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Abstract

Background
Type 2 diabetes mellitus (T2DM) is one of the metabolic diseases that increasingly common worldwide.
Recent studies con�rm that chronic low-grade in�ammation is closely associated with metabolic
syndromes, and anti-in�ammatory therapy is a potential approach for treating T2DM. Accumulating
evidence suggests that G-protein coupled receptor 120 (GPR120) activation is a feasible solution to
ameliorating chronic in�ammation and improving glucolipid metabolism. α-linolenic acid (ALA) has
proved to bene�t for chronic metabolic diseases. However, the triggering mechanisms of ALA alleviated
the in�ammation in T2DM by enhancing the expression of GPR120 are still ill-understood. In this study,
we investigated the anti-in�ammatory potential of ALA in T2DM and uncovered the underlying
mechanisms.

Methods
In vivo, SD rats were randomly allocated into 4 groups: pair-fed (PF) with corn oil (CO) group (PF/CO), DM
with CO group (DM/CO), PF with ALA group (PF/ALA), DM with ALA group (DM/ALA). A diabetic rat
model was generated by a single intraperitoneal injection of streptozotocin-nicotinamide (STZ-NA). Each
group was fed diet with or without ALA. In vitro, lipopolysaccharide (LPS) stimulated RAW264.7 mouse
macrophages cellular in�ammation model was established. The effect of ALA on liver macrophages
(Mψs) in T2DM rat was measured by immuno�uorescence (IF). The concentrations of TNF-α, IL-6, IL-1β,
IL-18 and IL-10 in RAW264.7 cell culture supernatants were analyzed with ELISA kits. The protein
expressions of GPR120, β-arrestin2, NLRP3, caspase-1, TLR-4 and NF-κB signaling pathway were
investigated with western blot analysis. Furthermore, LPS-induced RAW264.7 cells were treated with
AH7614, the GPR120 antagonist, to con�rm the effect of ALA dependent on GPR120.

Results
It was shown that the expression of liver Mψs was signi�cantly attenuated in DM/ALA group compared
with that in the DM/CO group. In addition, ALA decreased the levels of proin�ammatory cytokines (TNF-α,
IL-6, IL-1β and IL-18) and increased the levels of anti-in�ammatory cytokines (IL-10) in LPS-induced
RAW264.7 mouse macrophages. Moreover, ALA markedly inhibited the up-regulation of Toll-like receptor
4 (TLR4), the activation of nuclear factor kappa B (NF-κB) and the expression of the in�ammasome
components such as NOD-like receptor protein 3 (NLRP3) and caspase-1 in LPS-stimulated RAW264.7
cells. Of note, our observations indicated that expressions of GPR120 and β-arrestin2 were enhanced by
the treatment with ALA, suggesting that GPR120 and subsequent recruited β-arrestin2 participated in anti-
in�ammatory effect. Intriguingly, blocked with GPR120 antagonist, AH7614, the inhibitory effects of ALA
on in�ammation and TLR4/NF-κB pathway activity in LPS-stimulated RAW264.7 mouse macrophages
were weakened.
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Conclusion
Collectively, ALA suppressed NF-κB signal pathway and NLRP3 in�ammasome activation of macrophage
by binding to the GPR120 receptor to ameliorate T2DM.

1. Introduction
According to the latest global diabetes map released of the International Diabetes Federation (IDF), a
total of 463 million people are estimated to be living with diabetes in 2019, it is predicted that 579 million
people will have diabetes in 2030 and the number will increase by 51% (700 million) in 2045, 90% of
which are type 2 diabetes mellitus (T2DM). Diabetes has become one of the rapidly-growing diseases[1].
T2DM is a chronic metabolic disease, mainly characterized by hyperglycemia and insulin resistance,
which can cause serious damage to the body target organs, lead to numerous complications, and
seriously affect the health and quality of life of patients[2–4]. Currently, chronic low-grade in�ammation
is considered to be one of the leading causes of T2DM[5]. The clinical and experimental animal studies
have shown that in the occurrence and development of T2DM, in�ammation induces insulin resistance to
produce hyperglycemia which also promotes the progression of in�ammation, leading to the occurrence
of various complications including nephropathy[6], vasculopathy[7], retinopathy[8] and peripheral
neuropathy[9]. Hence, the improved understanding of the mechanisms linking in�ammation to diabetes
mellitus has stimulated interest in targeting in�ammatory pathways to improve diabetes prevention and
care.

