge about its molecular mechanisms

and discover new therapies. Bioactive compounds with
antioxidant properties have been investigated for the
treatment gout [15]. Polygallic acid (PGAL) has gained
attention as an anti-inflammatory molecule with poten-
tial therapeutic applications in autoimmune diseases with
inflammatory process [16], and recently against gout
[17]. PGAL is synthesized by the polyoxidation of gal-
lic acid using laccase in aqueous buffer media [18, 19],
provides a highly water-soluble anionic and stable mul-
tiradical polymer (ca. 6000 Da) [20]. PGAL has shown
cytoprotective effects against MSU crystals and anti-
inflammatory properties in synoviocytes. These effects
are likely due to electrostatic interaction of PGAL with
the cell membrane, and hydrogen bonding to MSU crys-
tals, preventing phagocytosis [17]. As the synovial fluid
(SF) is the primary where crystals exert their inflam-
matory potential, studies are conducted to identify sub-
stances that may modulate crystal-induced inflammation
[21]. MSU crystals stimulate monocytes to induce IL-6 or
IL-8, factors involved in neutrophil migration [22]. Both
cells types involved in the immune response to MSU crys-
tals in the SF. Therefore, it is necessary to corroborate
their biological effects and highlight PGAL as an adju-
vant to gout therapy. This study aims to describes the
effect of PGAL on the response of monocytes to MSU
crystals, including SF, and to test its antiphagocytic, anti-
oxidant, and anti-inflammatory properties as a potential
therapeutic agent against gout.

METHODS

SF was obtained by arthrocentesis of inflamed
knees of outpatients (n = 5) who were not taking medica-
tion, and they were diagnosed with indeterminate arthri-
tis. These patients were attended to at the outpatient clinic
of the Rheumatology Service of the Instituto Nacional
de Rehabilitacién Luis Guillermo Ibarra Ibarra (INR-
LGII) in Mexico City (Mexico). SF was analysed as part
of our routine procedures and examinations, including
light microscopy for determining the total white blood
cell count using a Neubauer chamber (Brand, Germany)
[23]. We searched for crystals using compensated polar-
ized light microscopy (Olympus BH2-RFCA, Japan,
T2-102880). SF displayed 19,020 + 10,352.5 leukocytes/
mm°. The SF samples were obtained from patients with
an average age of 48.6 + 12.3 years old, of whom 80%
were female. Protocol was reviewed and approved by the
research committee of INRLGII, number 27/20. For the
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in vitro model, the human leukemic monocytic cell line
THP-1 was obtained from the American Type Culture
Collection (Rockville, MD, USA). PGAL was enzymati-
cally synthesized as described elsewhere [18].

SF Cell Culture and Stimulation with PGAL
and MSU Crystals

Each SF sample was centrifuged for 5 min at 3800
rpm, and the supernatant was separated. The leukocytes
were stratified into four groups, each consisting of 1 X
10° cells, the control group were cells grown in Roswell
Park Memorial Institute (RPMI) 1640 medium sup-
plemented with 2% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic (AA) (Gibco, Life Technologies
Corporation). Another group of cells was stimulated with
sterile MSU crystals (0.100 mg/mL; #15D14-MM Invivo-
Gen) for 24 h. The third group were leukocytes exposed
to 100 and 200 pg/mL of PGAL and 0.1 mg/mL of MSU
crystals. The fourth group, the vehicle control, had cells
exposed to 100 and 200 pg/mL of PGAL in RPMI at 2%
of SFB and 1% AA for 24 h. All cells were incubated at
37 °C and with 5% CO,. Supernatant was collected to
quantify IL-1p, TNF-a, IL-6, and the MSU phagocytosis
index was quantified in cells [23]. This procedure was
performed for each of SF sample.

