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ACSL1 is a key regulator of inflammatory
and macrophage foaming induced by short-term
palmitate exposure or acute high-fat feeding

Fatema Al-Rashed,1 Dania Haddad,2,5 Ashraf Al Madhoun,2,3,5 Sardar Sindhu,1,3 Texy Jacob,1

Shihab Kochumon,1 Lina M. Obeid,4 Fahd Al-Mulla,2 Yusuf A. Hannun,4 and Rasheed Ahmad1,6,*

SUMMARY

Foamy and inflammatory macrophages play pathogenic roles in metabolic disor-
ders. However, the mechanisms that promote foamy and inflammatory macro-
phage phenotypes under acute-high-fat feeding (AHFF) remain elusive. Herein,
we investigated the role of acyl-CoA synthetase-1 (ACSL1) in favoring the
foamy/inflammatory phenotype of monocytes/macrophages upon short-term
exposure to palmitate or AHFF. Palmitate exposure induced a foamy/inflamma-
tory phenotype in macrophages which was associated with increased ACSL1
expression. Inhibition/knockdown of ACSL1 in macrophages suppressed the
foamy/inflammatory phenotype through the inhibition of the CD36-FABP4-p38-
PPARd signaling axis. ACSL1 inhibition/knockdown suppressed macrophage
foaming/inflammation after palmitate stimulation by downregulating the
FABP4 expression. Similar results were obtained using primary human mono-
cytes. As expected, oral administration of ACSL1 inhibitor triacsin-C in mice
before AHFF normalized the inflammatory/foamy phenotype of the circulatory
monocytes by suppressing FABP4 expression. Our results reveal that targeting
ACSL1 leads to the attenuation of the CD36-FABP4-p38-PPARd signaling axis,
providing a therapeutic strategy to prevent the AHFF-induced macrophage
foaming and inflammation.

INTRODUCTION

Malfunctioning lipid metabolism marks the pathogenesis of obesity and obesity-related complications

such as diabetes, hepatic steatosis, atherosclerosis, and cardiovascular disease.1–3 Macrophage-derived

foam cells with proinflammatory phenotype play a key role in the pathophysiology of atherosclerosis.4

Increasing evidence supports that a single high-fat meal or acute high-fat feeding (AHFF) may temporarily

raise serum triglycerides, causing the formation of triglyceride-rich lipoproteins (TRL) and inflammation.5–7

Henning et al. showed that the consumption of a high-fat meal increased the potential of monocytes to

become foam cells and develop an inflammatory phenotype.8 As the first step in foam cell formation

following high-fat feeding, naive circulatory monocytes are recruited to the subendothelial spaces where

they mature into residential, potentially lipid-laden macrophages that play a key role in metabolic inflam-

mation.9 Macrophages engulf modified LDL and circulating free fatty acids (FFAs), such as palmitate (PA),

by endocytosis or through cell surface scavenger receptor CD3610–12 and are transformed into foam cells

with an inflammatory phenotype. However, the mechanisms that promote foamy and inflammatory macro-

phage phenotype following a short-term PA exposure or AHFF remain elusive.

Conversion of FFAs into acyl-CoAs is required for the initiation of lipid metabolism.13 The addition of a

coenzyme-A (CoA) group to a fatty acid to form fatty acyl-CoA is catalyzed by the long-chain fatty acyl-

CoA synthetase or ligase (ACSL) family of enzymes, effectively "trapping" fatty acids intracellularly. Fatty

acyl-CoAs serve as substrates in lipid and protein metabolism and are responsible for channeling fatty

acids to produce glycerolipids, sphingolipids, and for beta-oxidation in mitochondria.14,15

We and others previously showed that overexpression of ACSL family members enhances the fatty acid up-

take in metabolic syndrome, leading to changes in cellular physiology and inflammatory status.16,17
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However, it remains unclear whether ACSL1 regulates foaming and inflammation in macrophages,

following their short-term exposure to a saturated free fatty acid such as palmitate, a condition essentially

mimicking the in vivo effect of AHFF. We, therefore, determined the role of ACSL1 in the regulation of

inflammatory and macrophage foaming induced by short-term palmitate exposure or acute high-fat

feeding and investigated the signal transduction pathway(s) involved.

