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Abstract: Short-chain fatty acid (SCFA) acetate, a byproduct of dietary fiber metabolism by gut bacte-
ria, has multiple immunomodulatory functions. The anti-inflammatory role of acetate is well docu-
mented; however, its effect on monocyte chemoattractant protein-1 (MCP-1) production is unknown.
Similarly, the comparative effect of SCFA on MCP-1 expression in monocytes and macrophages
remains unclear. We investigated whether acetate modulates TNFα-mediated MCP-1/CCL2 produc-
tion in monocytes/macrophages and, if so, by which mechanism(s). Monocytic cells were exposed to
acetate with/without TNFα for 24 h, and MCP-1 expression was measured. Monocytes treated with
acetate in combination with TNFα resulted in significantly greater MCP-1 production compared to
TNFα treatment alone, indicating a synergistic effect. On the contrary, treatment with acetate in com-
bination with TNFα suppressed MCP-1 production in macrophages. The synergistic upregulation
of MCP-1 was mediated through the activation of long-chain fatty acyl-CoA synthetase 1 (ACSL1).
However, the inhibition of other bioactive lipid enzymes [carnitine palmitoyltransferase I (CPT I)
or serine palmitoyltransferase (SPT)] did not affect this synergy. Moreover, MCP-1 expression was
significantly reduced by the inhibition of p38 MAPK, ERK1/2, and NF-κB signaling. The inhibition
of ACSL1 attenuated the acetate/TNFα-mediated phosphorylation of p38 MAPK, ERK1/2, and
NF-κB. Increased NF-κB/AP-1 activity, resulting from acetate/TNFα co-stimulation, was decreased
by ACSL1 inhibition. In conclusion, this study demonstrates the proinflammatory effects of acetate
on TNF-α-mediated MCP-1 production via the ACSL1/MAPK/NF-κB axis in monocytic cells, while
a paradoxical effect was observed in THP-1-derived macrophages.
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1. Introduction

Obesity is a complex chronic disease that afflicts more than one in two adults and
one in six children worldwide. Current data suggest that obesity mediated low-grade
chronic inflammation plays a pivotal role in obesity related disorders [1,2]. One of the
most common metabolic diseases that is highly linked to obesity is type 2 diabetes (T2DM).
The nature of the diabetes–obesity relationship remains controversial because not all obese
individuals develop diabetes. However, it is believed that insulin resistance and insulin
deficiency are the primary factors that are closely related to the insulin secretion cycle in
obesity [3,4].
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Adipose tissue is a complex and highly active metabolic and endocrine organ that
plays a major role in coordinating a variety of biological processes such as energy metabolism
as well as neuroendocrine and immune function [5]. In obesity, adipose tissue is dysregu-
lated, especially in the visceral compartment, and is known to be a significant risk factor
for insulin resistance [6]. Such alterations in the adipose tissue lead to adipocyte hypertro-
phy, immune cell infiltration, and increased cytokine (IL-1β, IL-6, TNFα) and chemokine
production, which eventually lead to insulin resistance, T2DM, dyslipidemia, and hyper-
tension [7]. Insulin resistance is also characterized by the circulation of high levels of free
fatty acids (FFAs), which induce glucose uptake in the liver and muscle [2]. FFAs are
considered an energy source for most tissues and play a critical role in gene expression
and enzymatic regulation [8]. FFAs are either derived from dietary intake or are inherently
produced by the lipolysis of stored triglycerides. They are known to play a major role in
metabolic inflammation.

Short-chain fatty acids (SCFAs) are formed as products of the fermentation of dietary
carbohydrates, peptides, and proteins in the gut microbiota. They perform several physio-
logical roles in regulating intestinal permeability, inflammation control, immunological
function, and serve as an energy source for host colonocytes [9]. The most abundant SCFAs
are acetate, propionate, and butyrate with a molar ratio of 60:20:20, respectively. Despite
their low concentration, propionate and butyrate have a distinct role in reducing inflamma-
tion in the gut as well as regulating gene expression and cell fate [9]. On the other hand,
acetate, which is the most abundant SCFA, exhibits a number of physiological functions
from acting as a substrate for cholesterol synthesis to functioning as an appetite suppressor
in the hypothalamus [10]. Acetate is well known for its anti-inflammatory function [11,12].
Acetate and butyrate play a significant role in modulating the production of chemokines
and the expression of neutrophils and endothelial cells. The inhibitory effects of SCFAs on
MCP-1 and LPS-induced IL-10 production have been reported [13,14].

Obesity is associated with an increase in adipose tissue size and results in the acti-
vation of macrophage inflammatory factors including TNFα, IL-6, and MCP-1 (CCL2),
which causes insulin resistance [5]. CCL2 and chemokine (C-C motif) receptor 2 (CCR2)
knockout mice exhibit reduced adipose tissue macrophages, lower inflammatory levels,
and enhanced insulin sensitivity with a high-fat-diet (HFD) [15,16]. In addition, Taka-
hashi et al. suggested that increased circulation of MCP-1 in obese mice is associated
with an increase in monocyte/macrophage circulation in the blood [17]. TNFα increases
the production of MCP-1 during conditions of obesity. Since SCFAs are involved in the
suppression of inflammatory responses, we investigated the effects of SCFAs on the TNFα
-mediated production of MCP-1 in monocytic cells. Our findings show that acetate in
combination with TNFα synergize MCP-1 production from monocytic cells through the
ACSL1/MAPK/NF-κB axis.

2. Results
2.1. TNFα Enhances MCP-1 Production by Monocytic Cells in the Presence of Acetate

We investigated whether acetate modulates TNFα-induced MCP-1 production in
monocytic cells. Monocytic cells were treated with TNFα in the presence or absence of
acetate for 24 h. The results indicated that MCP-1 gene/protein expression in THP-1
monocytic cells was significantly upregulated after co-treatment with TNFα and acetate
compared to TNFα treatment alone (MCP-1 mRNA: p = 0.0051; MCP-1 protein: p < 0.0001)
(Figure 1A,B). Western blot and confocal microscopy of the monocytic cells also revealed
that there was a significant increase in the expression of MCP-1 in the cells treated with
acetate and TNFα (Figure 1C–F).
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Figure 1. Acetate triggers TNFα induced MCP-1 expression in human monocytic cells. THP-1 monocytic cells were stim-
ulated with acetate (100 mM) and TNFα (10 ng/mL) alone or in combination for 24 h. Cells and culture media were col-
lected. (A) Total RNA was extracted from the cells and MCP-1 mRNA was quantified by real time PCR. Relative mRNA 
expression was expressed as a fold change. (B) Secreted MCP-1 protein in culture media was determined by ELISA. (C) 
Cells were treated as described earlier. 8 h before harvesting, cells were incubated with 1ul/mL of Brefeldin A (Brefeldin 
A Solution (1000×); Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). MCP-1 was determined by Western blot. 
(D) Quantification of Western blot. (E) THP-1 cells were immune-stained for confocal microscopy, as described in Mate-
rials and Methods. MCP-1 expression is shown by green fluorescence (inset), whereas nuclei are stained blue with DAPI 
(original magnification × 40). (F) MCP-1 fluorescence intensity was determined for 10 random images. The results obtained 
from three independent experiments are shown. All data are expressed as mean ± SEM (n = 3). ** p < 0.01, **** p < 0.0001 
versus TNFα alone. 

Next, to determine whether synergy with TNFα is specific to acetate, we treated mon-
ocytic cells with TNFα and the other SCFAs, butyrate, and propionate. We found that 
butyrate and propionate also synergized with TNFα to induce the production of MCP-1 
(Figure 2A,B). 