THP-1 Cell Culture and Stimulation with PGAL
and MSU Crystals

Monocytes were cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% AA (Gibco, Life
Technologies Corporation) at 37 °C and with 5% CO,,
and the medium was changed every 3 days until conflu-
ence. Cells were primed for 3 h with phorbol myristate
acetate (PMA-NF-kB activator #05B09-MT; InvivoGen)
at 100 ng/mL, followed by overnight incubation in RPMI
medium supplemented with 10% FBS and 1% AA. THP-1
cells were stratified into four groups, with 1 x 10° cells
each group. Control group consisted of THP-1 cells
primed with PMA in RPMI-1640 supplemented with 2%
FBS and 1% AA. The second group was stimulated with
0.1 mg/mL MSU crystals for 24 h. The third group were
THP-1 cells exposed to 100 and 200 pg/mL PGAL and
0.1 mg/mL MSU crystals. The fourth group of cells was
exposed to 100 and 200 pg/mL PGAL in RPMI at 2%
FBS and 1% AA for 24 h. The cells were used for calcein-
ethidium viability assays, oxidative stress analysis, and
MSU phagocytosis assays. Proinflammatory cytokines
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were assessed in the culture supernatants. To evaluate the
protective effect of PGAL, cells primed with PMA were
treated with 100 and 200 pg/mL PGAL for 24 h, and then
exposed to MSU crystals for 24 h. IL-1f was quantified
in the supernatants.

Assessment of Inflammatory Status

IL-1f, IL-6, and TNF-a were quantified using the
commercial Peprotech Human Standard ABTS ELISA
Development Kit # 900-K95, 900-K16, and 900-K,
respectively. 100 uL of the supernatant from the in vitro
model with SF leukocytes and from the THP-1 experi-
ments were placed in 96-well microplates (Elisa plate,
Nest 515201) previously coated overnight with the corre-
sponding antibodies, following the manufacturer’s instruc-
tions. Results were compared against standard curves of
IL-1B, IL-6, and TNF-a and are expressed in pg/mL.

Determination of MSU Phagocytosis

The effect of PGAL on MSU phagocytosis was
analyzed through their internalization by SF leukocytes
and THP-1 monocytes exposed to PGAL, and crystals for
24 h. To identify the internalization of MSU crystals, a
cell suspension (50 uL) was placed on a slide previously
cleaned with 70% ethanol. Cells were visualized using
polarized and compensated light microscopy (Olympus
BH2-RFCA, Japan, T2-102880) with a 40X objective. A
total of 100 cells were counted. The percentage of cells
with at least one MSU in their interior was calculated
relative to the total number of cells examined. This per-
centage is referred to as the phagocytosis index [24].

Analysis of Cell Viability and Death

Cellular viability for THP-1 monocytes was eval-
uated after 24 h with the designated stimuli using the
Live/Dead kit (Viability/Cytotoxicity, Thermo Fisher),
following the manufacturer’s recommendations. Mono-
cytes were collected in the wells of the culture plates and
centrifuged for 5 min at 3800 rpm. The supernatant was
removed, and cell pellet washed with PBS (1x) with-
out calcium, and w/o magnesium (Biowest). Cells were
resuspended in Hanks’ balanced solution containing 1
UM calcein and 2 uM ethidium homodimer (EthD-1) and
incubated for 45 min at 37 °C in 5% CO, and 95% humid-
ity atmosphere. After incubation, cells were washed
with PBS, resuspended, and their emitted fluorescence
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measured using a BD FACSAria III flow cytometer. The
results were expressed as the percentage (%) of calcein-
or ethidium homodimer-positive cells. Epifluorescence
micrographs were obtained using an Evos epifluores-
cence microscope (Life Technologies Corp Bothell, WA,
USA L1113-178C-173).

Assessment of Oxidative Stress Status

Oxidative stress was evaluated by measuring intra-
cellular ROS using the CellROX Deep Red Reagent
(Molecular Probes, Life Technologies C10422). THP-1
cells, after being primed with PMA, were treated with
PGAL at the indicated concentrations and stimulated
with MSU crystals for 24 h. CellROX Deep Red Rea-
gent (5 uM) was added to the cells and incubated for 30
min at 37 °C, protected from light. Then, the medium
was removed, and the cells were washed using PBS.
Fluorescence was measured at 644/665 nm using a BD
FACSC Calibur flow cytometer, according to the manu-
facturer’s instructions. Data analysis was performed
based on fluorescence intensities expressed as arbitrary
fluorescence units (AFU) relative to the control. Cell
micrographs were obtained using an Evos fluorescence
microscope (Life Technologies Corp Bothell, WA, USA
L1113-178C-173).

Statistical Analysis

All assays using THP-1 cells were performed in
triplicate, and all assays with leukocytes from SF were
performed with cells from at least 5 different patients.
Results were grouped for one-way ANOVA with Tukey’s
post hoc test. A P value < 0.05 was used to identify sig-
nificant differences using a Prism V.9.5.1 (528) software
(GraphPad Prism).