RESULTS

Palmitate upregulates ACSL1 expression and promotes foam cell formation and

inflammation in macrophages

To determine whether the ACSL expression was modulated in response to short-term exposure to palmi-

tate, THP-1-derived macrophages were treated with PA for 4 h and total ACSL enzymatic activity was

assessed. ACSL enzymatic activity was found to be significantly upregulated (p < 0.05) in macrophages

following short-term PA treatment (Figure 1A), suggesting the functional relevance of the ACSL. To further

dissect the effect of PA short-term treatment on the expression of the ACSL family members, we assessed

gene expression of ACSL1, ACSL3, ACSL4, ACSL5, and ACSL6 and found that PA short-term treatment

significantly increased the expression of both ACSL1 and ACSL3 in macrophages, while the reduction in

ACSL4 and ACSL5 mRNA expression did not reach statistical significance. No change in ACSL6 mRNA

expression was observed following short-term PA treatment of macrophages (Figure 1B). Notably, based

on the most remarkable gene induction of ACSL1 compared to ACSL3 in macrophages following short-

term PA stimulation (Figure 1B), and reported wider subcellular distribution18 and highest expression in

immune cells,19 we next focused on the ACSL1 isoenzyme and further confirmed its increased protein

expression in macrophages following short-term PA exposure (Figure 1C).

Given that short-term PA stimulation enhance the ACSL1 transcripts and protein expression in macro-

phages, we asked whether the upregulated ACSL1 activity/expression led to an increased lipid uptake

causing foam cell formation and expression of proinflammatory chemokines/cytokines. As expected, mac-

rophages subjected to short-term PA treatment displayed increased lipid content and foam cell formation

as demonstrated by Nile Red immunofluorescence or Oil Red O staining (Figure 1D). Additionally, we

determined the role of another plausible ligand such as OxLDL regarding macrophage foaming and

inflammation and the data show that similar to pamitate, OxLDL also induces macrophage foaming and

inflammation (Figures S1A–S1D). These foam cells also actively produced proinflammatory mediators

including MCP-1, IL-1b, and TNF-a when challenged with short-term PA treatment (Figures 1E–1G).

Palmitate can serve as the agonists of the innate immune receptor toll like receptor 4 (TLR4). Therefore, we ques-

tioned whether our observed effects of palmitate on macrophages require TLR4. Our data show that TLR4�/�
macrophages give a similar response to palmitate for foaming and inflammation (IL-1b, TNF-a), suggesting

that palmitate-induced macrophage foaming (Nile Red) and inflammation is independent of TLR4

(Figures 1H–1K). TLR4 mediates signaling throughMyeloid differentiation primary response 88 (MyD88)-depen-

dent pathways to activate an inflammatory response,we also usedMyD88�/�macrophages to further clarify the

Figure 1. Short-term palmitate stimulation increases ACSL1 expression and promotes foam cell formation and inflammation in macrophages

THP-1-derived macrophages were treated with 150mM of palmitate (PA) for 4 h and controls were treated with vehicle (0.1% BSA) only. Cells were harvested

for total RNA or total protein extraction as described in STAR Methods.

(A) Short-term PA stimulation enhances the ACSL enzymatic activity in an equal amount of protein (50mg) (p < 0.05).

(B) Gene expression of ACSL isoforms was determined using qRT-PCR.

(C) Representative Western blot showing significant induction of ACSL1 protein expression in macrophages. 3-4 replicates were used for western blot

quantification.

(D) Representative images (Scale bar 50 mm) of Nile Red immunofluorescence andOil RedO staining depicting lipid accumulation in macrophages (foam cell

formation) following short-term PA stimulation compared to control treated with vehicle only.

(E–G) Analysis of secreted inflammatory mediators by ELISA reveals significant induction of MCP-1, IL-1b, and TNF-a in conditioned media from

macrophages treated with PA for 24 h compared to vehicle-treated controls.

(H) Western blot of the lysates from wild type and TLR4�/� macrophages.

(I) Representative images (Scale bar 100 mm) of Nile Red Staining of TLR4�/� macrophages after treatment with vehicle and PA.