Figure 1. Acetate triggers TNFα induced MCP-1 expression in human monocytic cells. THP-1 monocytic cells were
stimulated with acetate (100 mM) and TNFα (10 ng/mL) alone or in combination for 24 h. Cells and culture media were
collected. (A) Total RNA was extracted from the cells and MCP-1 mRNA was quantified by real time PCR. Relative mRNA
expression was expressed as a fold change. (B) Secreted MCP-1 protein in culture media was determined by ELISA. (C) Cells
were treated as described earlier. 8 h before harvesting, cells were incubated with 1 uL/mL of Brefeldin A (Brefeldin A
Solution (1000×); Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). MCP-1 was determined by Western blot.
(D) Quantification of Western blot. (E) THP-1 cells were immune-stained for confocal microscopy, as described in Materials
and Methods. MCP-1 expression is shown by green fluorescence (inset), whereas nuclei are stained blue with DAPI (original
magnification × 40). (F) MCP-1 fluorescence intensity was determined for 10 random images. The results obtained from
three independent experiments are shown. All data are expressed as mean ± SEM (n = 3). ** p < 0.01, **** p < 0.0001 versus
TNFα alone.

Next, to determine whether synergy with TNFα is specific to acetate, we treated
monocytic cells with TNFα and the other SCFAs, butyrate, and propionate. We found that
butyrate and propionate also synergized with TNFα to induce the production of MCP-1
(Figure 2A,B).
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Figure 2. Impact of butyrate and propionate on TNFα induced MCP-1 expression. (A,B) THP-1 
monocytic cells were stimulated with butyrate (2 mM), propionate (10 mM), and TNFα (10 ng/mL) 
alone or in combination for 24 h. Secreted MCP-1 protein in culture media was determined by 
ELISA. The results obtained from three independent experiments are shown. All data are expressed 
as mean ± SEM (n = 3). ** p < 0.01, **** p < 0.0001 versus TNFα alone. 

Moreover, we compared MCP-1 production in monocytes induced through co-stim-
ulation with TNFα and acetate versus TNFα and LPS (TLR4 agonist). The data show that 
TNFα/LPS induced significantly higher MCP-1 production compared to induction 
through TNFα/acetate (Supplementary Figure S1). 

Macrophages are key contributors to metabolic inflammation [18]. To determine 
whether this cooperative effect of acetate/TNFα was reproducible in macrophages, we 
treated macrophages with TNFα in the presence or absence of acetate, butyrate, or propi-
onate. Interestingly, our data showed that TNFα mediated MCP-1 production was signif-
icantly downregulated in macrophages pretreated with acetate (Figure 3A) (p < 0.0001), 
butyrate (Figure 3B) (p < 0.0001), or propionate (Figure 3C) (p < 0.0001). 

 
Figure 3. Impact of acetate on TNFα induced MCP-1 expression in macrophages. Monocytic cells derived macrophages 
were stimulated with acetate (100 mM), butyrate (2 mM), propionate (10 mM), and TNFα (10 ng/mL) alone or in combi-
nation for 24 h. (A–C) Secreted MCP-1 protein in culture media was determined by ELISA. The results obtained from three 
independent experiments are shown. All data are expressed as mean ± SEM (n = 3). **** p < 0.0001 versus TNFα alone. 

Figure 2. Impact of butyrate and propionate on TNFα induced MCP-1 expression. (A,B) THP-1
monocytic cells were stimulated with butyrate (2 mM), propionate (10 mM), and TNFα (10 ng/mL)
alone or in combination for 24 h. Secreted MCP-1 protein in culture media was determined by ELISA.
The results obtained from three independent experiments are shown. All data are expressed as
mean ± SEM (n = 3). ** p < 0.01, **** p < 0.0001 versus TNFα alone.

Moreover, we compared MCP-1 production in monocytes induced through co-
stimulation with TNFα and acetate versus TNFα and LPS (TLR4 agonist). The data show
that TNFα/LPS induced significantly higher MCP-1 production compared to induction
through TNFα/acetate (Supplementary Figure S1).

Macrophages are key contributors to metabolic inflammation [18]. To determine
whether this cooperative effect of acetate/TNFα was reproducible in macrophages, we
treated macrophages with TNFα in the presence or absence of acetate, butyrate, or propi-
onate. Interestingly, our data showed that TNFα mediated MCP-1 production was signif-
icantly downregulated in macrophages pretreated with acetate (Figure 3A) (p < 0.0001),
butyrate (Figure 3B) (p < 0.0001), or propionate (Figure 3C) (p < 0.0001).
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Figure 3. Impact of acetate on TNFα induced MCP-1 expression in macrophages. Monocytic cells derived macrophages were
stimulated with acetate (100 mM), butyrate (2 mM), propionate (10 mM), and TNFα (10 ng/mL) alone or in combination
for 24 h. (A–C) Secreted MCP-1 protein in culture media was determined by ELISA. The results obtained from three
independent experiments are shown. All data are expressed as mean ± SEM (n = 3). **** p < 0.0001 versus TNFα alone.
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2.2. Inhibition of ACSL1 Suppresses the Synergistic Production of MCP-1 by Acetate/TNFα

ACSL1 is a key enzyme of lipid/fatty acid metabolism and is involved in the TNFα-
induced immune response of monocytic cells [19]. To determine whether ACSL1 is required
for the acetate/TNFα-mediated activation of monocytes for the production of MCP-1, we
used triacsin c to inhibit the ACSL1 in monocytes. The results showed that pretreatment
of the monocytes with triacsin c followed by exposure to acetate/TNFα caused a signif-
icant downregulation of MCP-1 expression (MCP-1 mRNA: p < 0.0001; MCP-1 protein:
p = 0.0003) (Figure 4A,B). However, no differences were observed for the suppression
of MCP-1 when the cells were pretreated with the lipid metabolism inhibitors etomoxir
(carnitine palmitoyltransferase 1 (CPT1)) or myriocin (serine palmitoyltransferase (SPT))
(Figure 4C,D).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 16 
 

 

2.2. Inhibition of ACSL1 Suppresses the Synergistic Production of MCP-1 by Acetate/TNFα 
ACSL1 is a key enzyme of lipid/fatty acid metabolism and is involved in the TNFα-

induced immune response of monocytic cells [19]. To determine whether ACSL1 is re-
quired for the acetate/TNFα-mediated activation of monocytes for the production of 
MCP-1, we used triacsin c to inhibit the ACSL1 in monocytes. The results showed that 
pretreatment of the monocytes with triacsin c followed by exposure to acetate/TNFα 
caused a significant downregulation of MCP-1 expression (MCP-1 mRNA:  p < 0.0001; 
MCP-1 protein: p = 0.0003) (Figure 4A,B). However, no differences were observed for the 
suppression of MCP-1 when the cells were pretreated with the lipid metabolism inhibitors 
etomoxir (carnitine palmitoyltransferase 1 (CPT1)) or myriocin (serine palmitoyltransfer-
ase (SPT)) (Figure 4C,D). 

 
Figure 4. ACSL1 inhibition reduces acetate/TNFα mediated synergistic MCP-1 production in monocytes. Monocytic cells 
were pretreated with inhibitors (Triacsin c:(4 uM), etomoxir (10 uM), myriocin (50 nM)) or vehicle for 1 h and then incu-
bated with acetate/TNFα for 24 h. (A) MCP-1 mRNA was determined by real-time PCR and (B–D) MCP-1 protein was 

Figure 4. ACSL1 inhibition reduces acetate/TNFα mediated synergistic MCP-1 production in monocytes. Monocytic
cells were pretreated with inhibitors (Triacsin c:(4 uM), etomoxir (10 uM), myriocin (50 nM)) or vehicle for 1 h and then
incubated with acetate/TNFα for 24 h. (A) MCP-1 mRNA was determined by real-time PCR and (B–D) MCP-1 protein
was determined by ELISA. The results obtained from three independent experiments are shown. All data are expressed as
mean ± SEM (n = 3). *** p < 0.001, **** p < 0.0001 versus TNFα alone. ns indicates non-significant.
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TLR signaling pathways are required for the production of particular cytokines during
obesity. The specific receptor is most likely engaged by SCFAs to induce the inflammatory
response [20]. All TLRs expressed on the cell surface utilize MyD88 for signal transduction
upon ligand binding [21]. To determine the role of MyD88 in the synergistic production of
MCP-1 by acetate/TNFα, monocytic cells deficient in MyD88 were used. We found that
MCP-1 expression in response to the acetate/TNFα co-stimulation of the MyD88-defective
cells was not affected (Supplementary Figure S2A). Furthermore, acetate/TNFα-mediated
NF-κB/AP-1 activity was not suppressed in the MyD88-deficient cells (p < 0.0001) (Supple-
mentary Figure S2B), suggesting that there was no role for the TLRs in the synergistic effect.
Altogether, these data indicate that the cooperative induction of MCP-1 with acetate/TNFα
does not require TLRs and is significantly dependent on ACSL1.