In the in�ammatory mechanism of T2DM, hepatic macrophages (mainly Kupffer cells) promote the
expression of in�ammatory cytokines such as interleukin (IL)-1β, IL-6, IL-18 and tumor necrosis factor
(TNF)-α, cause abnormal phosphorylation of insulin receptor substrates, interfere with normal insulin
signal transduction and lead to insulin resistance through activating the NF-κB or JUNK signaling
pathway, which causes diabetes[10, 11]. It is now generally accepted that tissue-resident macrophages
play major roles in the regulation of tissue in�ammation[12]. According to different functions and
phenotypes, macrophages can be divided into the classically activated, pro-in�ammatory phenotype (M1-
type macrophages) and the alternatively activated phenotype (M2-type macrophages). Representative
pro-in�ammatory indicators of M1 involve inducible nitric oxide synthase (iNOS) and TNF-α, which have
been shown to increase tissue in�ammation in chronic metabolic diseases[13]. Arginase-1 (Arg-1) and
anti-in�ammatory IL-10 in M2 are implicated in immunosuppression, tissue remodeling and
homeostasis[14]. M2-type macrophages, which are different from M1-type macrophages, play a key role
in the regression of in�ammation by suppressing the secretion of pro-in�ammatory cytokines and
producing anti-in�ammatory regulators[15–17]. Imbalance of M1/M2 polarization or repolarization of
resident macrophages is usually associated with various diseases, such as in�ammatory, auto-immune
disorders and chronic infections[18–20].

NLRP3 in�ammasome is a protein complex composed of nucleotide binding oligomerization domain like
receptor protein 3 (NLRP3), apoptosis associated speck-like protein (ASC) and pro-caspase-1, which is an
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important part of in�ammatory immune response and a major “receptor” of in�ammatory response[21,
22]. Under normal circumstances, NLRP3 binds to molecular chaperones such as heat shock protein
(HSP) 90 and exists in the cells in an inactive form. Upon stimulation by pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs), NLRP3 is activated as a key
component in the complex, recruiting the connector molecule ASC, which co-assembles with the effector
molecule caspase-1 into in�ammasome to triggering a series of in�ammatory cascade reactions and
participating in the occurrence and development of in�ammation in various chronic diseases[23].
Accumulating evidence has shown that NLRP3 plays a signi�cant role in the development of T2DM[24–
26]. Studies have demonstrated that T2DM and other diseases can cause increased expression of NLRP3
in�ammasome in peripheral blood mononuclear cells of patients, which can be used as a marker to
predict the onset of T2DM severity events[24]. The NLRP3 in�ammasome is involved in macrophage-
medicated in�ammation and regulates insulin secretion[25]. In addition, Zhou R et al. found that NLRP3
gene knockout could signi�cantly increase glucose tolerance and insulin sensitivity[26].

α-linolenic acid (ALA) is an essential fatty acid that cannot be synthesized by the human body and must
be obtained as nutrients in the diet[27]. As the precursor of two important longer chain omega-3 fatty
acids (ω-3 FAs) eicosapentaenoic acid (EPA, 20:3n-5) and docosahexaenoic acid (DHA, 22:3n-6), ALA has
been reported to have a variety of nutritional, health care and pharmacological effects, mainly including
cardiovascular-protective, neuro-protective, anti-cancer, anti-osteoporotic, anti-in�ammatory, and
antioxidative effects[27, 28]. Among researchers including our lab have demonstrated that dietary ALA-
rich �axseed oil (FO) has pleiotropic bene�ts in chronic metabolic diseases, such as alcoholic liver
disease (ALD)[29], polycystic ovarian syndrome (PCOS)[30], atherosclerosis (AS)[31] and colitis[32].
Furthermore, animal model studies of T2DM also indicated that an ALA-rich diet improved hyperglycemic
and hypertriglyceridemia in diabetic mice[33, 34]. Although an ALA-rich diet has signi�cant bene�cial
effects on variety chronic metabolic diseases, these studies are di�cult to directly demonstrate the effect
of improvement in these diseases. In addition, the effects of ALA on T2DM and the underlying
mechanisms are poorly understood.