(J and K) TNF-a and IL-1b expression in TLR4�/� macrophages.

(L) Western blot of the lysates from wild type and MyD88�/� macrophages.

(M) Representative images (Scale bar 100 mm) of Nile Red Staining of MyD88�/� macrophages after treatment with vehicle and PA.

(N andO) TNF-a and IL-1b expression in MyD88�/�macrophages Data are presented as meanG SEM values (n = 3-4) and compared between groups using

unpaired t-test. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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roleof TLR4 in thispalmitate-induced foaming (Nile Red staining) and inflammation (IL-1b, TNF-a).Ourdata show

thatMyD88�/�macrophages showedfoamingand inflammation in response topalmitate (Figures1L–1O)which

further ruled out the involvement of TLR4. Collectively, these data support a model in which short-term PA treat-

ment ofmacrophages upregulates the ACSL1 isoenzyme activity and expression and promotes foam cell forma-

tion and inflammation in macrophages.

Pharmacologic inhibition or genetic suppression of ACSL1 leads to a marked defect in lipid

uptake and foam cell formation via reduced expression of CD36, FABP4, and PLIN2

Since we found that ACSL1 expression was consistent with a foamy and inflammatory phenotype of

macrophages, we next asked whether ACSL1 expression affects the expression of genes involved in fatty

acids (FA) transport and processing. To this end, macrophages were pretreated with triacsin C, an inhibitor

of ACSLs, before short-term PA treatment. Pharmacologic inhibition of ACSL1 led to a significant decrease

in transcripts expression of FA uptake and transport regulator genes including the lipid scavenger receptor

CD36 (p < 0.05) and fatty acid binding proteins (FABP)-4 & 5 (p < 0.01) (Figure 2A). Additionally, we found

that the pharmacologic inhibition of ACSL1 suppressed OxLDL-induced CD36 and FABP4 expression in

macrophages (Figures S1E and S1F). As expected, a significant reduction in protein expression of CD36

(p < 0.0001) and FABP4 (p < 0.05) was also observed as detected by western blotting. No significant change

was seen in FABP5 (Figures 2B and 2C). Whereas ACSL1 inhibition did not affect the expression of fatty acid

oxidation genes including CPT1A and CPT2 (Figure S2A) and on de novo fatty acid synthesis gene ACACA

(Figure S2B). To further confirm the role of ACSL1, we transfected macrophages with ACSL1 siRNA and

achieved about a 50% reduction in ACSL1 protein and mRNA levels as compared to scrambled siRNA

(Figures 2D and 2E, respectively). As with pharmacologic inhibition using triacsin C treatment, genetic

suppression by ACSL1 siRNA also reduced (p < 0. 0001) the gene expression of CD36 (Figure 2F) and

FABP4 (Figure 2G) but not FABP5 (Figure S2C) following short-term PA treatment compared to scrambled

siRNA-transfected cells.

Given that FA uptake and transport proteins were upregulated in macrophages after short-term PA treat-

ment, we next sought to measure the cellular lipid content in short-term PA-stimulated macrophages

following ACSL1 inhibition by triacsin C. To this effect, as expected, Nile Red staining and BODIPY 493/

503 flowcytometric analysis showed a dramatic decrease in neutral lipid accumulation following a short-

term PA stimulation of triacsin C-treated cells (p < 0.001) (Figures 2H and 2I). We also found that ACSL1

inhibition by triacsin C significantly reduced the protein expression of lipid-droplet associated Perilipin 2

(PLIN2) (p < 0.001), indicating that ACSL1 is essential for both lipid uptake/transport and lipid-droplet

formation (Figure 2J). To validate the effect of ACSL1 inhibition on FA uptake, we conducted a

Figure 2. ACSL1 inhibition or deficiency leads to a marked defect in the expression of CD36 and FABP4 in macrophages subjected to short-term

palmitate stimulation

THP1-derivedmacrophages were stimulated with -palmitate (PA; 150mM) for 4 h and controls were treated with vehicle (0.1% BSA) only. For pharmacological

inhibition of ACSL1, macrophages were treated with ACSL1 inhibitor triacsin C (5 mM; T4540), followed by stimulation with PA (150 mM) for 4 h. For ACSL1

genetic silencing, macrophages were transfected with 20 nM, each, of gene-specific and control (scrambled) siRNAs using Viromer Blue (Lipocalyx, Halle,

Germany), following the manufacturer’s instructions and later, cells were stimulated with PA (150 mM) for 4 h. Cells were harvested for total RNA or total

protein extraction as described in STAR Methods.