2.3. ACSL1 Deficiency Inhibits Acetate/TNFα-Mediated the Synergistic Production of MCP-1

To further verify acetate/TNFα-mediated synergy for MCP-1 production in monocytes
is dependent on ACSL1, we transfected cells with ACSL1 siRNA. This achieved a reduction
in the ACSL1 mRNA levels that was greater than 50% compared to scrambled (control)
siRNA (Neg-siRNA) (ACSL-1 mRNA: p = 0.0182) (Figure 5A). Accordingly, the expression
of MCP-1 mRNA/protein was significantly reduced in the ACSL1 siRNA-transfected cells
after stimulation with acetate /TNF-α compared to the scrambled siRNA-transfected cells
(MCP-1 mRNA: p < 0.0001; MCP-1 protein: p = 0.0150) (Figure 5B,C).
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Figure 5. Acetate synergy with TNFα for MCP-1 production requires ACSL1. (A) THP-1 monocytic cells were transfected
with either control or ACSL1 siRNA and incubated for 36 h. Real time PCR was done to measure ACSL1 expression.
(B,C) ACSL1 deficient THP-1 cells were stimulated with acetate and TNFα. MCP-1 expression was determined. The results
obtained from three independent experiments are shown. All data are expressed as mean ± SEM (n = 3). * p < 0.05;
**** p < 0.0001.

2.4. Synergistic MCP-1 Expression by Acetate/TNFα Involves MAPK/NF-κB Signaling Pathways

The downstream signaling of SCFAs and TNFα may lead to the activation of the
MAPK and NF-κB pathways [22–25]. Next, we investigated whether the cooperative pro-
duction of MCP-1 by acetate/TNFα co-stimulation involved signaling through the MAPK
and/or NF-κB pathways. The results showed that the combined effects of acetate/TNFα
on MCP-1 expression at both the mRNA and protein levels were significantly decreased
in monocytic cells when they were preincubated with MAPK (JNK, ERK1/2, MEK) path-
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way inhibitors, including SP600125 (mRNA: p < 0.0001; protein: p < 0.0001), PD98059
(mRNA: p < 0.0001; protein: p < 0.0001), SB203580 (mRNA: p < 0.0001; protein: p < 0.0001),
U0126 (mRNA: p < 0.0001; protein p < 0.0001), and XMD8-92 (mRNA: p < 0.0001; protein:
p < 0.0001) (Figure 6A,B). MCP-1 mRNA/protein expression induced by acetate/TNFα was
suppressed in cells pretreated with NF-κB pathway inhibitors, including NDGA (mRNA:
p = 0.0015; protein: p < 0.0001), Bay11-7085 (mRNA: p < 0.0001; protein: p < 0.0001), trolox
(mRNA: p = 0.0017; protein: p < 0.0001), triptolide (mRNA: p < 0.0001; protein: p < 0.0001),
and resveratrol (mRNA: p < 0.0001; protein: p < 0.0001) (Figure 6C,D).
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were pretreated with JNK inhibitor (SP600125: 20 uM) or MEK-ERK inhibitors (PD98059: 10 uM; U0126: 10 uM: XMD-92:
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treated with acetate (100 mM)/TNFα (10 ng/mL) for 24 h. (C,D) MCP-1 was determined by RT-PCR and ELISA. The results
obtained from three independent experiments are shown. The data are presented as mean ± SEM (n = 3). **** p < 0.0001.

2.5. Involvement of ACSL1 in the Acetate/TNFα Mediated MAPK/NF-κB Phosphorylation

The data showed that the inhibition of MAPK and NF-κB suppressed the synergistic ef-
fect of acetate/TNFα on the production of MCP-1. Moreover, long-chain acyl-CoA has been
shown to induce inflammation through MAPK/NF-κB activation [19,26,27]. Therefore, we
determined whether ACSL1 had an impact on the acetate/TNFα-mediated phosphoryla-
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tion of JNK, P38, ERK, and NF-κB. Monocytic cell treatment with acetate/TNFα increased
the phosphorylation of JNK, P38, ERK, and NF-κB, which was decreased when the cells
were preincubated with an ACSL1 inhibitor (triacsin c) (Figure 7A,B).
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preincubated with ACSL1 inhibitor triacsin c (4 uM) for 1 h and subsequently stimulated with acetate or TNFα or
acetate/TNFα. The levels of phosphorylated MAPKs and NF-κB were determined by Western blot. The corresponding
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2.6. Involvement of NF-κB and AP-1 in Acetate/TNFα-Induced MCP-1 Production

We also used NF-κB/AP-1 reporter cells that had been stably transfected with a
secreted embryonic alkaline phosphatase (SEAP) reporter construct linked to the NF-
κB/AP-1 promoter. SEAP reporter activity was significantly upregulated when cells were
exposed to acetate/TNFα compared to TNFα alone (p < 0.0001) (Figure 8A). Acetate/TNFα-
mediated NF-κB/AP-1 activation was significantly suppressed when the cells were pre-
treated with triacsin c (p < 0.0001) (Figure 8B). Similarly, the data showed that acetate/TNFα
synergistically upregulated MCP-1 production in NF-κB/AP-1 reporter monocytic cells
(mRNA: p < 0.0001; protein: p < 0.0001) (Figure 8C,D). However, the inhibition of other
lipid metabolism enzymes (e.g., CPT-1 with etomoxir or SPT with myriocin) did not show
any effect on acetate/TNFα-induced NF-κB/AP-1 activation (Figure 8E,F).
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expressing a SEAP reporter inducible by NF-κB and AP-1) were treated with vehicle or TNFα and acetate alone or in
combination, for 24 h. Culture media were collected. Cell culture media were assayed for SEAP reporter activity (the
degree of NF-κB/AP-1 activation). (B) Cells were pretreated with triacsin c and then exposed to acetate/TNFα. Degree of
NF-κB/AP-1 activation was measured. (C) Total RNA was isolated from reporter cells to assess the MCP-1 gene expression
using real-time RT-PCR. (D) MCP-1 protein was determined in the supernatant. (E,F) Reporter cells were treated with
etomoxir or myriocin before being treatedwith acetate/TNFα. Degree of NF-κB/AP-1 activation measured. The results
obtained from three independent experiments are shown. All data are expressed as mean ± SEM (n = 3). **** p < 0.0001
versus TNFα alone. ns indicates non-significant.

To summarize the underlying signaling pathway involved in this cooperative rela-
tionship between acetate and TNF-α for MCP-1 production, a schematic illustration is
presented in Figure 9.
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3. Discussion

Dysfunctional white adipose tissue increases the risk of insulin resistance in obe-
sity. Adipose tissues develop chronic low-grade inflammation during conditions of obe-
sity [1]. Inflammation in adipose tissue is characterized by the overproduction of cy-
tokines/chemokines and an increase in the number of macrophages [2,28]. MCP-1 and
CCL2 function by activating monocytes to leave circulation and develop into adipose tissue
macrophages, the first phase in the initiation of adipose inflammation [28]. In obese mice
and humans, MCP-1 and TNFα production are increased in both plasma and adipose
tissue [17,29]. TNFα robustly enhances the production of chemokines such as MCP-1 and
IL-8 by monocytic cells under the influence of long chain fatty acids [28,30]. Although,
SCFAs exhibit anti-inflammatory properties and may potentially be used for the treatment
of inflammatory diseases [13], the direct effect of SCFAs on TNFα-mediated MCP-1 pro-
duction by monocytic cells remains unclear. Here, we report for the first time that TNFα
significantly increases MCP-1 production in monocytic cells in the presence of SCFAs.
More interestingly, we found that in contrast to monocytic cells, SCFAs suppressed the
TNFα-induced MCP-1 production in the macrophages, showing a differential role of SCFAs
related to monocytes and macrophages. In general, SCFAs inhibit LPS-mediated produc-
tion of inflammatory cytokines [13,14]. We observed similar effects in the macrophages.
SCFAs enhance the inflammatory response by activating TLRs [20]. Interestingly, lower
levels of SCFAs significantly enhance the TLR2 ligand and the TLR7 ligand-induced pro-
duction of IL-8 and TNFα in a time- and dose-dependent manner, but it has little effect
on lipopolysaccharide-induced cytokine release [31]. We found that the TNFα/LPS in-
duced production of MCP-1 was relatively higher than that induced by TNFα/acetate
(Supplementary Figure S1). Our data also show that combined with TNFα, an SCFA such
as acetate has a paradoxical effect regarding MCP-1 production in monocytes (MCP-1
upregulation) and macrophages (MCP-1 downmodulation). These studies collectively
support that SCFAs can exert both anti-inflammatory and proinflammatory responses
depending on concentration, cell type, and culture conditions [23].

