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Macrophage inﬂammatory state in Type 1 diabetes:
triggered by NLRP3/iNOS pathway and attenuated by
docosahexaenoic acid
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Type 1 diabetes mellitus (T1D) is a chronic autoimmune disease characterized by
insulin-producing pancreatic β-cell destruction and hyperglycemia. While monocytes and
NOD-like receptor family-pyrin domain containing 3 (NLRP3) are associated with T1D onset and development, the specific receptors and factors involved in NLRP3 inflammasome activation remain unknown. Herein, we evaluated the inflammatory state of resident peritoneal macrophages (PMs) from genetically modified non-obese diabetic (NOD),
NLRP3-KO, wild-type (WT) mice and in peripheral blood mononuclear cells (PBMCs) from
human T1D patients. We also assessed the effect of docosahexaenoic acid (DHA) on the
inflammatory status. Macrophages from STZ-induced T1D mice exhibited increased inflammatory cytokine/chemokine levels, nitric oxide (NO) secretion, NLRP3 and iNOS protein levels, and augmented glycolytic activity compared to control animals. In PMs from
NOD and STZ-induced T1D mice, DHA reduced NO production and attenuated the inflammatory state. Furthermore, iNOS and IL-1β protein expression levels and NO production
were lower in the PMs from diabetic NLRP3-KO mice than from WT mice. We also observed increased IL-1β secretion in PBMCs from T1D patients and immortalized murine
macrophages treated with advanced glycation end products and palmitic acid. The present
study demonstrated that the resident PMs are in a proinflammatory state characterized
by increased NLRP3/iNOS pathway-mediated NO production, up-regulated proinflammatory cytokine/chemokine receptor expression and altered glycolytic activity. Notably, ex vivo
treatment with DHA reverted the diabetes-induced changes and attenuated the macrophage
inflammatory state. It is plausible that DHA supplementation could be employed as adjuvant
therapy for treating individuals with T1D.
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Introduction

Materials and methods
Mice and ethics protocol
Male WT C57BL/6 (B6) mice (8–10 weeks old) were i.p injected with 42 mg/kg b.w. of streptozotocin (STZ,
Sigma-Aldrich, St. Louis, MO, U.S.A.), diluted in sodium citrate buffer (Sigma-Aldrich), pH 4.5, for five consecutive days, as described in our previous study [35]. All procedures of the present study were performed according to
the ethical principles of animal experimentation and were submitted to and approved by the Committee of Ethics
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Type 1 diabetes (T1D) is an autoimmune disease that inflicts massive destruction on pancreatic β cells [1], and it is
well known that T lymphocytes are the main cell population in the pancreatic histological analysis of T1D pathogenesis [2,3]. For 40 years, non-obese diabetic (NOD) mice have been used as an experimental model for autoimmune
diabetes, closely recapitulating human T1D [4]. In female NOD mice, the onset of diabetes typically occurs between
12 and 14 weeks after birth, while in males, it occurs a little later. Most of the inflammatory infiltrating cells in the
pancreas of NOD mice are TCD4+ and TCD8+, but NK, B cells, dendritic cells, and macrophages have also been
observed [5].
Besides the NOD animal model, streptozotocin (STZ) is a drug that is toxic to pancreatic β cells and leads to an
experimental diabetic state. High doses of STZ are also cytotoxic to the liver and kidneys. However, STZ toxicity is less
pronounced when low doses of the drug are administered multiple times. A previous study reported that glycemia becomes slightly elevated 5 days after the last STZ injection [6]; however, other studies have demonstrated that elevated
glycemia can remain stable approximately 12 days after the of the last administration of the drug [7–10].
The participation of the innate immune receptors during T1D pathogenesis has been widely investigated [11,12].
The relevant role of the innate immune system in T1D development is highlighted by the fact that the deletion of the
myeloid differentiation primary response gene 88 (MyD88) and toll-like receptors (TLRs) genes prevents the murine
T1D model from developing the disease [12–14].
The nucleotide-binding domain and leucine-rich repeat-containing protein (NLR) family comprises natural intracellular proteins that regulate inflammation [15]. This group of proteins includes the NOD-like receptor family-pyrin
domain containing 3 (NLRP3) inflammasome, which has a broad spectrum of effects and serves as the nexus between
metabolism and inflammation [16]. The inflammasome controls the production of proinflammatory cytokines such
as interleukin-1β (IL-1β) and IL-18 by caspase-1 cleavage [15,17]; thus, its activation plays a crucial role in triggering
the innate immune response. The activation of NLRP3 is involved in the pathogenesis of metabolic diseases and has
been shown to sense danger-associated molecular patterns (DAMPs) in inflamed tissues [18].
The metabolic changes associated with the diabetic state results from increased glucose and saturated fatty acid
levels in the circulation and organs [19]. Previous studies have shown that both glucose and fatty acids can activate
NLRP3 in macrophages via the production of reactive oxygen species (ROS) through an AMPK-dependent mechanism [20,21]. In addition to the DAMPs mentioned above, silica and uric acid crystals [22], extracellular adenosine, extracellular matrix components, and toxins can also activate the NLRP3 inflammasome [23,24]. Additionally,
mitochondrial DNA from experimental T1D mice also activates the NLRP3 inflammasome [25]. Notably, NLRP3
deficiency in non-obese diabetic (NOD) mice prevents the development of T1D and attenuates the migration of T
cells to the pancreatic islets [26]. Thus, NLRP3 can be considered a sensor of inflammatory components during T1D
establishment.
The establishment of the diabetic condition increases proinflammatory factors, such as glucose, saturated fatty acids
and ROS, consequently leading to NLRP3 inflammasome activation [20,27,28]. For this reason, anti-inflammatory
compounds, including omega-3 fatty acids, have been proposed as an adjunct therapy for patients with T1D. The
most important source of omega-3 fatty acids, such as docosahexaenoic acid (DHA, 22:6), is from cold-water marine
fish since it is not present in vegetable oils [29]. Interestingly, several studies have shown that omega-3 fatty acids
benefit in patients with inflammation-associated diseases [30], reduce the risk of coronary heart disease [31,32] and
decrease the prevalence of T2D [33]. Furthermore, NOD mice that received a diet rich in omega-3 fatty acids exhibited
decreased serum levels of IFN-γ, IL-17, IL-6 and TNF-α, as well as a lower prevalence of T1D [34].
While it is known that NLRP3 is involved in the development of T1D, the specific receptors and factors that lead
to the activation of the NLRP3 inflammasome after T1D establishment remain undetermined. In the present study,
we investigated the involvement of the NLRP3 inflammasome in murine peritoneal macrophages and circulating
mononuclear cells from T1D patients. Moreover, we also evaluated the ex vivo anti-inflammatory therapeutic efficacy
of DHA as a potential adjunct therapy for treating T1D condition.
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in Animal Experimentation at the Institute of Biomedical Sciences at the University of São Paulo, registered under
number 001, sheet 02, book 03.
The male WT C57BL/6 (8–10 weeks old), male NLRP3 knockout in B6 background, referred to herein as NLRP3
KO (8–10 weeks old), and female NOD (15–20 weeks old) mice were housed in the Haus f ür Experimentelle Therapie
(HET) at the University of Bonn, Bonn, Germany. The NOD mice were monitored from 15 weeks after birth until
the development of diabetes. These mice were considered to be diabetic (NOD D) Female NOD mice (from the same
litter) that did not have blood glucose levels above 250 mg/dl, in the absence of fasting, during the evaluated period
were used as controls (NOD ND). All of the experimental animals were kept in a room with a light–dark cycle of
◦
12–12 h, a controlled temperature of 22 +
− 2 C and were fed a commercial diet (Ssniff V153x R/M-H feed, Soest,
Germany). Blood collected from the tail vein of non-fasted mice was used to determine glycemia with a portable
Accu-Chek Active glucometer (Roche Diagnostics, Abbott Park, IL, U.S.A.). The procedures for this portion of the
study were performed according to the ethical principles of animal experimentation. CO2 inhalation was the method
of euthanasia used. Mice were exposed to CO2 chamber during 2–3 min. They were submitted to and approved by the
Ethics Committee Landesamt für Natur, Umwelt und Verbraucherschutz in North-Rhine Westfalia (LANUV-NRW),
Germany, registered under number 84.02.04.2016.A190.