(A) Analysis of lipid uptake genes CD36, FABP4, and FABP5 was made by qRT-PCR.

(B) Representative immunoblots showing significant protein suppression of CD36 and FABP4 in macrophages that were pre-treated with triacsin C; however,

no suppression of FABP5 protein was detected. Three replicates were used for western blot quantification.

(C) Immunoblots quantification data shown for protein expression of CD36, FABP4, and FABP5.

(D) Representative immunoblots and quantification data indicating significant protein suppression of ACSL1 in macrophages transfected with ACSL1-siRNA.

(E–G) Gene expression (qRT-PCR) analysis revealing significant downregulation of ACSL1, CD36, and FABP4 transcripts in cells transfected with ACSL1-

siRNA compared to sc-siRNA transfected controls.

(H) Representative images (Scale bar 50mM) of Nile Red immunofluorescence staining showing reduced lipid accumulation in triacsin C-treated

macrophages following short-term PA stimulation compared to controls stimulated with palmitate only.

(I) Flow cytometry (BODIPY 493/503 stating) analysis indicating significantly reduced lipid accumulation in triacsin C-treated macrophages stimulated with

PA compared to controls stimulated with PA only.

(J) Representative immunoblots showing significantly reduced perilipin (PLIN)-2 protein expression in triacsin C-treated macrophages following short-term

PA stimulation compared to controls treated with PA only.

(K–M) TLR4 �/� macrophages were treated with PA. CD36, FABP4, and PPARd gene expression was determined.

(N–P) MyD88�/�macrophages were treated with PA. CD36, FABP4, and PPARd gene expression was determined. Data were presented as meanG SEM (n =

3-8) and compared between two groups using unpaired t-test and betweenmore than two groups using one-way ANOVAwith Tukey’s test. *p% 0.05, **p%

0.01, ***p % 0.001, ****p % 0.0001.
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time-dependent assay by treating macrophages with ACSL1 inhibitor triacsin C either before, during, or

after PA stimulation. Nile Red staining indicated that ACSL1 inhibition was significantly effective when

triacsin C was administered 30-60 min before short-term PA stimulation. However, the effect was relatively

less significant when triacsin C was co-administered with PA, while no significant effect was induced when

triacsin C was administered an hour after PA stimulation (Figures S2D and S2E). Since palmitate can serve as

an agonist of the innate immune receptor TLR4. Therefore, we determined whether our observed effects of

palmitate on macrophages require TLR4. Our data show that TLR4�/� macrophages give a similar

response to palmitate for CD36 and FABP4, suggesting that palmitate-induced CD36 and FABP4 is inde-

pendent of TLR4 (Figures 2K–2M). TLR4 mediates signaling through MyD88-dependent pathways to

activate an inflammatory response, we also used MyD88�/� macrophages to further clarify the role of

TLR4 in this palmitate-induced CD36 and FABP4. Our data show that MyD88�/� macrophages showed

expression of CD36 and FABP4 in response to palmitate (Figures 2N–2P).Overall, these data support

that following short-term PA stimulation, ACSL1 regulates the expression of CD36, FABP4, and PLIN2,

leading to intracellular lipid accumulation and foam cell formation in macrophages.