Understanding the role of TLR signaling with respect to a particular cytokine in obesity
will provide insight into how SCFAs induce inflammatory responses [14,31]. All surface
TLRs utilize the MyD88 adaptor protein for signal transduction upon ligand binding [21].
Therefore, it is important to determine whether the synergistic upregulation of MCP-1 by
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acetate/TNFα implicates MyD88-dependent mechanisms. We found that the synergistic
production of MCP-1 induced by acetate/TNFα was not affected in monocytic cells defi-
cient in MyD88. These results clearly show that there is no significant TLR involvement as
SCFA signaling sensors cooperating with TNFα for MCP-1 expression in monocytic cells.
However, it is interesting to note that mammalian G protein-coupled receptors FFAR2 (also
called GPR43) and FFAR3 (also called GPR41) can also act as receptors for SCFAs. These
receptors are expressed on both human and mouse monocytes and may modulate inflam-
matory responses in response to SCFAs. The treatment of human monocytes with acetate,
SCFA, or FFAR2-/FFAR3-specific synthetic agonists induced elevated p38 phosphorylation
and reduced the expression of the IL-1α, IL-1β, C5, CCL1, CCL2, GM-CSF, and ICAM-1
inflammatory cytokines. Ang et al. reported that human and mouse monocytes showed
differential signaling and cytokine profiles following stimulation with synthetic agonists
of FFAR2 and FFAR3 and that the acetate-induced elevation of IL-1α/β and GM-CSF
persisted in FFAR2/3 knockout mice but could not be reproduced using synthetic agonists,
suggesting a FFAR2/3-independent mechanism in mice [32].

ACSL1 is a key enzyme in lipid/fatty acid metabolism and is involved in the TNFα-
mediated proinflammatory phenotypic shift in monocytes [19,26]. Our data show that
blocking the activity of ACSL1 with triacsin c treatment inhibits the synergistic production
of MCP-1 by acetate/TNFα. ACSL1 deficiency is involved in preventing the TNFα-induced
inflammatory switch in monocytes, supporting the role of ACSL1 in inflammation [19,33].
Inhibiting ACSL1 in monocytes suppressed the TNF-α-induced expression of CD11c, which
is a highly expressed inflammatory marker on monocytes and macrophages during condi-
tions of obesity [19]. ACSL1 regulates the TNFα- and LPS-induced GM-CSF production in
breast cancer MDA-MB-231 cells [26,27], suggesting the role of ACSL1 in the regulation of
growth-modulating cytokines or embryokines. Increased ACSL1 expression was detected
in inflammatory macrophages from obese mice and humans [33]. ACSL1 is upregulated
by LPS and TNFα, both of which are elevated in obesity [33]. ACSL1 expression is high
in TNFα-activated inflammatory monocytes. Similarly, Al-Rashed et al. showed that the
disruption of ACSL1, an enzyme responsible for the esterification of saturated fatty acids,
reduces phenotypic inflammatory marker (CD16, CD11b, CD11c and HLA-DR) expression
in monocytic cells, thereby decreasing IL-1β and MCP-1 release [19]. This suggests the
importance of ACSL1 in the regulation of TNFα-induced monocyte activation. In addi-
tion, the myeloid cell-specific deletion of ACSL1 in a diabetic mouse model prevented the
formation of the inflammatory macrophage phenotype and development of diabetes [33].
Because ACSL1 is involved in the proinflammatory response induced by TNFα, this may
explain why the disruption of ACSL1 reduces the acetate/TNFα induced synergistic pro-
duction of MCP-1 in monocytic cells. We further investigated the association of ACSL1
with different pathways involved in lipid metabolism, including CPT1 and SPT, but no
significant impact was observed. Indeed, fatty acids may be metabolized through several
pathways including β-oxidation, triglyceride synthesis, phospholipid synthesis, cholesterol
ester synthesis, fatty acid elongation, and protein acylation and may also serve as signaling
molecules. Since ACSL1, CPT1, and SPT are the enzymes shown to play essential roles
in lipid metabolism [34–36], we chose to assess their role in the TNFα/acetate-induced
MCP-1 production by monocytic cells.

To further understand the downstream effects of acetate/TNFα stimulation of mono-
cytic cells, we examined the NF-κB, p38 MAPK, ERK, and JNK signaling pathways, all
of which have been shown to stimulate MCP-1 production [28]. TNFα/acetate-mediated
MCP-1 production was significantly reduced by the inhibition of p38 MAPK, ERK1/2, JNK,
and NF-κB signaling. It is well documented that TNFα stimulates the MAPK and NF-κB
signaling pathways involved in the regulation of several inflammatory cytokines that con-
tribute to the pathogenesis of various inflammatory conditions [37,38]. It has been reported
that TNFα-induced GM-CSF secretion by human lung fibroblasts was partially blocked by
the inhibitors of ERK and p38 MAPK [39]. Consistent with previous findings in different
cells, we found that acetate/TNFα induced the production of MCP-1 by monocytic cells,
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which was significantly blocked by inhibiting p38 MAPK and ERK1/2 signaling. This
suggests that MCP-1 production in response to TNFα is regulated in different cell lines
similarly. More importantly, we found that the activation of p38 MAPK, JNK, ERK1/2, and
NF-κB is the underlying mechanism for the overproduction of MCP-1 since the increased
phosphorylation of MAPK, JNK, ERK1/2, and NF-κB was detected in cells co-stimulated
with acetate/TNFα compared to those stimulated by TNFα alone.

Interestingly, our results also show that blocking ACSL1 activity inhibited the acetate/
TNFα-induced phosphorylation of p38 MAPK, ERK1/2, JNK, and NF-κB in monocytic cells.
ACSL1 genetic silencing also reduced the TNFα-mediated phosphorylation of p38 MAPK,
ERK1/2, JNK, and NF-κB. These results suggest that ACSL1 acts upstream of the MAPK
and NF-κB signaling pathways. NF-κB and AP-1 pathways are involved in the regulation
of various proinflammatory genes, including those encoding cytokines/chemokines.

In conclusion, our data reveal a novel role of ACSL1 in the acetate/TNFα-mediated
production of MCP-1 by monocytic cells that depends, at least in part, on the activation of
the MAPK and NF-κB signaling pathways. These findings also point to a likely association
between acetate levels, TNFα expression, and ACSL1 activity in obesity that may contribute
to metabolic inflammation.