Plasma insulin determination
Blood samples were collected from non-fasted animals 30 days after STZ administration and in NOD mice when
non-fasted blood glucose levels were above 250 mg/dl after two non-consecutive determinations in the same week.
Serum insulin concentrations were determined using a commercial ELISA Mouse Ultrasensitive Insulin ELISA Kit
(Alpco, Diagnostics, Salem, NH, U.S.A.) and were performed according to the manufacturer’s instructions.

Peritoneal macrophage isolation
Male C57BL/6 and NLRP3 KO mice were killed 30 days after T1D induction, and female NOD mice were euthanized
after two non-consecutive determinations in the same week above 250 mg/dl in the absence of fasting. Peritoneal
cells were collected by injecting 6 ml of RPMI (Roswell Park Memorial Institute) 1640 culture medium supplemented
with 10% fetal bovine serum (FBS) into the abdominal cavity. Cells were collected and centrifuged at 4◦ C (500 × g
for 10 min). After centrifugation, cells were counted in a Neubauer chamber and 1 × 106 cells were re-suspended
and transferred to a 24-well plate containing RPMI 1640 culture medium supplemented with 10% FBS, 100 U/ml
penicillin, 100 μg/ml streptomycin, 24 mM sodium bicarbonate, 2 mM L-glutamine and 20 mM HEPES. The plates
were stored in a humidified incubator at 37◦ C with a 5% CO2 atmosphere. After 2 h of plastic adhesion, supernatants
were removed and macrophages were treated according to the experiment protocol.

Peritoneal macrophage stimulation
After 2 hours of adherence, macrophages were treated for 24 h with 2.5 μg/ml lipopolysaccharide (LPS), 2.5 μg/ml
LPS + 25 μM DHA, or non-treated (NT). Each treatment was diluted in RPMI 1640 culture medium supplemented
with 10% FBS. Cytokines, nitric oxide synthase and NLRP3 expression were evaluated after 24 h of stimuli by Western
blotting. Additionally, mRNA expression was measured after 4 h of stimuli using a PCR array.

Immortalized macrophage stimulation
Immortalized murine bone marrow-derived macrophages were generated from primary WT and NLRP3 KO bone
marrow cells, as described previously [36], and 1 × 106 cells were plated in 96-well plates and stored overnight.
The following day, the macrophages were treated with 625–1000 ng/ml of advanced glycation end products (AGE)
(Biotinylated AGE-BSA, R & D System, Minneapolis, MN, U.S.A.), 625–1000 ng/ml of AGE + 100 μM palmitic acid
(PA), 100 ng/ml of LPS, 10 μM nigericin + 100 ng/ml LPS or non-treated (NT). It is important to point out that
the immortalized murine macrophages were treated with first and second inflammasome stimuli to investigate the
priming effect. In this case, cells were primed for 2 h with 1 μg/ml of AGE, 100 μM PA, 1 μg/ml of AGE + 100 μM
PA or 200 ng/ml of LPS. After the priming step, macrophages were treated with 1 μg/ml of AGE, 100 μM PA or 1
μg/ml AGE + 100 μM PA for 22 h.