RESULTS

Effect of PGAL on MSU Phagocytosis by SF Cells

Experiments were conducted to assess the effect
of MSU crystals on synovial cell phagocytosis, which
displayed a phagocytosis index of 26 + 8.67% after 24 h
of exposure. However, the addition of 100 pg/mL PGAL
resulted in a significant decrease in the phagocytosis
(12.75 + 7.8%). No significant effect on phagocytosis
inhibition was observed at the dose of PGAL (200 pg/

Fig. 1 Effect of PGAL on MSU phagocytosis in SF. PGAL inhib- »
its MSU phagocytosis in SF cells. In cells without PGAL, a greater
number of cells were observed with at least one internalized crystal.
Images were taken with a 20X objective (n = 5). Bars show quanti-
fication of % MSU phagocytosis. Phagocytosis was determined with
polarized and compensated light microscopy. Values are expressed as
the mean + standard deviation. *P < 0.05. One-way ANOVA with
Tukey’s post hoc test.

mL), with a phagocytosis index of 25.5 + 13.7%, com-
pared to the urate group (Fig. 1).

Effect of PGAL on SF Cytokines

Variability in cell morphology was observed among
samples from human SFs across different treatments and
the control group. The cells exhibited rounded and het-
erogeneous shapes, with the majority being in suspension
and only a few showing adhesions. Upon the addition of
MSU crystals for 24 h, the presence of cell clusters and
cells with internalized crystals was observed. PGAL at
either dose in cells with MSU crystals, it induced cell
clusters, cells with phagocytosed crystals, showing adher-
ence to the culture dish. In cells exposed only to PGAL,
we observed an increase in adherence to the treated sur-
face of the culture plate at 100 pg/mL. However, there
were fewer adherent cells at 200 pg/mL of PGAL (Fig. 2).

SF leukocytes showed 215.75 + 82 pg/mL of
IL-1B. MSU crystals increased the production of IL-1p
to 746.75 + 286.58 pg/mL. This cytokine was inhibited
when PGAL was added to the SF leukocyte culture. At a
concentration of 100 pg/mL of PGAL, IL-1f quantifica-
tion was 602.25 + 357.65 pg/mL, and at 200 pg/mL of
PGAL, it was 432.75 + 389.96 pg/mL. However, neither
of these doses significantly reduced IL-1p generation.
PGAL doses used as vehicles produced 627.5 + 498.25
and 618 + 478 pg/mL, respectively (Fig. 2a).

Regarding the IL-6 response, the SF cells pre-
sented a baseline level of 2329.0 + 3293.7 pg/mL.
However, when exposed to MSU crystals, the IL-6
levels showed an increasing trend (41,88.0 = 2771.8
pg/mL). When 100 ug/mL PGAL was added, IL-6 dis-
played a downward trend to 2034.0 + 2876.5 pg/mL,
while at 200 ug/mL, IL-6 was not detected, similar
to that observed for the vehicle control group. Cells
treated with 100 pg/mL PGAL alone exhibited 474.0 +
670.3 pg/mL of IL-6, which is lower than the control
group. Meanwhile, at 200 pg/mL PGAL alone, IL-6 was
not detected, with non-statistically significant results
(Fig. 2b).
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«Fig. 2 Effect of PGAL on the inflammatory state of SF. SF leukocytes
stimulated with MSU crystals and PGAL for 24 h. The bars show the
quantification of IL-1p, IL-6, and TNF-« in SF cells (n = 5) exposed
to crystals and PGAL. Cytokines were identified by ELISA. Values
are expressed as the mean + standard deviation. *P < 0.05. One-way
ANOVA with Tukey’s post hoc test.

The levels of TNF-a showed a tendency to
increase in SF cells stimulated with MSU crystals com-
pared to those without stimulation (2316.7 + 1143.1
vs. 450.0 + 200.3 pg/mL). The presence of 100 pg/mL
PGAL within the cells displayed higher TNF-a concen-
tration than that for the MSU crystal group (3150.0 +
1425.0 vs. 2316.7 + 1143.1 pg/mL), although this was
not statistically significant. Similarly, with 200 pg/mL
PGAL, TNF-a was up to 2666.0 + 1319 pg/mL, against
2316.7 + 1143.1 pg/mL in cells stimulated with crys-
tals. Only PGAL at 100 pg/mL and 200 ug/mL induced
1133.3 + 801.4 and 2016.7 + 813.2 pg/mL, respectively
(Fig. 2¢).