G protein-coupled receptor 120 (GPR120), as a member of a family of lipid binding free fatty receptors
including GPR40, GPR41 and GPR43, which has been demonstrated to be speci�cally activated by long-
chain fatty acids (LCFAs)[35]. Da Young Oh et al. discovered that GPR120 is the only lipid sensing G
protein-coupled receptor (GPCR) which is highly expressed in adipose tissue, proin�ammatory CD11c+

macrophages (BMDCs), mature adipocytes, and monocytic RAW264.7 cells[36]. Furthermore, a research
has shown that DHA stimulation leads to the recruitment of β-arrestin2 to the plasma membrane where it
colocalizes with GPR120. Following DHA-stimulated internalization of the GPR120-β-arrestin2 complex,
and then β-arrestin2 can interplay with TAB1. It has been reported that TAB1 is the activating protein for
TAK1 and above phenomenon suppresses TAK1 activation and downstream signaling to the IKKβ/NF-κB
and JNK/AP1 system[36, 37]. Besides, an animal study showed that a GPR120-selective agonist
improves insulin resistance and chronic in�ammation in obese mice[38].
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Since chronic in�ammation is a mechanistic feature of insulin resistance and the underlying
mechanisms of anti-in�ammatory of ALA on T2DM remain elusive, we postulated that ALA may alleviate
the in�ammation in T2DM by enhancing GPR120 expression. In the present study, we investigate the
effectiveness of ALA on the liver macrophages of T2DM model rats and the anti-in�ammatory
mechanism of ALA was uncovered in LPS-stimulated RAW264.7 murine macrophages.

2. Materials And Methods

2.1 Animals and diet
All experimental procedures were approved by the Ethics Committee of Ningxia Medical University
(No.2020-034). Male Sprague-Dawley (SD) rats (200–250 g) were purchased from Central Animal House
of Ningxia Medical University. They were placed in a polycarbonate cage with a temperature control
chamber (ambient temperature 22 ± 2℃, air humidity 40%-70%), 12 h dark/light cycle. During the whole
experiments period, animals were fed with a balanced commercial diet and water ad libitum. All diets for
rats feeding were purchased from TROPHIC Animal Feed High-tech Co., Ltd., Nantong, China.

2.2 Diabetic rats
The rats were fasted 12 h before the streptozotocin (STZ)-nicotinamide (NA) injection. T2DM was
induced by the intraperitoneal (i.p) administration of a single dose (65 mg/kg BM) of STZ freshly
dissolved in 0.1 M citrate buffer(pH = 4.5), 15 min after i.p administration of 110 mg/kg BM of NA
dissolved in normal saline. Animals were allowed to drink 20% glucose solution overnight to overcome
drug-induced hypoglycemia. Rats in the pair-fed (PF) group were i.p injected with an equal volume of
citrate buffer and normal saline. Hyperglycemia was con�rmed according to the levels of fasting blood
glucose (FBG), which was determined in day 3 and 7 after injection. Rats with FBG levels above 13.9
mmol/L were considered to T2DM in the experiment[39], followed by feeding various types of diets.

2.3 Experimental design
Rats were randomly divided into 4 groups (8 rats/group): (a) PF with corn oil (CO) group (PF/CO), PF rats
were fed 10% w/w CO diet as CO control; (b) DM with CO group (DM/CO), DM rats were fed 10% w/w CO
diets; (c) PF with α-Linolenic acid (ALA) group (PF/ALA), PF rats were fed 10% w/w ALA diet as ALA
control; (d) DM with ALA group (DM/ALA), DM rats were fed 10% w/w ALA diet. The standard rodent
chow pellets were powdered and mixed with ALA and re-pelleted so as to contain either 10% w/w.
Animals from PF/ALA group and DM/ALA group received 10% w/w ALA diets. As control, PF/CO group
and DM/CO group received 10% w/w CO diet. Feeds were prepared every week and packed sealed bags in
quantities su�cient for 1 day’s feed. Feeds in the plastic bags were �ushed with nitrogen, sealed, and
stored at -20℃. Feeds which were not consumed by animals were discarded daily. After 5 weeks of
feeding, rats were then euthanized and associated indications were investigated.

2.4 Cell culture and stimulation
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Murine macrophage RAW264.7 cells (ATCC: TIB-71) were purchased from the Type Culture Collection of
the Chinese Academy of Sciences, Shanghai, China. Cell lines were cultured in Dulbecco’s modi�ed
Eagle’s medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, BI, Israel), 100
mg/mL streptomycin, 100 U/mL penicillin and incubated in 5% CO2 at 37℃. ALA (Sigma-Aldrich, USA)
and GPR120 antagonist AH7614 (APE*BIO, USA) were dissolved with DMSO to a concentration of 20 mM,
and then diluted in DMEM to a working concentration of 20 µM. RAW264.7 murine macrophage cells
were seeded in 6-well plates. After 12 h of culture, cells were treated for 12 h with AH7614 followed by 2 h
incubation with ALA or its vehicle solution. After incubation, cells were stimulated with LPS (Sigma-
Aldrich, USA) for 24 h, and then the cell culture supernatants or the cells were collected for ELISA or
western blotting. The working concentration of LPS was 100 ng/mL.