Cytotoxicity assay
Cell toxicity was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. This assay is based on dehydrogenases present in viable cells to reduce the yellow MTT salts to purple formazan crystals metabolically. For this assay, 2 × 105 cells were transferred to 96-well plates containing 200 μl of RPMI
© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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medium per well. The plates were incubated at 37◦ C under a 5% CO2 atmosphere for 24 h. The effects of different
DHA concentrations were evaluated and are presented in the Supplementary Material (S1). We treated the cells with
DHA concentrations of 25, 50 or 100 μM and palmitic acid (PA) concentrations of 100, 200, 300, 400 or 500 μM for
24 h.

Type I diabetes cohort study

Peripheral blood mononuclear cell stimulation
Peripheral blood mononuclear cells (PBMCs) were collected and isolated from whole blood using Ficoll-Paque
(Sigma-Aldrich, Saint Louis, MO, U.S.A.). The cells were then diluted to 4 × 106 cells/ml and transferred to 96-well
plates, where they were left to adherer to the plate for 2 h. The PBMCs that failed to adhere to the plate were removed,
and cells that adhered were subsequently stimulated. The following day, the adhered cells were treated with either 1
μg/ml of LPS, 1 mg/dl of albumin, 1 mg/ml of AGE, 100 μM PA or 1 mg/ml of AGE + 100 μM PA for 24 h. All of the
additions were diluted in RPMI medium supplemented with 10% FBS. Control, non-treated (NT) cells only received
RPMI containing 10% of FBS. The AGE employed for this set of experiments was produced through the glycation of
albumin and was kindly donated by Marisa Passarelli and Maria L. Corrêa-Giannella.

Measurements of cytokines and nitric oxide
Macrophages from the peritoneum and mononuclear cells from the peripheral blood were cultured for 24 h. Afterward, cytokine expression and nitric oxide production were measured in the culture supernatants. Concentration
of IL-1β was measured by enzyme immunoassay (ELISA, DuoSet Kit, R & D System, Minneapolis, MN, U.S.A.).
A commercially available multiplex assay (Millipore, Temecula, CA, U.S.A.) was used to evaluate other cytokines
(IL-18, IL-1α, CXCL1, TNF-α and IL-10) produced by macrophages collected from the peritoneum cavity, according to the manufacturer’s instructions. All of the measurements were recorded with a MAGPXI System. We used the
Griess method to measure NO production. This absorbance-based assay relies on NO being converted to nitrite and
subsequent detection at 540 nm (Griess, J.P., 1879).

RNA extraction and PCR array
The PMs were diluted to 1 × 106 cells/ml and transferred to 12-well plates, where they were treated with 2.5 μg/ml
LPS, or 2.5 μg/ml LPS + 25 μM DHA. After the treatment, the macrophages were washed with cold PBS, lysed and
homogenized in QIAzol reagent (QIAGEN, Germantown, MD, U.S.A.). We used the RNeasy Mini Kit (QIAGEN) to
extract the RNA extraction. The isolated RNA was quantified spectrophotometrically in NanoDrop 2000 (Thermo
Scientific, Waltham, MA, U.S.A.), and purity determined by the 260/280 nm ratio. The cDNA was synthesized with
the RT Strand Kit (QIAGEN) using 500 ηg of total RNA extracted from the PMs. The Mouse Inflammatory Cytokines
& Receptors RT2 Profiler PCR Array (QIAGEN) was used to measure gene expression. Twelve plates of Mouse Inflammatory Cytokines & Receptors RT2 Profiler PCR Array (QIAGEN) were used for evaluation of two experimental
groups (B6 and B6+STZ), being six plates per group. LPS (2.5 μg/ml), LPS (2.5 μg/ml) + DHA (25 μM) or non-treated
conditions were investigated.

Western blotting
Proteins were loaded onto 4–12% SDS-PAGE gels (Novex, Invitrogen) submersed in 2-(N-morpholino) ethanesulfonic acid (MES) buffer (Novex, Invitrogen) and separated at 150 V for 60–90 min. The separated protein samples
were then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Temecula, CA, U.S.A.) at 32 V
for 90 min in a buffer containing 10% Tris-glycine and 15% methanol. The membranes were then blocked with
Tris-buffered saline (TBS) containing 3% BSA for 60 min. After blocking, the membranes were incubated overnight
with specific primary antibodies diluted in TBS containing 3% BSA and 0.1% Tween-20. The primary antibodies
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Diabetic patients were recruited at the diabetic ambulatory from the Clinical Hospital at the University of São Paulo.
Written informed consent was provided to and signed by all the participants enrolled in the study. The ethics committee at the Institute of Biomedical Sciences at the University of São Paulo approved the present study under number
41905015.0.0000.5467. All of the procedures were performed according to the institutional and national research
committee’s ethical standards and the Declaration of Helsinki of 1975, revised in 1983. Patients with T1D presented
hyperglycemia, positive autoantibodies and undetectable C-peptide or ketoacidosis. These clinical evaluations were
described previously in more detail [37]. Furthermore, the clinical description of the T1D patients is summarized in
the Supplementary Table S1.
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utilized in this study included rabbit anti-NLRP3 (Cell Signalling Technology, Danvers, MA, U.S.A.), anti-beta-actin
mouse (Li-COR Bioscience, Lincoln, NE, U.S.A.) and mouse anti-iNOS (Abcam, Cambridge, U.S.A.). Next, the membranes were washed and incubated with secondary antibodies, IRDye 800CW or IrDye 680RD (LI-COR Biosciences,
1:20,000), for 60 min. Then, the membranes were washed and visualized on an Odyssey imaging system. The protein
bands were quantification with the aid of the Fiji/ImageJ program [38].