Effect of PGAL on Crystal-Induced Cell Death
in THP-1 Cells

Due to the variability observed in studies using
human SF samples, we proposed an in vitro model using
THP-1 monocytes. Cell death increased by 24.15% in
THP-1 cells exposed to MSU crystals over the control
group (p < 0.05). In THP-1 cells exposed to 100 pg/
mL PGAL and MSU crystals, displayed 31 = 1.97%
cell death, which was similar to that encountered when
monocytes were exposed only to MSU crystals (30 +
4.66%). Cultures stimulated with 200 ug/mL PGAL
showed 29.5 + 5.58% cell death. When PGAL was
used as a vehicle, it induced 10.4 + 0.42% cell death.
Therefore, the highest concentration of PGAL (200 pg/
mL) induced only 6.6 + 1.13% cell death. Both doses
of PGAL used as vehicles did not induce a significantly
increase in cell death with respect to the control (Fig. 3).

PGAL on the Inflammatory Status of THP-1
Cells Exposed to MSU Crystals

Exposure of monocytes to MSU crystals for 24
h generated an increase of 476 pg/mL in IL-1f levels,
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considering a baseline of 259 + 302 pg/mL in THP-1
cells not exposed to MSU crystals. The presence of
PGAL at both doses reduced IL-1p when MSU crystals
were added to the cultures. At a concentration of 100 pg/
mL PGAL, the IL-1 decreased to 706 pg/mL; however,
at 200 pg/mL, IL-1p in the supernatants dropped to unde-
tectable levels (P < 0.05). PGAL doses used as vehicle
controls, 100 and 200 pg/mL, induced 139.75 + 270 and
162 + 273 pg/mL IL-1, respectively, compared to the
control cells (Fig. 4a).

The analysis of the IL-6 showed that the control
cells had a baseline concentration of 249.12 + 201 pg/
mL. When MSU crystals were added to the cultures,
IL-6 levels increased to 386.02 + 296.86 pg/mL. How-
ever, when 100 ug/mL PGAL was added to monocytes,
IL-6 decreased to 94.0 + 82.0 pg/mL, which was sim-
ilar to that with 200 ug/mL PGAL (94.8 + 164.3),
although this difference was not statistically signifi-
cant. PGAL at both doses used as vehicle controls did
not induce the production of IL-6 in the cultures, as
the levels of IL-6 were undetectable compared to the
basal production of this cytokine in the control group
(Fig. 4b).

TNF-a exhibited an increasing trend when MSU
crystals were added to the cultures (0.45 + 0.12 pg/
mL) compared to control group (0.08 + 0.15 pg/mL).
However, 100 pg/mL PGAL decreased this cytokine sig-
nificantly, to 0.08 + 0.06 pg/mL, although this decrease
was less pronounced at 200 pg/mL PGAL (0.406 + 0.35
pg/mL). Doses of 100 pg/mL and 200 pg/mL PGAL in
the control group decreased the concentration of TNF-o
to 0.01 + 0.03 and 0.07 + 0.12 pg/mL, respectively
(Fig. 4C).

PGAL as an Inhibitor of MSU Phagocytosis
by THP-1 Cells

THP-1 cells that were activated and exposed to
MSU for 24 h showed a phagocytosis index for MSU
of 69 + 5.65%. Cells that received PGAL, either 100 or
200 pg/mL, had significantly fewer cells that internalized
crystals. One hundred micrograms per milliliter of PGAL
resulted in a phagocytosis index of 52 + 5.73%, while at
200 pg/mL, the urate phagocytosis index was reduced to
54 + 8.26% (Fig. 5).
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Bioactivity of PGAL as an Antioxidant in ROS control cells. However, when THP-1 cells were exposed
Induced by MSU Crystals to 100 pg/mL of PGAL and MSU crystals, the ROS pro-
duction decreased to 2.82 + 2.05 AFU, compared to the

The stimulation of THP-1 cells with MSU crystals MSU crystals group. Similarly, PGAL at 200 pg/mL also
resulted in an increased ROS production of 4.36 + 5.04 decreased to 3.85 + 4.65 AFU. When THP-1 cells were

arbitrary fluorescence units (AFUs) compared to the treated with PGAL at a concentration of 100 ug/mL, the
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ROS production was observed at 2.05 + 2.37 AFU, and
the highest ROS level was observed with 200 ug/mL
PGAL (3.22 + 4.47 AFU). However, these differences
were not statistically significant compared to the control
group (Fig. 6).