2.5 Immuno�uorescence (IF) of liver tissue
To determine the role of hepatic Mψs in T2DM after ALA treatment, IF was used to investigate the liver
tissue. In brief, after dehydration and rehydration, para�n sections of liver were incubated with EDTA (pH
8.0) solution at microwave oven for 20 min to renovate antigen. Subsequently the slides were blocked
with 2% bovine serum albumin (BSA) for 1 h at room temperature. After washing with 0.5% BSA for three
times, samples were incubated with rabbit anti-rat CD68 antibody (1:100 dilution, Servicebio, China) at
4℃ overnight. After rinsing with 0.5% BSA, the slides were incubated with CY-3 labeled goat anti-rabbit
antibody (1:200 dilution, Servicebio, China) for 1 h at room temperature under dark condition. After three
times of washing, slides were stained with the sealing tablet containing DAPI to observe the nucleus.
Images were captured with Olympus BX51 microscope (Aomori Olympus, Japan). Positive areas in 20
optical �elds (200× magni�cation) within the liver region were then observed by blinders of the
experiments.

2.6 Enzyme-linked immunosorbent assay (ELISA)
Supernatants of in vitro cell culture in each group were respectively collected and centrifuged at 1000 × g
for 20 min, and the supernatants were collected for the determination of in�ammatory cytokines
concentrations. The tumor necrosis factor-α (TNF-α), interleukin (IL)-6, IL-1β, IL-18 and IL-10 were
measured respectively by ELISA kits according to the manufacturer’s instructions (Shanghai, Jianglai
biotech, Shanghai, China). Optical density was measured at 450 nm within 15 min using an automated
microplate reader (Thermo Scienti�c, United States). Each sample was tested in triplicate.

2.7 Western blot
Total proteins of RAW264.7 cells were extracted using a commercial kit (Keygen, No. KGP903, Nanjing,
China). Protein concentrations were detected with a BCA protein assay kit (Keygen, No. KGBSP002,
China). Equal amounts of protein extracted (30–50 µg) samples were subjected to 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then transferred to a polyvinylidene
di�uoride (PVDF) (Millipore, Bedford, MA, United States) membrane electronically. The membranes were
blocked with 5% non-fat milk and then incubated with primary antibodies at 4℃ overnight as follows:
rabbit anti-mouse NLRP3 (1:500 dilution, Abcam, United State), mouse monoclonal caspase-1 (1:500
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dilution, Santa Cruz, United States), rabbit anti-mouse NF-κB (1:500 dilution, Abcam, United State), mouse
monoclonal Toll-like receptors-4(TLR4) (1:500 dilution, Santa Cruz, United States), rabbit polyclonal Arg-1
(1:500 dilution, Abcam, United State), rabbit monoclonal iNOS (1:1,000 dilution, Abcam, United State), and
mouse monoclonal GAPDH (1:1,000 dilution, China). After washing with 1×TBST buffer for three times,
membranes were incubated with HRP-conjugated anti-mouse (1:1,000 dilution, Abbkine, China) or anti-
rabbit (1:1,000 dilution, Abbkine, China), respectively. After washing, membranes were visualized with ECL
chemiluminescent kit (Thermo Scienti�c, United State) and measured using the Azure c400 (Thermo
Scienti�c, United State). Images were analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD, United State).

2.8 Statistical analysis
All data were statistically analyzed using Prism 8.0 (GraphPad Software Inc., USA). The results were
presented as the mean ± standard deviation (SD). Differences among multiple comparisons were
performed using two-way analysis of variance (ANOVA). Differences between two groups were analysis
by Student’s t test (2-tailed) based on normal distribution. Correlation analysis was performed using the
Spearman method. P < 0.05 was considered statistically signi�cant.