Extracellular acidiﬁcation rate
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The extracellular acidification rate (ECAR) was calculated using the Seahorse Bioscience XF96 extracellular analyzer
(Seahorse Bioscience, North Billerica, MA, U.S.A.), as described previously [39]. Briefly, 1 × 105 peritoneal cells were
added to each well of an XF96 plate, allowed to adhere for 2 h and washed to obtain peritoneal macrophages. One
hour before the assay, the medium was changed to a solution containing 0.8 mM Mg2+ , 1.8 mM Ca2+ , 143 mM NaCl,
5.4 mM KCl, 0.91 mM NaH2 PO4 , and 15 mg/ml phenol red and the cells were incubated at 37◦ C for 60 min in the
absence of CO2 . During the 60-min incubation, 100 mM glucose (final concentration = 10 mM), 10 μM oligomycin
(final concentration = 1 μM) and 1 M 2-deoxy-D-glucose (2-DG; final concentration = 0.1 M) were injected into
the cartridge ports. The glycolysis and glycolytic capacity were calculated according to Pike et al. [40].

Statistical analysis
Experiments were performed in duplicate or triplicate, and at least two independent experiments were performed for
each assay except for PCR array and Seahorse analysis. Data are presented as means +
− S.D. Statistical analyses were
conducted with one-way or two-way ANOVA and Tukey’s post-test. Differences between the experimental groups
were considered significant when P<0.05 (*), P<0.01 (**), P<0.001(***) and P<0.0001(****). All statistical analyses
were performed using GraphPad PRISM 6.01 (La Jolla, CA, U.S.A.). The entire dataset associated with this article is
available in the main text and Supplementary Material.

Results
Low-dose streptozotocin experimental model
Experimental T1D was chemically induced by the administration of low doses of STZ. According to previous studies, 7
days after the last dose of STZ, mice present an established T1D state [6,10]. Since diabetes represents a disease with an
altered metabolic profile, we assessed the ECAR of PMs derived from STZ-injected and buffer-injected mice (Figure
1A). We observed that PMs derived from diabetic mice exhibited higher glycolysis levels and glycolytic reserves than
cells from control mice (Figure 1B,C).
Additionally, T1D -induced inflammation was evaluated using a gene expression array in PMs collected from B6
mice under diabetic and control conditions following 4 h of LPS stimuli. We found that il1β gene expression levels
were 5-fold higher in the PMs from T1D mice than those from non-diabetic control animals (Figure 1D). Moreover, il33, il1α, il1rn, cxcl1, csf2 and ccr5 gene expression levels were up-regulated, whereas cxcl10, ccr2 and ccl12
expression levels were down-regulated (Figure 1D).
Since il1β represents the most up-regulated gene analyzed in the context of STZ-induced T1D, we further investigated the participation of the NLRP3 inflammasome complex by evaluating WT B6 and NLRP3 KO mice with
chemically induced T1D. For this purpose, blood glucose levels were measured before starting the STZ treatment
(day 5), during STZ induction (from day 5 to day 1), and up to 28 days after completing the treatment. As expected,
after the establishment of T1D, the blood glucose levels of both B6 and NLRP3 KO STZ-treated mice were increased
when compared with the untreated mice (Figure 1E). Moreover, STZ-treated mice presented less body weight gain
after establishing T1D than non-treated animals (day 1) (Figure 1F). While the insulin levels in the B6 and NLRP3
control mice were comparable, the serum insulin levels in both diabetic groups (B6+STZ and NLRP3 KO+STZ) were
reduced (Figure 1G). These results collectively confirmed a T1D state in the B6+STZ and NLRP3 KO+STZ groups
and demonstrated that knocking out NLRP3 did not prevent the development of the disease.

T1D activates the NLRP3 inﬂammasome
To investigate the NLRP3-related inflammatory response of the macrophages in the T1D context, we collected PMs
from B6+STZ and NLRP3 KO+STZ mice and B6 and NLRP3 control mice 28 days after the last injection of STZ
or buffer. Despite detecting no differences in basal IL-1β secretion, PMs from B6+STZ mice secreted more IL-1β
following a challenge with an LPS (2.5 μg/ml) stimulus than control B6 mice receiving the same treatment (Figure
2A). We also found that LPS-treated PMs derived from B6+STZ mice secreted more IL-1β than LPS-treated PMs
derived from NLRP3 KO mice. Moreover, no observable differences in IL-1β secretion were detected between NLRP3
© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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C57BL/6 and NLRP3 KO male mice received five consecutive intraperitoneal injections of 42 mg of streptozotocin (STZ) per Kg b.w.
(herein referred to as B6+STZ, NLRP3 KO+STZ) or sodium citrate buffer (herein referred to as B6, NLRP3 KO). Peritoneal cells were
then collected. After 2 h of adherence, the non-adherent cells were removed, and adherent macrophages were maintained with no
stimulation or stimulated with LPS (2.5 μg/ml). (A) Extracellular acidification ratio (ECAR) was quantified in a Seahorse Bioscience
XF96 extracellular analyzer for 90 min (n=3–5/group). (B) Glycolysis rates and (C) glycolytic reserves were calculated based on
the results of the ECAR. (D) The inflammatory cytokines PCR array was performed with peritoneal macrophages from control mice
(B6) and diabetic mice (B6+STZ), with or without (NT) 4 h of LPS stimulation (n=2 per group). (E) Non-fasting blood glucose levels
and (F) body weight were assessed weekly in the morning for 30 days. (G) Serum insulin levels were measured at the end of 30
days. Glycemia was evaluated using an Accu-chek active glucose meter, and the diabetic state was confirmed when glycemia was
greater than 250 mg/dl (n=6–12 per group). ELISA was used to measure insulin (n=6–12 per group). The results are expressed as
the mean +
− S.E.M. In (A–D), values were analyzed using the Unpaired Student’s t-test. In (E and F), values were analyzed using
the two-way ANOVA followed by Tukey’s post-test. * represents P<0.05, ** represents P<0.01, **** represents P<0.0001; LPS,
lipopolysaccharide.