4. Materials and Methods
4.1. Cell Culture and Stimulation

The human THP-1 monocytic cell line (monocytic cells) was obtained from the Amer-
ican Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured in
RPMI-1640 complete medium (Gibco, Life Technologies, Grand Island, NY, USA) con-
taining 10% FBS (Gibco, Life Technologies, Grand Island, NY, USA), 2 mM glutamine
(Gibco, Life Technologies, Grand Island, NY, USA), 1 mM sodium pyruvate, 10 mM HEPES,
50 U/mL penicillin, 50 µg/mL streptomycin, and 100 µg/mL Normocin, (Gibco, Life
Technologies, Grand Island, NY, USA) and incubated at 37 ◦C with humidity and 5%
CO2. THP-1-XBlue cells stably expressing the NF-κB/AP-1 inducible SEAP reporter as
well as the THP-1 cells deficient in MyD88 activity, known as THP-1-XBlue™-defMyD or
MyD88−/− THP-1, were purchased from a commercial source (InvivoGen, San Diego,
CA, USA) and cultured as described earlier [40,41]. First, THP1-XBlue cells were cul-
tured in RPMI-1640 complete medium containing Zeocin (200 µg/mL; InvivoGen, San
Diego, CA, USA) to maintain stable expression of the NF-κB/AP-1 driven SEAP reporter.
THP-1-XBlue™-defMyD cells were cultured in RPMI-1640 complete medium containing
Zeocin (200 µg/mL), Normocin (200 ug/mL), and HygroGold (100 µg/mL; InvivoGen,
San Diego, CA, USA) [28]. Before stimulation, THP-1 cells were transferred to normal
medium and plated in 12-well plates (Costar, Corning Incorporated, Corning, NY, USA)
at a cell density of 1 × 106 cells per well unless otherwise stated. Cells were stimulated
with sodium acetate (100 mM; Sigma, Saint Louis, MO, USA), sodium butyrate (2 mM;
Sigma, Saint Louis, MO, USA), sodium propionate (10 mM; Sigma, Saint Louis, MO, USA),
and/or TNFα (10 ng/mL; Sigma, Saint Louis, MO, USA) or 0.1% BSA (Sigma, San Diego,
CA, USA) and incubated at 37 ◦C for 24 h. In some experiments, monocytic cells were
stimulated with TNFα (10 ng/mL) and/or LPS (10 ng/mL) and incubated at 37 ◦C for
24 h. Cells were harvested for RNA isolation and culture supernatants were analyzed for
MCP-1 measurement.

4.2. Macrophage Differentiation

Macrophages derived from monocytes as described earlier [42] were used for dif-
ferent treatments. THP-1 cells (1 × 106 cells per mL) were cultured using 12-well plates
(Costar, Corning Incorporated, Corning, NY, USA) in RPMI 1640 medium (Life Technolo-
gies, Grand Island, NY, USA) containing 10% FBS (Life Technologies), 2 mM glutamine,
1 mM sodium pyruvate, 10 mM HEPES, 100 µg/mL Normocin, 50 U/mL penicillin, and
50 µg/mL streptomycin and incubated at 37 ◦C in 5% CO2 under humidity. THP-1 cells
were differentiated into macrophages using PMA treatment (10 ng/mL) for 3 d in routine
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culturing media. Cells were washed and then incubated in RPMI (10% FBS) for 48 h before
various treatments [43].

4.3. Real-Time RT-PCR

Total cellular RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) following the manufacturer’s instructions [44]. Complementary DNA (cDNA) was
synthesized using 1 µg of total RNA following the guidelines from the high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA, USA). For each real-time
PCR reaction, 50 ng of cDNA template was amplified using Inventoried TaqMan Gene
Expression Assay products (MCP-1: Hs00234140_m1; ACSL-1: Hs00960572_g1, GAPDH:
4310884E) using two gene-specific primers, one TaqMan MGB probe (6-FAM dye-labeled),
TaqMan® Gene Expression Master Mix (Applied Biosystems, Foster City, CA, USA), and
a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) [28]. The
target mRNA levels were normalized against GAPDH mRNA relative to the control and
calculated using the 2−∆∆CT method [45–48]. Relative mRNA expression was expressed as
fold expression relative to the average of control gene expression. The expression level in
the controls was designated as 1 [49,50].

4.4. ELISA

Secreted MCP-1 protein levels were measured in supernatants of acetate and/or TNFα
stimulated THP-1 monocytic cells using sandwich ELISA following the manufacturer’s
instructions (DuoSet, DY279, Minneapolis, MN, USA) [28].

4.5. Small Interfering RNA (siRNA) Transfection

Monocytes were washed and resuspended in 100 uL of the nucleofector solution
provided with the Amaxa Noclecfector Kit V, transfected separately with siRNA-ACSL1
(30 nM; OriGene Technologies, Inc., Rockville, MD, USA), and scrambled (control) siRNA
(30 nM; OriGene Technologies, Inc., Rockville, MD, USA). All transfection experiments
were performed with the Amaxa Cell Line Nucleofector Kit V for monocytic cells (Lonza,
Cologne, Germany) using the Amaxa Electroporation System (Amaxa Inc., Cologne, Ger-
many) according to the manufacturer’s protocol [47,51]. After 36 h of transfection, the cells
were treated with TNF-α and acetate for 24 h. Cells were harvested for RNA isolation,
and the supernatants were collected for MCP-1 protein analysis. ACSL1 gene knockdown
levels were assessed with real-time PCR using ACSL1 gene-specific primers/probes.

4.6. Immunocytofluorescence

Immunofluorescence was performed as described previously [26]. First, following
treatment, 1 × 106 monocytic cells were washed with PBS and coated on slides using
a cytospin technique at 600 rpm for 3 min. The slides were fixed in 4% formaldehyde
and washed three times with cold PBS. Cells were permeabilized with 0.1% Triton X-100,
washed three times in cold PBS, blocked in 1% BSA for 1 h, and incubated overnight
with primary Ab (1:200 rabbit anti-human MCP-1 polyclonal Ab; ab9669; Abcam) at room
temperature. Cells were washed three times in PBS with 0.05% Tween and incubated with
secondary Ab (Alexa Fluor 488 conjugated; ab150077; Abcam) for 1 h. After several washes
with PBS, cells were counterstained and mounted using VECTASHIELD HardSet Antifade
Mounting Medium with DAPI (catalog number H-1500; Vector Laboratories). Confocal
images were collected using a Plan-Apochromat 63×/1.40 oil DIC M27 objective lens
(Inverted Zeiss LSM 710 Axio Observer microscope; Gottingen, Germany) with excitation
via a 590-nm diode-pumped solid-state laser and a 405-nm line of an argon ion laser, and
the optimized emission detection bandwidths were configured using Zeiss ZEN 2010
software [28].
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4.7. Western Blot Analysis

Following different treatments, monocytic cells were harvested and incubated for
30 min with lysis buffer (10× Lysis Buffer, Cell Signaling Technology Inc., Danvers, MA,
USA). The protein lysates were prepared and resolved using 12% SDS-PAGE as described
earlier [44,52]. Cellular proteins were transferred to Immuno-Blot PVDF membranes
(Bio-Rad Laboratories, Hercules, CA, USA) by electro blotting. The membranes were
then blocked with 5% non-fat milk in PBS for 1 h followed by incubation with primary
antibodies against p-JNK and JNK, p-P38 and P38, p-ERK and ERK, and p-NF-κB and NF-
κB at a 1:1000 dilution at 4 ◦C overnight. All the primary antibodies were purchased from
Cell Signaling (Cell Signaling Technology Inc., Danvers, MA, USA). Anti-MCP1 antibody
was bought from abcam (abcam, Cambridge, MA, USA), and B-actin was purchased
from Cell Signaling Technology, Inc. The blots were then washed three times with TBS-T
and incubated for 2 h with HRP-conjugated secondary antibody (Promega, Madison, WI,
USA). Immunoreactive bands were developed using an Amersham ECL Plus Western
Blotting Detection System (GE Health Care, Buckinghamshire, UK) and visualized with a
Molecular Imager® (VersaDocTM MP Imaging Systems, Bio-Rad Laboratories, Hercules,
CA, USA) [53].

4.8. Measurement of NF-κB/AP-1 Activity

NF-κB/AP-1 activity reporter monocytic cells (THP1-XBlue cells; InvivoGen, San
Diego, CA, USA) were stably transfected with a reporter construct expressing the SEAP
gene under control of a promoter induced by the transcription factors NF-κB and AP-1.
The cell stimulation resulted in NF-κB and AP-1 activation and SEAP expression. Reporter
cells were stimulated with acetate (100 mM) and/or TNFα (10 ng/mL) or 0.1% BSA and
cell cultures were incubated at 37 ◦C for 24 h. SEAP levels were measured by incubating
culture supernatants for 3 h with QUANTI-BlueTM solution (InvivoGen, San Diego, CA,
USA) and measuring the absorption at 650 nm [28].