3. Results

3.1 ALA intervention decreased the percentage of Mψs
from liver in T2DM rats
To study Mψs of hepatic in T2DM rats, we determined the quantity and localization of Mψs in liver by IF
assay. Images from IF showed that the �uorescence intensity of Mψs in PF/CO group was 0.98 ± 0.18%,
and that in the DM/CO group was signi�cantly increased to 1.78 ± 0.05% (Fig. 1A and B, P < 0.01),
indicating that Mψs in�ltration appeared in the liver of T2DM rats. Compared with the DM/CO group, the
�uorescence intensity of Mψs decreased to 0.88 ± 0.02% after ALA intervention (Fig. 1A and B, P < 0.001),
which was similar to the PF/CO group. Thus, we speculated that the chronic low-grade in�ammation of
T2DM could be reduced by improving the in�ltration of Mψs in hepatic after ALA intervention. In
conclusion, ALA intervention can reduce the level of Mψs in liver, which may provide a new idea for
treatment of T2DM.

3.2 ALA suppressed NLRP3 in�ammasome and Nuclear
Factor-κB in RAW264.7
The above �nding indicated that in T2DM, the polarization of pro-in�ammation Mψs could be attenuated
by a dietary ALA intervention treatment. In addition, relevant animal studies have shown that dietary ALA-
rich FO signi�cantly reduced the levels of plasma in�ammatory cytokines in T2DM model rats, including
IL-1β, IL-6, IL-17A and TNF-α[40]. Due to NLRP3 in�ammasome and NF-κB pathway play a crucial role in
in�ammation, we investigated whether anti-in�ammatory effect of ALA on T2DM was associated with
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the suppression of NLRP3 in�ammasome/NF-κB activation in vitro. The lipopolysaccharide (LPS)
stimulated RAW264.7 mouse macrophages cellular in�ammation model was established to understand
the molecular mechanism by which ALA inhibits the release of cytokines from RAW264.7 cells. Western
blot was utilized to determine the expressions of caspase-1, NLRP3, NF-κB and TLR4. As a result,
RAW264.7 cells stimulated by LPS signi�cantly increased the expression of caspase-1 (P < 0.001, Fig. 2A,
B), NLRP3 (P < 0.0001, Fig. 2A, C) and TLR4 (P < 0.01, Fig. 2A, E) compared with those in the control
group. In contrast, the treatment with ALA reduced the representations of NLRP3, caspase-1 and TLR4 in
RAW264.7 cells greatly of that in the LPS group. In addition, LPS induced a notable increase of NF-κB, but
a signi�cant reduction of which was observed in ALA treatment group (P < 0.05, Fig. 2A, D), suggesting
that ALA may inhibit the activation of NLRP3 in�ammasome depending on NF-κB signaling pathway.

3.3 ALA repression of LPS-induced NLRP3 in�ammasome
and NF-κB activation depends on GPR120
To verify whether ALA inhibits LPS-induced in�ammatory response in RAW264.7 cells by activating
GPR120 receptors, the GPR120 antagonist, AH7614, as well as ALA were co-cultured with RAW264.7 cells,
and ultimately the expression levels of NLRP3 in�ammasome and NF-κB pathway were assessed. As
displayed in Fig. 3, the expression levels of caspase-1 (P < 0.05, Fig. 3A, B), NLRP3 (P < 0.05, Fig. 3A, C),
NF-κB (P < 0.05, Fig. 3A, D) and TLR4 (P < 0.0001, Fig. 3A, E) in the LPS stimulated group were higher
compared with those in the control group. Interestingly, AH7614 treatment clearly mitigated the
suppressive effects of ALA on the expression levels of caspase-1, NLRP3, NF-κB and TLR4 in the LPS-
induced RAW264.7 cells (P > 0.05, Fig. 3).

3.4 ALA suppressed the release of in�ammatory factors
from RAW264.7 mouse macrophages
To measure the contents of in�ammatory factors in cell culture supernatants, ELISA was used. The data
showed that the concentrations of IL-1β, IL-18, TNF-α and IL-6 in the supernatants of RAW264.7 cells
stimulated with LPS were increased signi�cantly than those in the control group (P < 0.0001). However,
the treatment with ALA decreased the release of IL-1β, IL-18, TNF-α and IL-6 compared with those in the
LPS group (P < 0.0001, Fig. 4). Notably, AH7614 clearly weakened the inhibiting effect of ALA on
in�ammatory factors expression. As displayed in Fig. 4, with the treatment of AH7614 in RAW264.7, the
suppressive effects of ALA on the expression of IL-1β, IL-18, TNF-α and IL-6 in the LPS-induced group
were eliminated (P > 0.05). The results indicated that ALA suppressed the release of in�ammatory factors
from RAW264.7 mouse macrophages, but AH7614 reversed these inhibiting effect.