Preventive Role of PGAL in the Inhibition
of Inflammation by MSU Crystals

For this experiment, the cells were pre-treated with
PGAL before the stimulation with MSU crystals. For this
pre-treatment approach, PGAL was placed with cells for
24 h, followed by washing and subsequent stimulation
with MSU crystals for another 24 h. Supernatants were
monitored for IL-1p, which had a significant decrease
after both doses of PGAL pre-treatment. The cells that

did not receive the previous polymer treatment, induced
IL-1p secretion at 5483.4 + 900.9 pg/mL in the super-
natant when exposed to the crystals. On the other hand,
those cells pre-treated with 100 ug/mL of PGAL displayed
3249.22 + 1112.34 pg/mL concentration of IL-1p, and for
the 200 ug/mL of PGAL group, the cells produced sig-
nificantly less IL-1p (2906.88 + 1190.73 pg/mL) (Fig. 7).

DISCUSSION

Our findings demonstrate the anti-inflammatory
and antiphagocytic properties of PGAL. These effects
were observed in both the SF model and the in vitro
THP-1 cell model, which mimic the conditions of an
acute gout attack.
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SF cell count has long been recognized as useful
in the diagnosis and treatment of many types of arthritis
[25]. In this regard, the measurement of SF leukocytes
is the most important tool to discriminate inflammatory
arthritis from non-inflammatory [25], and the cell count
in our SF samples confirms the inflammatory arthri-
tis. This investigation adds MSU crystals to assess the
level of induction of inflammation and simulate the SF
from gout patients. There are few reports on the use of
in vitro human SF models to study of antioxidant or anti-
inflammatory potential therapeutic molecules [26-28].
Our proposed in vitro model may be useful to determine
the preventive effects of bioactive compounds on oxida-
tive stress and inflammation since their reduction have a
favorable impact to arthritis treatment [29].

In our SF experiments, PGAL demonstrated limited
potential as an anti-inflammatory agent. However, it is
important to note that there was no perform cell sorting to
isolate specific cell types within the inflammatory infiltrate.
The cellular components in the SF primarily consist of neu-
trophils and monocytes, which have been reported to achieve
up to 22% phagocytosis in the joints of asymptomatic gout
patients [30]. In a recent study, 21.1% phagocytosis was
reported in gout SF samples [31]. In our experimental model
using SF leukocytes, we identified a phagocytosis index of
26%. However, when treated with PGAL at a concentration
of 100 ug/mL, a noticeable decrease in crystal phagocytosis
was observed. The effect of PGAL at 200 pg/mL on crys-
tal phagocytosis in SF leukocytes did not show an impact.
In contrast, in the THP-1 cell model, PGAL at 200 ug/mL
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Fig. 7 PGAL prevents IL-1p induction in monocytes with MSU. Bars
represent the mean + standard deviation of independent experiments
(n = 3). Cytokine quantification was performed by ELISA. Values
are expressed as the mean + standard deviation. *P < 0.05. One-way
ANOVA with Tukey’s post hoc test.

significantly reduced phagocytosis. The difference between
both models lies in the type of cells used, comparing cells
derived from SF against a transformed monocytic cell line.
In the first case, the phagocytosis index was 26 + 8.67, while
in the second case, it was 69 + 5.65, respectively. This dis-
crepancy in phagocytosis rates between two models may
be attributed to the different cell types involved and their
phagocytic behaviors in response to MSU crystals.

This experimental evidence might explain the
downward trend in inflammatory mediators, such as
IL-1p and IL-6, when PGAL is used. Notwithstanding the
expression of cytokines is related to the degree of matura-
tion/differentiation of monocytes/macrophages, and their
specific response to MSU crystals [32, 33]. The correla-
tion between the levels of expression in differentiation
markers, phagocytic capacities, and production of TNF-a
is suggested as a possible mechanism. However, the latter
cytokine is not necessarily linked to phagocytic activity.
In this regard, cells at an intermediate stage of matura-
tion express higher concentrations of TNF-a, whereas
macrophages at a higher maturation stage are unable to
produce TNF-a despite the observed phagocytosis [34].