4.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (La Jolla, CA,
USA). Data are shown as mean ± standard error of the mean, unless otherwise indicated.
Unpaired Student t-tests and one-way ANOVA followed by Tukey’s test were used to
compare means between groups. For all analyses, data from a minimum of three sample
sets were used for statistical calculation. p value < 0.05 was considered significant. Ns: no
significance, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22147683/s1.

Author Contributions: Conceptualization, R.A.; methodology, A.A.-R. and N.A.; formal analysis,
A.A.-R., N.A., A.A.-S., A.W. and F.A.-R.; investigation, A.A.-R., N.A. and A.A.-S.; resources, R.A.;
data curation, A.A.-R., N.A., A.W., R.T., S.K. and A.A.-S.; writing—original draft preparation, A.A.-R.,
A.A.-S. and R.A.; writing—review and editing, F.A.-M., S.S. and F.A.-R.; supervision, R.A.; project
administration, R.A.; funding acquisition, R.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Kuwait Foundation for the Advancement of Sciences, grant
numbers RA-AML-2014-016 and RA AH 2016-007.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms22147683/s1
https://www.mdpi.com/article/10.3390/ijms22147683/s1


Int. J. Mol. Sci. 2021, 22, 7683 15 of 17

References
1. Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. Immunol. 2011, 11,

85–97. [CrossRef]
2. Pereira, S.S.; Alvarez-Leite, J.I. Low-Grade Inflammation, Obesity, and Diabetes. Curr. Obes. Rep. 2014, 3, 422–431. [CrossRef]
3. Hartz, A.J.; Rupley, D.C., Jr.; Kalkhoff, R.D.; Rimm, A.A. Relationship of obesity to diabetes: Influence of obesity level and body

fat distribution. Prev. Med. 1983, 12, 351–357. [CrossRef]
4. Felber, J.P.; Golay, A. Pathways from obesity to diabetes. Int. J. Obes. Relat. Metab. Disord. 2002, 26 (Suppl. 2), S39–S45. [CrossRef]
5. Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556. [CrossRef]
6. Zeyda, M.; Stulnig, T.M. Obesity, inflammation, and insulin resistance—A mini-review. Gerontology 2009, 55, 379–386. [CrossRef]

[PubMed]
7. Castro, A.M.; Macedo-de la Concha, L.E.; Pantoja-Meléndez, C.A. Low-grade inflammation and its relation to obesity and chronic

degenerative diseases. Rev. Médica Hosp. Gen. México 2017, 80, 101–105. [CrossRef]
8. Kimura, I.; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free Fatty Acid Receptors in Health and Disease. Physiol. Rev. 2020, 100,

171–210. [CrossRef] [PubMed]
9. Murugesan, S.; Nirmalkar, K.; Hoyo-Vadillo, C.; García-Espitia, M.; Ramírez-Sánchez, D.; García-Mena, J. Gut microbiome

production of short-chain fatty acids and obesity in children. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 621–625. [CrossRef]
10. Frost, G.; Sleeth, M.L.; Sahuri-Arisoylu, M.; Lizarbe, B.; Cerdan, S.; Brody, L.; Anastasovska, J.; Ghourab, S.; Hankir, M.;

Zhang, S.; et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat. Commun. 2014, 5,
3611. [CrossRef]

11. Antunes, K.H.; Fachi, J.L.; de Paula, R.; da Silva, E.F.; Pral, L.P.; Dos Santos, A.; Dias, G.B.M.; Vargas, J.E.; Puga, R.;
Mayer, F.Q.; et al. Microbiota-derived acetate protects against respiratory syncytial virus infection through a GPR43-type 1
interferon response. Nat. Commun. 2019, 10, 3273. [CrossRef]

12. Zhang, Q.; Ran, X.; He, Y.; Ai, Q.; Shi, Y. Acetate Downregulates the Activation of NLRP3 Inflammasomes and Attenuates Lung
Injury in Neonatal Mice With Bronchopulmonary Dysplasia. Front. Pediatr. 2020, 8, 595157. [CrossRef] [PubMed]

13. Cox, M.A.; Jackson, J.; Stanton, M.; Rojas-Triana, A.; Bober, L.; Laverty, M.; Yang, X.; Zhu, F.; Liu, J.; Wang, S.; et al. Short-chain
fatty acids act as antiinflammatory mediators by regulating prostaglandin E(2) and cytokines. World J. Gastroenterol. 2009, 15,
5549–5557. [CrossRef] [PubMed]

14. Vinolo, M.A.; Rodrigues, H.G.; Nachbar, R.T.; Curi, R. Regulation of inflammation by short chain fatty acids. Nutrients 2011, 3,
858–876. [CrossRef]

15. Kanda, H.; Tateya, S.; Tamori, Y.; Kotani, K.; Hiasa, K.; Kitazawa, R.; Kitazawa, S.; Miyachi, H.; Maeda, S.; Egashira, K.; et al.
MCP-1 contributes to macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in obesity. J. Clin.
Investig. 2006, 116, 1494–1505. [CrossRef]

16. Solomon, M.; Balasa, B.; Sarvetnick, N. CCR2 and CCR5 chemokine receptors differentially influence the development of
autoimmune diabetes in the NOD mouse. Autoimmunity 2010, 43, 156–163. [CrossRef] [PubMed]

17. Takahashi, K.; Mizuarai, S.; Araki, H.; Mashiko, S.; Ishihara, A.; Kanatani, A.; Itadani, H.; Kotani, H. Adiposity elevates plasma
MCP-1 levels leading to the increased CD11b-positive monocytes in mice. J. Biol. Chem. 2003, 278, 46654–46660. [CrossRef]

18. Olefsky, J.M.; Glass, C.K. Macrophages, inflammation, and insulin resistance. Annu. Rev. Physiol. 2010, 72, 219–246. [CrossRef]
19. Al-Rashed, F.; Ahmad, Z.; Iskandar, M.A.; Tuomilehto, J.; Al-Mulla, F.; Ahmad, R. TNF-alpha Induces a Pro-Inflammatory

Phenotypic Shift in Monocytes through ACSL1: Relevance to Metabolic Inflammation. Cell. Physiol. Biochem. 2019, 52, 397–407.
20. Lin, M.Y.; de Zoete, M.R.; van Putten, J.P.; Strijbis, K. Redirection of Epithelial Immune Responses by Short-Chain Fatty Acids

through Inhibition of Histone Deacetylases. Front Immunol. 2015, 6, 554. [CrossRef]
21. Kawai, T.; Akira, S. TLR signaling. Cell Death Differ. 2006, 13, 816–825. [CrossRef] [PubMed]
22. Sabio, G.; Davis, R.J. TNF and MAP kinase signalling pathways. Semin. Immunol. 2014, 26, 237–245. [CrossRef]
23. Li, M.; van Esch, B.; Wagenaar, G.T.M.; Garssen, J.; Folkerts, G.; Henricks, P.A.J. Pro- and anti-inflammatory effects of short chain

fatty acids on immune and endothelial cells. Eur. J. Pharmcol. 2018, 831, 52–59. [CrossRef]
24. Rutting, S.; Xenaki, D.; Malouf, M.; Horvat, J.C.; Wood, L.G.; Hansbro, P.M.; Oliver, B.G. Short-chain fatty acids increase

TNFα-induced inflammation in primary human lung mesenchymal cells through the activation of p38 MAPK. Am. J. Physiol.
Lung Cell. Mol. Physiol. 2019, 316, L157–L174. [CrossRef] [PubMed]