3.5 ALA alleviated in�ammatory response in the LPS-
induced RAW264.7 cells by enhancing GPR120
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In order to further verify the mechanism of ALA inhibiting the generation of NLRP3 in�ammasome and
the transduction of NF-κB pathway, we next investigated the in�uence of ALA on GPR120 and β-arrestin-2
expression in murine macrophage RAW264.7 cells by treating the cells with ALA for 2 h followed by
harvesting and lysis. Subsequent western blot analysis showed that the expression of β-arrestin-2 was
notably decreased in response to LPS (P < 0.01, Fig. 5A and D). On the contrary, both the expressions of
GPR120 (P < 0.05) and β-arrestin-2 (P < 0.001) were observably increased after ALA treatment (Fig. 5A, C
and D). However, all of these effects of ALA were completely abrogated by the inhibitor of GPR120
(Fig. 5B, C and D).

3.6 ALA signi�cantly reduced in�ammation in LPS-induced RAW264.7 cells, including suppression of M1
macrophages and activation of M2 macrophages

To further investigate the effects of ALA on M1/M2 Mψ polarization, murine macrophage RAW264.7 cells
were stimulated with LPS for 24 h and then co-cultured with ALA. ELISA was used to examine the
expression of TNF-α and IL-10 in the supernatants of medium after culture experiments. The levels of
TNF-α in groups of LPS + ALA were reduced compared to LPS group (P < 0.0001, Fig. 6A). On the contrary,
the level of IL-10 was increased in group of ALA + LPS compared with LPS group (P < 0.0001, Fig. 6B). All
of these alleviated effects were reversed due to the intervention of AH7614.

To examine the hypothesis that M1/M2 Mψ polarization was induced by ALA, we further evaluated the
expression of Mψ phenotypical markers upon ALA treatment in vitro by western blot. The results
indicated that LPS + ALA reduced protein level of iNOS compared to LPS group (P < 0.05, Fig. 6C and D).
Furthermore, the expression of M2 Mψ phenotypical marker Arg-1 in group of ALA + LPS was increased
compared to LPS group (P < 0.001, Fig. 6C and F). Interestingly, the intervention of ALA showed no effect
on iNOS and Arg-1 under the AH7614 treatment (P > 0.05, Fig. 6D, E and F).

4. Discussion
T2DM is a leading cause of morbidity and mortality worldwide. In recent decades, accumulating studies
have demonstrated that in�ammation medicates insulin resistance and hyperglycemia participates in the
pathogenesis of T2DM[41, 42]. It is known that chronic in�ammation, mediated in large part by pro-
in�ammatory macrophage population, contributes directly to the induction and perpetuation of metabolic
diseases including obesity, insulin resistance (IR) and T2DM[43]. As a part of the immune system, the
liver plays a key role by secreting acute-phase protein, complement components, chemokines and
cytokines. Moreover, relevant studies have shown that liver macrophages in�ltrate metabolic organs
under obese conditions and contribute to low-grade in�ammation that impairs insulin action, leading to
the development of IR[44, 45]. In clinical and experimental studies, the consumption of ω-3 FAs has
exhibited a systemic anti-in�ammatory bene�t in a variety of in�ammatory human diseases, including
diabetes, AS, asthma, and arthritis[46, 47]. Compared with EPA and DHA, the study of ALA is relatively
poor. However, as the only dietary source for ω-3 FAs produced from the ground, the functional effects
and health bene�ts of ALA deserves further study. Thus, to con�rm the in�uence of dietary ALA on T2DM,
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the immuno�uorescence results of hepatic macrophages showed that the proportions of CD68+ cells was
signi�cantly decreased with the dietary ALA administration in vivo, suggesting that the anti-in�ammation
effect of ALA intervention might be mainly due to the inhibition of in�ammatory macrophages. We
speculated that the anti-in�ammation role of dietary ALA on T2DM might be through regulating
macrophage polarization to improve IR, but the exact evidence needs to further verify in vitro.