Pharmacologic inhibition of ACSL1 or genetic suppression prevents the short-term PA

treatment-induced inflammatory phenotype in macrophages via the CD36/p38/PPARd

signaling axis

The ingestion of a single high-fat meal was shown to induce acute postprandial inflammatory and meta-

bolic responses within 6 h of ingestion in healthy individuals.20–22 Also, the involvement of ACSL1 in several

monocytic/macrophage inflammatory responses has been shown previously by our group and others.16,23

However, the role played by this lipid metabolism enzyme in inflammatory macrophage responses to short-

term PA stimulation remains unclear. Our data show that short-term PA stimulation upregulates the expres-

sion of macrophage infiltration and inflammatory markers including CD11c, CD11b, HLA-DR, CD163,

CD80, CD192/CCR2, IL-6, IL-1b, and TNF-a at the transcriptional and/or translational levels. However,

PA-induced expression of these markers was significantly reduced (P˂0.05) in siRNA transfected ACSL1

knockdown macrophages compared to those transfected with control siRNA (Figures 3A and 3B) Similarly,

the expression of inflammatory markers was significantly decreased in the cells that were pretreated with

triacsin C before short-term PA treatment (Figures S3A and S3B). Furthermore, ACSL1 inhibition by triacsin

C abolished the secretion of pro-inflammatory mediators includingMCP-1, IL-1b, and TNF-a in response to

short-term PA treatment (Figure 3C).

Figure 3. ACSL1 knockdown or inhibition prevents inflammatory phenotype expression in short-term palmitate-stimulated macrophages via

CD36/p38/PPAR mediated pathways

THP1-derivedmacrophages were stimulated with palmitic acid (PA; 150mM) for 4 h and controls were treated with vehicle (0.1% BSA) only. For ACSL1 genetic

silencing, macrophages were transfected with 20 nM, each, of gene-specific and control (scrambled) siRNAs using Viromer Blue (Lipocalyx, Halle, Germany),

following the manufacturer’s instructions and later, cells were stimulated with PA (150 mM) for 4 h. Cells were harvested for total RNA or total protein

extraction as described in STAR Methods.

(A) Flow cytometry analysis of macrophage inflammatory markers expression including CD11c, CD11b, HLA-DR, IL-1b, CD163, CD80, CD192, IL-6, and IL-4

shown as mean fluorescence intensity (MFI) in ACSL1 deficient cells. Flow cytometry analysis of macrophage markers reveals significant suppression of

inflammatory proteins including CD11c, CD11b, HLA-DR, IL-1b, CD80, CD192/CCR2, and IL-6 in triacsin C-treated macrophages following short-term PA

stimulation, compared to controls treated with PA only; while, no significant suppression was observed regarding pan-macrophage marker CD163 and anti-

inflammatory cytokine marker IL-4.

(B) qRT-PCR analysis of macrophage inflammatory markers CD11c, IL-1b, and TNF-a in macrophages deficient in ACSL1.

(C) ELISAs for secreted inflammatory mediators display significantly reduced production of MCP-1, IL-1b, and TNF-a in culture supernatants of triacsin

C-treated macrophages following short-term PA stimulation, compared to controls treated with PA only.

(D and E) Flow cytometry data (MFI) graphs show highly diminished expression of CD36 scavenger receptor and phospho p38 MAPK proteins in triacsin

C-treated macrophages following short-term PA stimulation, compared to controls treated with PA only.

(F) Representative dot-plots displaying the reduced CD36+phospho p38+ co-expression in triacsin C-treated macrophages following short-term PA

stimulation, compared to controls treated with PA only.

(G) Representative immunoblots showing significant reduction of p38 MAPK phosphorylated protein expression in triacsin C-treated macrophages

following short-term PA stimulation, compared to controls treated with PA only.

(H) Representative immunoblots depicting significantly less CD11c protein expression in triacsin C-treated macrophages following short-term PA

stimulation, compared to controls treated with PA only.

(I) Gene expression (qRT-PCR) analysis shows significantly downregulated expression of PPARd in triacsin C-treated macrophages following short-term PA

stimulation, compared to controls treated with PA only, as well as in ACSL1 siRNA-transfected macrophages subjected to short-term PA stimulation,

compared to sc-siRNA-transfected controls following short-term PA stimulation.