25. Sindhu, S.; Kochumon, S.; Shenouda, S.; Wilson, A.; Al-Mulla, F.; Ahmad, R. The Cooperative Induction of CCL4 in Human
Monocytic Cells by TNF-alpha and Palmitate Requires MyD88 and Involves MAPK/NF-kappaB Signaling Pathways. Int. J. Mol.
Sci. 2019, 20, 4658. [CrossRef]

26. Thomas, R.; Al-Rashed, F.; Akhter, N.; Al-Mulla, F.; Ahmad, R. ACSL1 Regulates TNFalpha-Induced GM-CSF Production by
Breast Cancer MDA-MB-231 Cells. Biomolecules 2019, 9, 555. [CrossRef]

27. Al-Rashed, F.; Thomas, R.; Al-Roub, A.; Al-Mulla, F.; Ahmad, R. LPS Induces GM-CSF Production by Breast Cancer MDA-MB-231
Cells via Long-Chain Acyl-CoA Synthetase 1. Molecules 2020, 25, 4709. [CrossRef]

28. Ahmad, R.; Al-Roub, A.; Kochumon, S.; Akther, N.; Thomas, R.; Kumari, M.; Koshy, M.S.; Tiss, A.; Hannun, Y.A.;
Tuomilehto, J.; et al. The Synergy between Palmitate and TNF-alpha for CCL2 Production Is Dependent on the TRIF/IRF3
Pathway: Implications for Metabolic Inflammation. J. Immunol. 2018, 200, 3599–3611. [CrossRef] [PubMed]

http://doi.org/10.1038/nri2921
http://doi.org/10.1007/s13679-014-0124-9
http://doi.org/10.1016/0091-7435(83)90244-X
http://doi.org/10.1038/sj.ijo.0802126
http://doi.org/10.1210/jc.2004-0395
http://doi.org/10.1159/000212758
http://www.ncbi.nlm.nih.gov/pubmed/19365105
http://doi.org/10.1016/j.hgmx.2016.06.011
http://doi.org/10.1152/physrev.00041.2018
http://www.ncbi.nlm.nih.gov/pubmed/31487233
http://doi.org/10.1007/s10096-017-3143-0
http://doi.org/10.1038/ncomms4611
http://doi.org/10.1038/s41467-019-11152-6
http://doi.org/10.3389/fped.2020.595157
http://www.ncbi.nlm.nih.gov/pubmed/33614540
http://doi.org/10.3748/wjg.15.5549
http://www.ncbi.nlm.nih.gov/pubmed/19938193
http://doi.org/10.3390/nu3100858
http://doi.org/10.1172/JCI26498
http://doi.org/10.3109/08916930903246464
http://www.ncbi.nlm.nih.gov/pubmed/19824873
http://doi.org/10.1074/jbc.M309895200
http://doi.org/10.1146/annurev-physiol-021909-135846
http://doi.org/10.3389/fimmu.2015.00554
http://doi.org/10.1038/sj.cdd.4401850
http://www.ncbi.nlm.nih.gov/pubmed/16410796
http://doi.org/10.1016/j.smim.2014.02.009
http://doi.org/10.1016/j.ejphar.2018.05.003
http://doi.org/10.1152/ajplung.00306.2018
http://www.ncbi.nlm.nih.gov/pubmed/30407866
http://doi.org/10.3390/ijms20184658
http://doi.org/10.3390/biom9100555
http://doi.org/10.3390/molecules25204709
http://doi.org/10.4049/jimmunol.1701552
http://www.ncbi.nlm.nih.gov/pubmed/29632147


Int. J. Mol. Sci. 2021, 22, 7683 16 of 17

29. Kim, C.S.; Park, H.S.; Kawada, T.; Kim, J.H.; Lim, D.; Hubbard, N.E.; Kwon, B.S.; Erickson, K.L.; Yu, R. Circulating levels of
MCP-1 and IL-8 are elevated in human obese subjects and associated with obesity-related parameters. Int. J. Obes. 2006, 30,
1347–1355. [CrossRef]

30. Hasan, A.; Akhter, N.; Al-Roub, A.; Thomas, R.; Kochumon, S.; Wilson, A.; Koshy, M.; Al-Ozairi, E.; Al-Mulla, F.; Ahmad, R.
TNF-alpha in Combination with Palmitate Enhances IL-8 Production via The MyD88-Independent TLR4 Signaling Pathway:
Potential Relevance to Metabolic Inflammation. Int. J. Mol. Sci. 2019, 20, 4112. [CrossRef] [PubMed]

31. Mirmonsef, P.; Zariffard, M.R.; Gilbert, D.; Makinde, H.; Landay, A.L.; Spear, G.T. Short-chain fatty acids induce pro-inflammatory
cytokine production alone and in combination with toll-like receptor ligands. Am. J. Reprod. Immunol. 2012, 67, 391–400.
[CrossRef]

32. Ang, Z.; Er, J.Z.; Tan, N.S.; Lu, J.; Liou, Y.C.; Grosse, J.; Ding, J.L. Human and mouse monocytes display distinct signalling
and cytokine profiles upon stimulation with FFAR2/FFAR3 short-chain fatty acid receptor agonists. Sci. Rep. 2016, 6, 34145.
[CrossRef] [PubMed]

33. Kanter, J.E.; Kramer, F.; Barnhart, S.; Averill, M.M.; Vivekanandan-Giri, A.; Vickery, T.; Li, L.O.; Becker, L.; Yuan, W.; Chait, A.; et al.
Diabetes promotes an inflammatory macrophage phenotype and atherosclerosis through acyl-CoA synthetase 1. Proc. Natl. Acad.
Sci. USA 2012, 109, E715–E724. [CrossRef]

34. Hanada, K. Serine palmitoyltransferase, a key enzyme of sphingolipid metabolism. Biochim. Biophys. Acta 2003, 1632, 16–30.
[CrossRef]

35. Qu, Q.; Zeng, F.; Liu, X.; Wang, Q.J.; Deng, F. Fatty acid oxidation and carnitine palmitoyltransferase I: Emerging therapeutic
targets in cancer. Cell Death Dis. 2016, 7, e2226. [CrossRef]

36. Li, T.; Li, X.; Meng, H.; Chen, L.; Meng, F. ACSL1 affects Triglyceride Levels through the PPARγ Pathway. Int. J. Med. Sci. 2020,
17, 720–727. [CrossRef]

37. Ahmad, R.; Kochumon, S.; Chandy, B.; Shenouda, S.; Koshy, M.; Hasan, A.; Arefanian, H.; Al-Mulla, F.; Sindhu, S. TNF-alpha
Drives the CCL4 Expression in Human Monocytic Cells: Involvement of the SAPK/JNK and NF-kappaB Signaling Pathways.
Cell. Physiol. Biochem. 2019, 52, 908–921. [PubMed]

38. Ahmad, R.; Akhter, N.; Al-Roub, A.; Kochumon, S.; Wilson, A.; Thomas, R.; Ali, S.; Tuomilehto, J.; Sindhu, S. MIP-1alpha
Induction by Palmitate in the Human Monocytic Cells Implicates TLR4 Signaling Mechanism. Cell. Physiol. Biochem. 2019, 52,
212–224. [PubMed]

39. Koga, Y.; Hisada, T.; Ishizuka, T.; Utsugi, M.; Ono, A.; Yatomi, M.; Kamide, Y.; Aoki-Saito, H.; Tsurumaki, H.; Dobashi, K.; et al.
CREB regulates TNF-α-induced GM-CSF secretion via p38 MAPK in human lung fibroblasts. Allergol. Int. 2016, 65, 406–413.
[CrossRef]

40. Kochumon, S.; Wilson, A.; Chandy, B.; Shenouda, S.; Tuomilehto, J.; Sindhu, S.; Ahmad, R. Palmitate Activates CCL4 Expression
in Human Monocytic Cells via TLR4/MyD88 Dependent Activation of NF-kappaB/MAPK/ PI3K Signaling Systems. Cell. Physiol.
Biochem. 2018, 46, 953–964. [CrossRef] [PubMed]