KO+STZ and NLRP3 KO mice (Figure 2A). It is also important to point out that B6+STZ mice exhibited a more
pronounced inflammatory status, as evidenced by the increased levels of IL-18, IL-1α, CXCL1, TNF-α and IL-10
(Supplementary Material S2). It is plausible that the augmented IL-1β production observed in the PMs from B6+STZ
mice may activate the NLRP3 inflammasome.
Next, we examined NLRP3 protein expression in PMs collected from diabetic and control B6 and NLRP3 KO
mice. The results showed that the PMs from B6+STZ mice produced more NLRP3 than PMs from control B6 mice,
regardless of whether they were subjected to LPS stimulation (Figure 2B,C). Notably, NLRP3 production is more
pronounced in the B6+STZ mice treated with LPS treatment than the non-stimulated B6 group (Figure 2B,C). As
expected, PMs derived from NLRP3 KO mice did not express NLRP3. These results provide evidence that NLRP3
activation plays a role in T1D.
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Figure 1. Low-dose streptozotocin-induced Type 1 diabetes model
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Figure 2. Type 1 diabetic state activates the NLRP3 inﬂammasome

C57BL/6 and NLRP3 KO male mice received 5 consecutive intraperitoneal injections of 42 mg of streptozotocin (STZ) per Kg b.w.
(herein referred to as B6+STZ, NLRP3 KO+STZ) or sodium citrate buffer (herein referred to as B6, NLRP3 KO). Peritoneal cells
were then collected. After 2 h of adherence, non-adherent cells were removed, and adherent macrophages were maintained with
no stimulation or stimulated with LPS (2.5 μg/ml) or LPS+DHA (25 μM). (A) IL-1β levels were measured in the supernatant 24 h
after peritoneal macrophage stimulation (n=3–5/group). (B) Representative Western blots and (C) protein quantification of NLRP3
and β-actin expression in peritoneal macrophage lysates (20 μg/well) after 24 h of stimulation (n=3 per group). NLRP3 and β-actin
protein were both quantified, and the NLRP3/b-actin ratio is presented. The results are expressed as the mean +
− S.E.M. In (A
and C) values were analyzed using the two-way ANOVA followed by Tukey’s post-test; *P<0.05, **P<0.01; NT, non-treated; LPS,
lipopolysaccharide; DHA, docosahexaenoic acid.

Effect of DHA on IL-1β secretion, NLRP3 protein expression and nitric
oxide production
The long-chain polyunsaturated omega-3 fatty acid, DHA, is widely recognized as an anti-inflammatory agent. However, we found no evidence that DHA could reduce IL-1β secretion (Figure 2A) or NLRP3 protein expression (Figure
2B,C) in PMs from B6+STZ mice.
We then turned out attention to NO, which is an inflammatory marker produced by classically activated
macrophages [41,42], and has been shown to have a suppressing effect on NLRP3 [43,44]. As shown in Figure 3A, PMs
from B6+STZ mice stimulated with LPS presented an increase in nitrite production (Figure 3A) and iNOS expression
(Figure 3B,C) when compared with PMs derived from control B6 mice. On the other hand, the nitrite production
(Figure 3A) and iNOS expression (Figure 3B,C) in PMs from NLRP3 KO+STZ control NLRP3 KO mice were not significantly different. Notably, PMs derived from B6+STZ treated with LPS+DHA presented attenuated NO production
(Figure 3A) and iNOS protein expression (Figure 3B,C) compared with cells treated only with LPS. As anticipated,
© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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C57BL/6 (B6) and NLRP3 KO male mice received 5 consecutive intraperitoneal injections of 42 mg of streptozotocin (STZ) per Kg
b.w. (herein referred to as B6+STZ, NLRP3 KO+STZ) or sodium citrate buffer (herein referred to as B6, NLRP3 KO). Peritoneal cells
were then collected. After 2 h of adherence, non-adherent cells were removed, and adherent macrophages were stimulated with
LPS (2.5 μg/ml), LPS+DHA (25 μM), or received no stimulation (NT) for 24 h. (A) Nitrite secretion was measured in the supernatant
by the Griess reaction technique, 24 h after the respective treatment (n=6 per group). (B) Representative Western blots (20 μg/well)
and (C) protein quantification of iNOS and β-actin expression in peritoneal macrophages lysates (n=3/group). (D) PCR array heat
map of inflammatory transcripts in peritoneal macrophages from non-diabetic B6 mice stimulated with LPS+DHA compared with
the non-diabetic B6 group stimulated with LPS alone for 4 h. Each dot represents a different analyzed transcript. (E) PCR array heat
map of inflammatory transcripts in peritoneal macrophages from STZ-induced T1D B6 mice stimulated with LPS+DHA compared
with STZ-induced B6 mice stimulated with LPS alone for 4 h. The results are expressed as the mean +
− S.E.M. Values were analyzed
using the two-way ANOVA followed by Tukey’s post-test; **P<0.01, *** P<0.001 and **** P<0.0001.