We selected the traditional in vitro model of crys-
tal-induced inflammation with THP-1 monocytes due
to the variability in the detection of cytokines [15]. The
role of PGAL in preventing the cell death of monocytes
exposed to MSU under the experimental times in our model
requires further revaluation since it could not reduce the
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death induced by MSU crystals. The doses of PGAL used
as vehicles did not induce cell death, but neither exhibit a
cytoprotective effect. This behavior for PGAL differs when
human synoviocytes are used, showing cytoprotective char-
acteristics [17]. This outcome provides further insight into
the role that different cells play during gouty inflamma-
tion. Synovial macrophages initiate and drive inflamma-
tion, whereas monocyte-derived macrophages differentiate
into M1 macrophages in response to MSU crystals [35, 36].
Therefore, it is worth to investigate the effect of each one for
joint tissue inflammation. In our study with THP-1 cells, we
found that PGAL downregulated IL-1p, IL-6, and TNF-a,
with certain differences among doses. At 100 and 200 ug/
mL of PGAL, there was a significant decrease in IL-1p and
TNF-a, in addition to inhibiting MSU phagocytosis.

It is of note that crystal phagocytosis preceded IL-1
release in different cellular models of MSU crystal-induced
inflammation. Baggio et al. demonstrated a positive correla-
tion between the phagocytosis index and the levels of proin-
flammatory cytokines in SF, as well as a negative correlation
with local inflammatory indices, such as IL-1p, and the per-
centage of mononuclear cells with phagocytosed crystals [28].
Even so, inhibition of IL-1 production is considered a thera-
peutic target in gout. Some authors have observed that pre-
treatment of THP-1 cells with polyphenols can prevent their
response to stimulation with MSU crystals [24, 37], which is
consistent with our study where we observed a decrease in
IL-1p levels with PGAL pre-treatment. These findings evi-
dence the ability of this antioxidant to inhibit the process of
crystal phagocytosis, thereby preventing inflammation.

NLRP3 has been identified as a potential predic-
tor of inflammation in gout, making it a possible tar-
get for treatments interventions. Another is the release
of ROS and pro-inflammatory mediators such as IL-1
and TNF-a leading to cell damage and lipid peroxida-
tion. Therefore, reducing the inflammation caused by
the oxidative stress could improve the symptoms. These
thresholds should be considered for the development of
therapeutic strategies [38]. Our results suggest that PGAL
can modulate the oxidative stress during gouty inflamma-
tion, although we observed only trends in the decrease in
ROS levels. Noteworthy, despite the representative ben-
efits of this model for studying the causal relationships
of oxidative stress in living systems, it has some limita-
tions inherent to the culture conditions, which can lead to
overproduction of ROS [39, 40]. A previous study dem-
onstrated the antioxidant effect of PGAL-grafted poly-e-
caprolactone films on UV-photoinduced epithelial cells,
showing a good protection against ROS [41]. Similar
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findings were reported for human synoviocytes and der-
mal fibroblasts [17, 42], in which PGAL also exhibited a
good antioxidant capacity against ROS.

The polyanionic structure of PGAL may exert an
electrostatic interaction possibility with cell membrane,
and bonding to MSU crystals, thus preventing the crystals
recognition by innate immune cells inhibiting phagocyto-
sis [17]. Indeed, it has been proposed that protein coating
could modulate the interaction between cell membranes
and MSU crystals, thereby impacting their inflammatory
properties [43, 44]. Additionally, further investigation is
required to support that PGAL might undergo a protective
barrier on cell membranes through coupling with TLRs.

We could detect an association between PGAL and
the inhibition of phagocytosis, as well as of inflamma-
tion, in the in vitro model of THP-1 cells. Further work
is undergoing to describe the modulation of other ROS,
including the superoxide anion, hydrogen peroxide, and
even nitric oxide. In addition, it is worthwhile to analyze
the gene and protein expression of TLRs and NLRP3.
Furthermore, ongoing molecular dynamics and docking
studies at the interface of TLRs with PGAL, aiming to
propose a binding model between these two molecules.

CONCLUSIONS

This work shows that the exposure of PGAL before
the activation of cells of the immune system by MSU
decreases phagocytosis and pro-inflammatory cytokines.
This suggests an anti-inflammatory effect that could also
regulate oxidative stress in acute gout attacks. The mecha-
nisms of regulation of PGAL in gout will be identified
to determine the molecular pathways by which PGAL
regulates inflammatory phagocytic activity in cells. In
the future, the inhibition of MSU phagocytosis by PGAL
in innate immune cells could be used as a target for the
control of crystal-induced inflammation.
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