41. Shihab, P.K.; Al-Roub, A.; Al-Ghanim, M.; Al-Mass, A.; Behbehani, K.; Ahmad, R. TLR2 and AP-1/NF-kappaB are involved in the
regulation of MMP-9 elicited by heat killed Listeria monocytogenes in human monocytic THP-1 cells. J. Inflamm. 2015, 12, 32.
[CrossRef]

42. Al-Rashed, F.; Ahmad, Z.; Thomas, R.; Melhem, M.; Snider, A.J.; Obeid, L.M.; Al-Mulla, F.; Hannun, Y.A.; Ahmad, R. Neutral
sphingomyelinase 2 regulates inflammatory responses in monocytes/macrophages induced by TNF-α. Sci. Rep. 2020, 10, 16802.
[CrossRef]

43. Al-Rashed, F.; Sindhu, S.; Arefanian, H.; Al Madhoun, A.; Kochumon, S.; Thomas, R.; Al-Kandari, S.; Alghaith, A.; Jacob, T.;
Al-Mulla, F.; et al. Repetitive Intermittent Hyperglycemia Drives the M1 Polarization and Inflammatory Responses in THP-1
Macrophages Through the Mechanism Involving the TLR4-IRF5 Pathway. Cells 2020, 9, 1892. [CrossRef]

44. Al-Rashed, F.; Ahmad, Z.; Snider, A.J.; Thomas, R.; Kochumon, S.; Melhem, M.; Sindhu, S.; Obeid, L.M.; Al-Mulla, F.; Hannun,
Y.A.; et al. Ceramide kinase regulates TNF-alpha-induced immune responses in human monocytic cells. Sci. Rep. 2021, 11, 8259.
[CrossRef] [PubMed]

45. Kochumon, S.; Al-Rashed, F.; Abu-Farha, M.; Devarajan, S.; Tuomilehto, J.; Ahmad, R. Adipose tissue expression of CCL19
chemokine is positively associated with insulin resistance. Diabetes Metab. Res. Rev. 2019, 35, e3087. [CrossRef]

46. Kochumon, S.; Al Madhoun, A.; Al-Rashed, F.; Thomas, R.; Sindhu, S.; Al-Ozairi, E.; Al-Mulla, F.; Ahmad, R. Elevated adipose
tissue associated IL-2 expression in obesity correlates with metabolic inflammation and insulin resistance. Sci. Rep. 2020, 10, 16364.
[CrossRef] [PubMed]

47. Kochumon, S.; Arefanian, H.; Azim, R.; Shenouda, S.; Jacob, T.; Abu Khalaf, N.; Al-Rashed, F.; Hasan, A.; Sindhu, S.;
Al-Mulla, F.; et al. Stearic Acid and TNF-alpha Co-Operatively Potentiate MIP-1alpha Production in Monocytic Cells via MyD88
Independent TLR4/TBK/IRF3 Signaling Pathway. Biomedicines 2020, 8, 403. [CrossRef] [PubMed]

48. Kochumon, S.; Madhoun, A.A.; Al-Rashed, F.; Azim, R.; Al-Ozairi, E.; Al-Mulla, F.; Ahmad, R. Adipose tissue gene expression
of CXCL10 and CXCL11 modulates inflammatory markers in obesity: Implications for metabolic inflammation and insulin
resistance. Adv. Endocrinol. Metab. 2020, 11, 2042018820930902. [CrossRef]

49. Sindhu, S.; Kochumon, S.; Thomas, R.; Bennakhi, A.; Al-Mulla, F.; Ahmad, R. Enhanced Adipose Expression of Interferon
Regulatory Factor (IRF)-5 Associates with the Signatures of Metabolic Inflammation in Diabetic Obese Patients. Cells 2020, 9, 730.
[CrossRef]

http://doi.org/10.1038/sj.ijo.0803259
http://doi.org/10.3390/ijms20174112
http://www.ncbi.nlm.nih.gov/pubmed/31443599
http://doi.org/10.1111/j.1600-0897.2011.01089.x
http://doi.org/10.1038/srep34145
http://www.ncbi.nlm.nih.gov/pubmed/27667443
http://doi.org/10.1073/pnas.1111600109
http://doi.org/10.1016/S1388-1981(03)00059-3
http://doi.org/10.1038/cddis.2016.132
http://doi.org/10.7150/ijms.42248
http://www.ncbi.nlm.nih.gov/pubmed/30964608
http://www.ncbi.nlm.nih.gov/pubmed/30816669
http://doi.org/10.1016/j.alit.2016.03.006
http://doi.org/10.1159/000488824
http://www.ncbi.nlm.nih.gov/pubmed/29669317
http://doi.org/10.1186/s12950-015-0077-0
http://doi.org/10.1038/s41598-020-73912-5
http://doi.org/10.3390/cells9081892
http://doi.org/10.1038/s41598-021-87795-7
http://www.ncbi.nlm.nih.gov/pubmed/33859296
http://doi.org/10.1002/dmrr.3087
http://doi.org/10.1038/s41598-020-73347-y
http://www.ncbi.nlm.nih.gov/pubmed/33004937
http://doi.org/10.3390/biomedicines8100403
http://www.ncbi.nlm.nih.gov/pubmed/33050324
http://doi.org/10.1177/2042018820930902
http://doi.org/10.3390/cells9030730


Int. J. Mol. Sci. 2021, 22, 7683 17 of 17

50. Ahmad, R.; Al-Mass, A.; Al-Ghawas, D.; Shareif, N.; Zghoul, N.; Melhem, M.; Hasan, A.; Al-Ghimlas, F.; Dermime, S.;
Behbehani, K. Interaction of osteopontin with IL-18 in obese individuals: Implications for insulin resistance. PLoS ONE 2013,
8, e63944. [CrossRef]

51. Sindhu, S.; Akhter, N.; Wilson, A.; Thomas, R.; Arefanian, H.; Al Madhoun, A.; Al-Mulla, F.; Ahmad, R. MIP-1alpha Expression
Induced by Co-Stimulation of Human Monocytic Cells with Palmitate and TNF-alpha Involves the TLR4-IRF3 Pathway and Is
Amplified by Oxidative Stress. Cells 2020, 9, 1799. [CrossRef] [PubMed]

52. Sindhu, S.; Al-Roub, A.; Koshy, M.; Thomas, R.; Ahmad, R. Palmitate-Induced MMP-9 Expression in the Human Monocytic Cells
is Mediated through the TLR4-MyD88 Dependent Mechanism. Cell. Physiol. Biochem. 2016, 39, 889–900. [CrossRef] [PubMed]

53. Al-Rashed, F.; Kochumon, S.; Usmani, S.; Sindhu, S.; Ahmad, R. Pam3CSK4 Induces MMP-9 Expression in Human Monocytic
THP-1 Cells. Cell. Physiol. Biochem. 2017, 41, 1993–2003. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0063944
http://doi.org/10.3390/cells9081799
http://www.ncbi.nlm.nih.gov/pubmed/32751118
http://doi.org/10.1159/000447798
http://www.ncbi.nlm.nih.gov/pubmed/27497609
http://doi.org/10.1159/000475298
http://www.ncbi.nlm.nih.gov/pubmed/28419983

	Introduction 
	Results 
	TNF Enhances MCP-1 Production by Monocytic Cells in the Presence of Acetate 
	Inhibition of ACSL1 Suppresses the Synergistic Production of MCP-1 by Acetate/TNF 
	ACSL1 Deficiency Inhibits Acetate/TNF-Mediated the Synergistic Production of MCP-1 
	Synergistic MCP-1 Expression by Acetate/TNF Involves MAPK/NF-B Signaling Pathways 
	Involvement of ACSL1 in the Acetate/TNF Mediated MAPK/NF-B Phosphorylation 
	Involvement of NF-B and AP-1 in Acetate/TNF-Induced MCP-1 Production 

	Discussion 
	Materials and Methods 
	Cell Culture and Stimulation 
	Macrophage Differentiation 
	Real-Time RT-PCR 
	ELISA 
	Small Interfering RNA (siRNA) Transfection 
	Immunocytofluorescence 
	Western Blot Analysis 
	Measurement of NF-B/AP-1 Activity 
	Statistical Analysis 

	References