the absence of NLRP3 resulted in no differences in DHA-modulated NO production or iNOS expression upon establishing the T1D condition (Figure 3B,C). Based on these results, it seems that the diabetic state activates iNOS. It is
plausible that the augmented IL-1β production could be responsible for increase iNOS expression. Signaling mechanisms involving IL-1β converge to NF-κB and MAPK pathways activation, and NF-κB is the main transcription
factor to iNOS gene [45]. In the same way, blocking IL-1β receptor caused an improvement of diabetic endothelial
dysfunction through a NADPH oxidade reduction [46]. Also, DHA somehow downregulates its expression, which
consequently reduces NO production.
To further investigate the general effects of DHA, we used a PCR array to measure the expression levels of inflammatory markers in PMs derived from B6+STZ and control B6 mice after treating the cells with LPS+DHA or LPS
alone. The heat map analyses indicated that DHA had no anti-inflammatory effect on PMs derived from control B6
mice (Figure 3D) but did elicit such an effect on PMs from B6+STZ mice (Figure 3E). Both heat map analyses were
utilized as control group ex vivo LPS treatment. Interestingly, despite the observed anti-inflammatory effect of DHA

26

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

Downloaded from http://portlandpress.com/clinsci/article-pdf/135/1/19/900968/cs-2020-1348.pdf by Universidade de Sao Paulo (USP) user on 14 June 2021

Figure 3. Nitric oxide production is dependent on NLRP3 expression in Type 1 diabetes and attenuated by DHA treatment
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Figure 4. Peritoneal macrophages from NOD mice demonstrate an inﬂammatory state

(A) Serum insulin levels were evaluated after the establishment of the diabetes state (i.e. after two non-consecutive measurements
above 250 mg/dl glycemia; n=4-5/group). (B) IL-1β levels were measured in the supernatant after 24 h of LPS stimulation (LPS) or
without stimulation (NT) (n=3/group). (C) Nitrite secretion was measured in the supernatant by the Griess reaction technique after
stimulating the peritoneal macrophages for 24 h with LPS or with no stimulation (NT) (n=3/group). Peritoneal cells were collected
from C57BL/6, NOD ND and NOD D mice. After 2 h of adherence, non-adherent cells were removed and adherent macrophages
were maintained with no stimulation or were stimulated with LPS (2.5 μg/ml). The ECARs of the PMs were quantified in a Seahorse
Bioscience XF96 extracellular analyzer for 90 min (n=3-4/group). (D) Glycolysis and (E) glycolytic capacity were calculated based on
the ECAR values. The linear regression correlates glucose level detected after 30 days (killing day) with glycolysis (D) and glycolytic
capacity (E). (A–C) The results are expressed as the mean +
− S.E.M. Values were analyzed using the two-way ANOVA followed by
Tukey’s post-test. *P<0.05 and **P<0.01. NOD ND (non-obese diabetic non-diabetic mice), NOD D (non-obese diabetic mice). (D
and E) The values were analyzed using linear regression, and only NOD D mice presented P<0.05.

in T1D, this omega-3 fatty acid was not able to inhibit NLRP3 inflammasome activation or the consequent IL-1β
secretion.

Macrophage inﬂammation status in NOD mice was associated with
increased glycolysis
To further explore the effects of the hyperglycemic condition on PMs from different T1D animal models, we monitored the T1D phenotype development in non-obese diabetic (NOD) mice. After recording two non-consecutive
glycemia measurements above 250 mg/dl, NOD diabetic (NOD D) mice were killed. For this set of experiments, NOD
non-diabetic (NOD ND) and non-diabetic WT C57BL/6 mice were used as control animals. As shown in Figure 4A,
the serum insulin levels of the NOD D mice were reduced when compared with NOD ND and C57BL/6 animals.
After 24 h of LPS stimulus, the PMs from NOD D mice secreted higher levels of IL-1β than the control mice (Figure
4B). Moreover, while the PMs from NOD D and NOD ND mice exhibited increased nitrite production when compared with B6 mice under basal conditions, LPS elicited a more pronounced proinflammatory response was observed
© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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Modulation of IL-1β production by AGE and palmitic acid in murine
macrophages and monocytes derived from T1D patients
Next, we searched for stimulatory triggers of the NLRP3 inflammasome, using AGEs and palmitic acid (PA) to mimic
an in vitro T1D environment [47–50]. We observed that immortalized murine macrophages secreted higher levels
of IL-1β after treatment with AGE treatment for 24 h, in a dose-dependent manner (Figure 5A). When we exposed
the macrophages to a combination of AGE and PA (100 μM), there was a slight increase in IL-1β secretion when
compared with AGE alone (Figure 5A). However, it was far less intense than the response elicited by LPS, LPS+PA,
or nigericin plus LPS (Nig+LPS) stimulus (Figure 5A). In addition to IL-1β secretion, we also observed an increase
of NLRP3 protein expression after 24 h of in vitro exposure to AGE and PA (Figure 5B).
To determine whether the attenuated effect of AGE and PA could be improved, we primed the macrophages with
AGE, PA, AGE+PA, or LPS for 2 h before applying a second stimulus, as an NLRP3 inflammasome canonical activation. We observed that the macrophages still only displayed a slight increase in IL-1β secretion following first and
second applications of PA and/or AGE (Figure 5B). On the other hand, the combination of AGE and PA (AGE+PA) always led to a mild augmentation of IL-1β production when compared with the response to each compound separately
(Figure 5B). Additionally, the priming with LPS resulted in substantially increased IL-1β secretion when compared
with priming with the other stimuli (Figure 5B).
Finally, we investigated the IL-1β secretion in peripheral blood mononuclear cell-derived monocytes collected
from T1D patients or control non-diabetic individuals. We observed that the monocytes from T1D patients secreted
more IL-1β in response to a 24-h treatment with the LPS or AGE+PA stimuli than the monocytes from non-diabetic
individuals. Thus, individuals with T1D present a basal inflammatory status.