Next, the experiment were designed to reveal the underlying mechanisms of anti-in�ammatory effect of
ALA due to perform on macrophages. RAW264.7 cells, a murine macrophage cell line, were stimulated
with LPS to establish an in vitro in�ammatory model, which is characterized with an excessive
in�ammatory response and abnormally high levels of pro-in�ammatory cytokines[48, 49]. It has been
demonstrated that macrophages play a key role in obesity-induced chronic low-grade in�ammation,
which is tightly related to macrophage in�ltration into peripheral tissues and IR[50]. Emerging evidence
has shown that NLRP3 in�ammasome is a key target for ω-3 FAs to suppress in�ammation and exert
their anti-in�ammatory activity in in�ammatory disorders[51]. Moreover, ω-3 FAs supplementation could
suppress HFD-induced NLRP3 in�ammasome activation and prevent NLRP3 in�ammasome-dependent
IR. The NLRP3 in�ammasome is a critical component of the innate immune system that mediates
caspase-1 activation and the secretion of proin�ammatory cytokines IL-1β/IL-18 in response to microbial
infection and cellular damage[52]. Under the pathology, macrophages exposed to priming stimuli, such as
ligands for Toll-like receptors (TLRs), NOD-like receptors (NLRs), or cytokine receptors which activate the
transcription factor NF-κB[53]. And then, NF-κB acts as an initiation signal to activate the NLRP3
in�ammasome, recruit and activate caspase-1, induce apoptosis and the maturation and secretion of
proin�ammatory cytokines, thereby promoting in�ammation. In the present study, LPS-stimulated
expression of TLR4, NF-κB, NLRP3 and caspase-1 as well as production of IL-1β and IL-18 tended to be
reduced by ALA, which was consistent with previous studies[51].

A research has indicated that DHA induces GPR120 activation leading to the recruitment of β-arrestin-2,
and the subsequent internalization of the GPR120/β-arrestin-2 complex leads to its binding to TAK1
binding protein 1 (TAB1), which interferes with TAB1 binding to TAK1 and inhibits TAK1 phosphorylation
and activation[36]. Furthermore, since TAB1/TAK1 binding is a convergent signaling point of both LPS
and TNF-α stimulation, TAK1 activation stimulates both IKKβ/NF-κB and JNK/AP1 pathway and
participates in low grade tissue in�ammation[36]. Moreover, in another study, it was found that the
stimulation of macrophages with ω-3 FAs, including EPA and DHA, abolished NLRP3 in�ammasome
activation and suppressed subsequent caspase-1 activation and IL-1β secretion via GPR120 and its
downstream scaffold protein β-arrestin-2[51]. Our data revealed that the expression of GPR120 and β-
arrestin-2 in LPS-induced RAW264.7 cells were markedly increased with ALA supplementation,
demonstrating that ALA may prevent NLRP3 in�ammasome-dependent in�ammation and metabolic
disorder via GPR120. Subsequently, the impacts of ALA on LPS-stimulated in�ammation consequences
were further determined. In parallel, ALA prominently inhibited the increases of TNF-α, IL-6, IL-1β, and IL-
18 induced by LPS-stimulated macrophage activation, which are important proin�ammatory cytokines.
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Taken together, we reasoned that GPR120 functions as ALA receptor and medicates robust and broad
anti-in�ammatory effects, particularly in macrophages. In order to determine the crucial role of GPR120 in
the effectiveness of ALA on the development of in�ammation, we used GPR120 antagonist, AH7614, to
demonstrate that ALA cause GPR120-medicated anti-in�ammatory effects in vitro. In this experiment,
ALA intervention observably decreased the activation of the NLRP3 in�ammasome and the expression of
GPR120 in LPS-induced RAW264.7 cells but was without effect in the GPR120 KD (under the use of
AH7614). Consistent with these results, ALA treatment led to a decrease in M1-type macrophage with
reduced pro-in�ammatory markers iNOS and the secretion of TNF-α, as well as an increase in M2-type
macrophage with promoted anti-in�ammatory markers Arg-1 and the secretion of IL-10 in LPS-stimulated
murine macrophages. As expected, restraining the expression of GPR120 abolished the anti-in�ammatory
effect of ALA. These results together highlight the fact that ALA exerts its anti-in�ammatory property
largely by stimulating GPR120 activation and modulating macrophage polarization.

In summary, we have found that ALA can suppress NF-κB signal pathway and NLRP3 in�ammasome
activation of LPS-induced RAW264.7 macrophages in�ammatory process by binding to the GPR120
receptor. Furthermore, we proved that this suppressing effect of ALA was strictly dependent on GPR120
activation. Combined with previous studies[54], it’s reasonable to speculate that ALA may improve the
occurrence and development of T2DM by ameliorating insulin sensitivity through anti-in�ammatory
effect. In addition, GPR120 acts as an important control point of anti-in�ammatory and insulin
sensitizing responses. Thus, this study highlighted that the ALA mainly ameliorated chronic in�ammation
via stimulating GPR120 activation, which potentially served as an auxiliary functional food for T2DM.
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Figure 1