(J) Representative immunoblots showing significantly reduced PPARd protein expression in ACSL1 siRNA-transfectedmacrophages, compared to sc-siRNA-

transfected controls, following short-term PA stimulation. 3-4 replicates were used for western blot quantification. Data are presented as mean G SEM

values (n = 3), and were analyzed using one-way ANOVA with Tukey’s test. ns:non-significant, *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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The role of CD36 in immunity, metabolism, and atherogenesis is well recognized. Scavenger receptor CD36

mediates FFA uptake, leading to the upregulation of inflammatory responses involving p38 and JNK path-

ways.12,24–26 To understand how ACSL1 inhibition modulates inflammatory signaling, changes in the

expression of CD36 and CD11b were assessed in triacsin C-treated macrophages following short-term

PA stimulation. ACSL1 inhibition by triacsin C suppressed short-term PA stimulation-induced upregulation

of CD36 (p < 0.01) (Figure 3D) and CD11b surface markers (p < 0.01) (Figure 3A). Furthermore, triacsin

C-treated macrophages showed ⁓60% reduction in phospho p38 expression after short-term PA stimula-

tion compared to controls (p < 0.001) (Figures 3E and 3F), while ⁓50% downregulation in JNK phosphor-

ylation was observed (Figures S4B and S4C). To further verify the role of ACSL1 inhibition in p38 signaling,

expression of p38 phosphorylation was analyzed by western blotting, and a significant suppression

(p < 0.05) of p38 phosphorylation was documented in triacsin C-treated CD11b+CD36+ macrophages

following short-term PA stimulation compared to control (Figure 3G). In parallel, we also observed suppres-

sion of inflammatory marker CD11c in triacsin C-treated cells (Figure 3H). Taken together, these data sug-

gest that ACSL1 inhibition curbs the short-term PA stimulation-induced inflammatory responses down-

stream of CD36 by suppressing p38-and JNK-mediated signaling.

PPARs are involved in the transcriptional control of glucose and energy metabolism. These are also key

players in mitochondrial physiology, cholesterol metabolism, and inflammatory responses in macro-

phages.27 PPARs are also involved in FFA-induced cellular changes and were reported to mediate oxidized

LDL-induced CD36 expression.28 To investigate if PPARs family members were involved in short-term PA

stimulation-induced inflammatory responses in CD11b+CD36+ macrophages, wemeasured the expression

of the PPARa, PPARd, and PPARg in PA-stimulated macrophages in which ACSL1 activity was impaired by

triacsin C-treatment or ACSL1 siRNA transfection. To this end, we found that short-term PA treatment

induced a significant gene upregulation of PPARd which was significantly downregulated following triacsin

C treatment (p < 0.001) or siRNA-mediated ACSL1 genetic suppression (p < 0.0001), compared to respec-

tive controls (Figures 3I and S1G). As expected, ACSL1 gene silencing also paralleled with reduced PPARd

protein expression (p < 0.01) in response to short-term PA stimulation compared to controls (Figure 3J).

Interestingly, short-term PA treatment induced a significant reduction of the PPARa gene expression in

macrophages, which was partially restored by short-term PA stimulation in macrophages that were treated

with triacsin C or transfected with ACSL1 siRNA, albeit non-significantly. However, no significant changes in

PPARg gene expression were observed in short-term PA stimulated macrophages, with or without ACSL1

inhibition or genetic suppression (Figure S4E). Overall, these data support the role of ACSL1 as a key player

in short-term PA stimulation-induced inflammatory responses downstream of the CD36 scavenger receptor

through signaling mechanisms that involve p38 and PPARd pathways.

PPARs-induced CD36 activation leading to macrophage foaming is dependent on ACSL1-

associated FABP4 expression

The interactions between PPARs and CD36 were previously found to be bidirectional, with PPARg shown to

induce CD36 expression.29 However, it is still unclear if PPARd has a similar inductive effect on CD36 expres-

sion. To understand this dynamic, CD36 gene expression was investigated in response to PPARd and

PPARg agonists including GW0742 and rosiglitazone, respectively. Both agonists upregulated the CD36

gene expression (Figure 4A) and promoted the ACSL activity (Figure 4B).