Discussion
Insulin-dependent diabetes mellitus, referred to as T1D, results from an autoimmunity effector mechanism, most
likely triggered by environmental antigens in genetically susceptible individuals [51,52]. Although autoantibodies are
the most widely employed serum biomarkers, T1D results from a proinflammatory cytokine-mediated β-cell toxicity
[51]. The lack of insulin causes hyperglycemia and lipolysis-mediated dyslipidemia, and oxidative stress [53].
Toll-like receptors (TLRs), recognizing both pathogen- and damage-associated molecular patterns (PAMP and
DAMP, respectively), lead to the production of proinflammatory cytokines [30], such as IL-1β. This cytokine is considered an early marker of diabetes since it is one of the major cytokines produced by the macrophages that infiltrate
the pancreatic islets and promotes disease development [1,54–56]. Moreover, the proinflammatory cytokine TNF-α
plays a significant role in inflammation and the etiology of autoimmune diseases such as T1D [57,58].
It is well known that the TLRs activate the transcription factor NF-kB, which regulates the transcription of the
IL-1β gene, and the synthesis of the pro-IL-1β. The subsequent cleavage of pro-IL-1β by caspase-1 leads to the
production of mature IL-1β in the inflammasome cytosolic complex. Furthermore, previous studies have shown that
the recognition of PAMPs or DAMPs by cytosolic receptors such as NLRP3 can activate the inflammasome [59,60].
After the development of diabetes, the IL-1β-mediated activation of the NLRP3 inflammasome leads to the activation of inflammatory pathways in macrophages. While it has been reported that NLRP3 deficiency decreases T
lymphocyte migration to pancreatic islets and reduces the incidence of diabetes in NOD mice [26], knocking out
NLRP3 did not entirely prevent T1D development in the present study. In bone marrow-derived macrophages from
STZ-induced diabetic mice, IL-1β production is dependent on caspase-1 and NLRP3, with mitochondrial DNA activating NLRP3 [61].
Herein, macrophages derived from diabetic mice secreted higher levels of IL-1β and exhibited increased NLRP3
protein expression after LPS stimulation compared with cells from non-diabetic mice. It is important to point out that
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in the NOD D cells than in the ones from NOD ND (Figure 4C). It is worth mentioning that this response was similar
to the response observed in the STZ-induced T1D mice.
The PMs from NOD mice also showed higher glycolysis activity and glycolytic capacity than the cells derived from
the B6 animals, regardless of the blood glucose level. However, a closer analysis of NOD mice allowed us to observe
two distinct ECAR-related profiles regarding glycolysis activity and glycolytic capacity (Figure 4D,E). For example,
one had a mean ECAR of 14.14 mpH/min, whereas the second exhibited a mean ECAR value of 6.22 mpH/min. We
found that the PMs from NOD D animals with the higher mean ECAR also had higher blood glucose levels on the
day of the experiment (Figure 4D,E). Accordingly, the group of cells with elevated ECAR also had higher glycemia.
Since the blood glucose levels remained low in NOD ND mice, it is not likely that the increase in the ECAR of the
PMs is not directly related to glycemic values of the NOD ND mice.
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Figure 5. Advanced glycation end products and palmitic fatty acid activate the NLRP3 inﬂammasome in immortalized

murine macrophages and human PBMCs
(A) Immortalized macrophages were plated overnight. On the following day, the samples were treated with AGE (625–1000 ng/ml),
AGE plus PA (100 μM), LPS (100 ng/ml), LPS plus nigericin (Nig, 10 μM) or non-treated (NT). After 24 h of treatment, the supernatants
and lysate were collected. IL-1β levels were measured in the supernatant. (B) Immortalized macrophages were plated overnight.
On the following day, the samples were treated with AGE (10 μg/ml), PA (100 μM), AGE+PA or LPS (100 ng/ml) using two different
protocols. The first signal was from a 2-h treatment and the second signal was from a 24-h treatment. After the 24-h treatment, the
supernatants and lysate were collected, and IL-1β levels were measured in the supernatant. (C) Immortalized macrophages were
plated overnight. On the following day, the samples were treated with BSA (10 μg/ml), AGE (10 μg/ml), PA (100 μM) or both AGE+PA.
Twenty-four hours after stimulation, NLRP3 and β-actin expression levels were detected by Western blotting (20 μg/well; n=2) and
quantified by calculating the NLRP3/ β-actin ratio. (D) Peripheral blood mononuclear cells (PBMCs) from Type 1 diabetic patients or
control individuals were cultured for 24 h, and IL-1β levels were measured in the supernatant (n=4–5/group). The PBMCs collected
from Type 1 diabetic patients (DM1) and health control (HC) were plated overnight. On the following day the samples were treated
with LPS (1 μg/ml), ALB (albumin) (1 mg/dl), AGE (1 mg/ml), PA (100 μM) or AGE+PA for 24 h.