ALA signi�cantly changed the positive expression rate of hepatic CD68 in T2DM. (A) Results of hepatic
immuno�uorescence (IF) were stained by rabbit anti-rat CD68 antibody. (B) The number of CD68+ cells in
diverse groups. Original magni�cation, ×200 (A). Data are expressed as mean ± SEM. **P<0.01,
***P<0.001. All experiments were performed in triplicate.
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Figure 2

Effects of ALA treatment on NLRP3 in�ammasome, NF-κB and in�ammatory indications in RAW264.7
cells. (A) Western blot analysis of caspase-1, NLRP3, NF-κB and TLR4. Semi-quantitative analysis of the
relative levels of caspase-1 (B), NLRP3 (C), NF-κB (D) and TLR4 (E) by densitometric analysis. Data are
expressed as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All experiments were performed
in triplicate. NLRP3: nod-like receptor protein 3; NF-κB: nuclear factor-κB; TLR4: Toll-like receptor 4; ALA: α-
Linolenic acid; LPS: lipopolysaccharide.
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Figure 3

Effect of ALA on the contents of in�ammatory factors in RAW264.7 from cell culture supernatants.
RAW264.7 cells were divided into two groups: CTL group (normal RAW264.7 cells) and GPR120 KD group
(intervention with AH7614). Each group was divided into a control group (no LPS was added), LPS group
(treated with 100 ng/mL LPS for 24 h), ALA control group (treated with 20 μM ALA for 2 h), ALA
intervention group (100 ng/mL LPS+20 μM ALA for 24h). (A) IL-1β, (B) IL-18, (C) TNF-α, and (D) IL-6
concentrations were determined by ELISA. Data are expressed as mean ± SEM. ns: no signi�cance,
P>0.05; ****P<0.0001. All experiments were performed in triplicate. IL-1β, 18, 6: Interleukin-1β, 18, 6; TNF-
α: Tumor necrosis factor-α; ALA: α-Linolenic acid; LPS: lipopolysaccharide; AH7614: the GPR120
antagonist.

Figure 4

AH7614 reversed the inhibitory effects of ALA in LPS-induced in�ammation response in RAW264.7 cells.
(A) Western blot analysis of caspase-1, NLRP3, NF-κB and TLR4. Semi-quantitative analysis of the
relative levels of caspase-1 (B), NLRP3 (C), NF-κB (D) and TLR4 (E) by densitometric analysis. Data are
expressed as mean ± SEM. ns: no signi�cance, P>0.05; *P<0.05, ****P<0.0001. All experiments were
performed in triplicate. NLRP3: nod-like receptor protein 3; NF-κB: nuclear factor-κB; TLR4: Toll-like
receptor 4; ALA: α-Linolenic acid; LPS: lipopolysaccharide; AH7614: the GPR120 antagonist.
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Figure 5

ALA-mediated anti-in�ammatory signaling was associated with the expression of GPR120 and β-
arrestin2. (A, B) Representative immunoblots of GPR120 and β-arrestin2 in different group. (C, D)
Semiquantitative analysis of relative levels of GPR120 and β-arrestin2 by densitometric analysis. Data
are expressed as mean ± SEM. ns: no signi�cance, P>0.05; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
All experiments were performed in triplicate. ALA: α-Linolenic acid; LPS: lipopolysaccharide; AH7614: the
GPR120 inhibitor.

Figure 6

ALA signi�cantly suppressed M1 macrophages and TNF-α, increased M2 macrophages and IL-10 in
RAW264.7 mouse macrophages stimulated by LPS. (A, B) Levels of TNF-α and IL-10 released in culture
supernatants were determined by ELISA. (C, E) Representative immunoblots of iNOS and Arg-1 in
different groups. (D, F) Semiquantitative analysis of relative levels of iNOS and Arg-1 by densitometric
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analysis. RAW264.7 cells were pretreated with LPS (100 ng/mL) for 24 h after treatment with 20 mM
concentrations of ALA for 2 h. Data are expressed as mean ± SEM. ns: no signi�cance, P>0.05; *P<0.05,
***P<0.001, ****P<0.0001. All experiments were performed in triplicate. ALA: α-Linolenic acid; LPS:
lipopolysaccharide; AH7614: the GPR120 inhibitor. TNF-α: Tumor necrosis factor-α; IL-10: Interleukin-10;
iNOS: Inducible nitric oxide synthase; Arg-1: Arginine-1.