the absence of NLRP3 in the STZ-induced experimental model abolished the increased secretion of IL-1β, which
supports the notion that NLRP3 inflammasome activation is involved in the development of diabetes. However, there
is little information in the literature about the role of NLRP3 in the activation of inflammatory pathways in innate
immune cells after establishing the disease. Macrophages are the targets of metabolic changes associated with T1D
since they provide relevant information about inflammation observed outside the primary site of the disease, which
in this case are the pancreatic islets.
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During the canonical activation of the inflammasome, marked changes have been described in the glycolytic pathway [62,63]. This observation is of particular relevance since alterations in the glycolytic pathway can activate the
NLRP3 inflammasome [62,64]. It is plausible that the increased glycolytic capacity we observed in the PMs from
diabetic mice might be associated with NLRP3 inflammasome activation.
Recent reports have demonstrated that NO production may be involved in inflammasome activation [65,66], and
it is known that macrophages from T1D mice produce high concentrations of nitric oxide (NO). We observed higher
iNOS protein expression after LPS stimulation in PMs from STZ-induced T1D WT mice than in NLRP3 KO mice.
Additionally, NO production is impaired in the NLRP3 KO mice, which indicates that the NLRP3 inflammasome is
involved in NO secretion. Interestingly, macrophage-mediated NO secretion is abrogated in the absence of caspase-1
during Trypanosoma cruzi infection [66]. Moreover, the activation of the enzyme PARP-1 (poly (ADP-ribose)
polymerase-1) is thought to be an essential link between the inflammasome and the up-regulation of iNOS transcription [67]. Upon inflammasome activation, PARP1 is cleaved into two fragments and released, representing one
of the first molecular mechanisms to describe how inflammasomes induce pyroptosis [68]. Further studies evaluating
PARP-1 cleavage in the T1D model are necessary.
Corroborating the observations that the T1D state stimulates NO production, PMs from NOD D mice also exhibited increased NO production and IL-1β secretion. Additionally, PMs from NOD D presented higher mean
ECAR values, which indicates that the increased glycolytic pathway activity may activate the NLRP3 inflammasome (MOON; HISATA; PARK; DENICOLA et al., 2015). It remains unknown whether the changes in PM glycolysis/glycolytic capacity in the hyperglycemic state were caused by or led to inflammasome activation.
The main clinical complications of diabetes are related to hyperglycemia and the consequent glycation of proteins
and lipids, which generates inflammation and predisposes the individual to nephropathy, neuropathy, atherosclerosis
and cardiovascular diseases [69]. Indeed, the accumulation of AGEs is a critical factor in the pathogenesis of chronic
kidney disease and diabetes and has been associated with aging [70]. The AGE receptor (RAGE) plays a central role as
a signaling molecule in the innate immune function and activates inflammatory pathways [71]. It has been proposed
that AGE binding to RAGEs can result in oxidative stress and lead to NLRP3 activation [72]. Thus, AGEs may be
involved in NLRP3 activation during the onset, development and/or establishment of T1D.
The molecules that activate NLRP3 during obesity and T2D have been documented [73,74]. However, the factors that trigger NLRP3 inflammasome activation remain unclear. For example, increased levels of saturated fatty
acids and chronic exposure to high concentrations of glucose both augment ROS production [20,27] that culminates
in NLRP3 inflammasome activation [64,75,76]. Furthermore, some evidence demonstrates that fatty acids mediate
lipid-induced inflammation through receptors other than TLR4 [77]. Herein, we chose AGEs and PA to mimic the
T1D environment since both are elevated in the T1D state [78]. Indeed, during the in vitro stimulation of PBMCs isolated from T1D patients diagnosed with AGE+PA, we observed a substantial increase in IL-1β secretion compared to
healthy controls. Also, in immortalized murine macrophages treated with AGE, there was a concentration-dependent
increase in IL-1β production.
While one study detected elevated IL-1β expression levels in PBMCs isolated from newly diagnosed T1D patients
[79], others reported either decreased [80] or unaltered expression levels [81] for this cytokine over time. Additionally, PBMCs from T1D patients presented increased basal IL-1β production and a more significant response to LPS
treatment in vitro [82]. These findings indicate that the inflammasome and IL-1β produced by monocytes are dysregulated in T1D. However, the receptors involved in inflammasome activation and the specific factors responsible
for these impairments have yet to be elucidated.
Finally, the ex vivo treatment of PMs with DHA exhibited attenuated iNOS protein expression, and the mRNA
proinflammatory array profile was altered compared with PMs from B6 mice. Other studies using T1D models
(STZ-induced and NOD) also reported that omega-3 fatty acids improve the diabetic state [83,84] and reduce the
incidence of T1D [34]. These effects could be due to DHA inhibiting IL-1β and TNF-α production in THP-1 cells
[85] and TNF-α and IL-6 production in murine macrophages [86]. Notably, pro-resolving mediators, derived from
polyunsaturated fatty acids, accelerate the treatment of inflammatory diseases [87], including murine models of diabetes [88] and patients with metabolic syndrome [89].
Hyperglycemia and dyslipidemia in T1D are associated with an increased inflammatory state in the monocytes/macrophages, resulting in increased NO production via the NLRP3/iNOS pathway, up-regulated expression
of proinflammatory cytokines and chemokine receptors and augmented glycolytic activity. In conclusion, since the
ex vivo treatment with DHA abolished the T1D-induced changes and attenuated the inflammatory state of the PMs,
DHA supplementation may represent a promising adjunct therapy for treating T1D patients.
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Clinical perspectives
It is well known that NLRP3 participates in Type 1 diabetes (T1D) development, but the players
involved in NLRP3 inflammasome activation through T1D itself have yet to be elucidated.

•

Type 1 diabetes induced an inflammatory state in murine macrophages and human peripheral
blood mononuclear cells (PBMC) through NLRP3 activation and increased NO production. Notably, the absence of NLRP3 abolished NO production.

•

DHA treatment reverted the inflammatory state in macrophages from Type 1 diabetic mice, thus
representing a potential adjunct therapy for T1D patients.
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