Based on these findings, to further understand the dynamics of how ACSL1 silencing impacts the CD36 and

PPARd expression, lipid accumulation, and inflammation, Western blot analysis indicated that PPARd pro-

tein expression was reversibly suppressed by ACSL1 deficiency as the treatment of ACSL1 siRNA-trans-

fected cells with GW0742 significantly (p < 0.0001) restored protein expression of PPARd back to expression

levels in controls. Nonetheless, the impaired PPARd protein expression in ACSL1-deficient cells could not

be fully rescued by treatment of ACSL1 siRNA-transfected cells with rosiglitazone, compared to scrambled

siRNA-transfected controls (Figures 4C and 4F). Further analysis regarding CD36 protein expression

showed that PPARd agonist GW0742 was able to rescue CD36 expression in ACSL1-deficient cells, whereas

PPARg agonist rosiglitazone did not, compared to their respective controls (Figures 4D and 4F). Notably,

FABP4 protein expression was reduced in ACSL1-deficient cells and did not change significantly after stim-

ulation with both PPARs agonists (Figures 4E and 4F). This observation suggests the possibility of a direct

relationship between ACSL1 and FABP4 expression in macrophages, independent of PPARs g and d. To

test this, double immunofluorescence staining for both ACSL1 and FABP4 was conducted to assess the
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co-expression of the ACSL1 and FABP4. The confocal microscopy images show that short-term PA stimu-

lation leads to the co-localization of ACSL1 (in red) and FABP4 (in green) expression in macrophages which

is decreased significantly following short-term PA stimulation of the triacsin C-treated (ACSL1-deficient)

macrophages (Figure 4G).

We next wanted to see whether the ACSL1 deficiency led to a stable or irreversible suppression of inflam-

matory phenotypic markers in macrophages. To this effect, the data show that PPAR-g/-d agonism in

ACSL1-defective macrophages failed to rescue the inflammatory phenotype with consistently lower

expression of TNF-a, IL-1b, and CD11c as compared to respective controls (Figures 4H–4J).

ACSL1 and PLIN2 are known to interact with lipid droplets.30,31 We further sought to know if the PPARs (g/d)

agonism could rescue the PLIN2 suppression in ACSL1-deficient macrophages. To this end, we found that

reduced PLIN2 expression in ACSL1 siRNA-transfected macrophages could not be restored following

treatments with GW0742 or with rosiglitazone, compared to controls (Figures 4K and 4L), indicating that

macrophages with defective ACSL1 activity are less likely to accumulate lipids and transform into inflam-

matory foam cells, despite the GW0742-induced CD36 activation. To see how lipid accumulation was

modulated in response to short-term PA stimulation, both ACSL1 siRNA-transfected and scrambled

siRNA-transfected macrophages were treated with agonists of PPARd (GW0742) or PPARg (rosiglitazone)

to activate CD36 expression, followed by short-term PA stimulation. Lipid accumulation was assessed by

Nile Red immunofluorescent staining and by flow cytometry using BODIPY staining. To this effect, our

data show that the ACSL1 deficiency dramatically suppressed intracellular lipid accumulation or foaming

of macrophages, despite the PPAR-g/d -induced CD36 upregulation and short-term PA stimulation of

these cells (Figures 4M and 4N). Taken together, these findings support the role of ACSL1 as a key regulator

of lipid uptake and transport in macrophages and as a potential target to suppress inflammatory signaling

involving the CD36/FAPB4/PLIN2 axis.

Inhibition of ACSL1 suppresses the short-term PA stimulation-induced inflammatory and lipid

uptake responses in human PBMCs

Although continuous cell lines proliferate faster and indefinitely and are easier to work with, their functional

integrity and physiology can be affected due to the genetic drift resulting from continuous passaging.

Given that, primary cells provide more relevancy to conduct biomedical research and present an excellent

ex vivo system for studying cellular physiology and biochemistry involvingmetabolic, signaling, and toxicity

Figure 4. PPARs-induced CD36 activation associated with macrophage foaming involves ACSL1-dependent FABP4 expression

For stimulation studies, THP1-derived macrophages were pre-treated with PPARd agonist GW0742 (1mM), PPARg agonist rosiglitazone (1mM), and ACSL1

inhibitor triacsin C (5 mM; T4540) for 30-60 min and then stimulated with PA (150 mM) for 4 h at 37�C and controls were treated with vehicle (0.1% BSA) only. For

ACSL1 genetic silencing studies, transformed macrophages were transfected with 20 nM, each, of gene-specific and control (scrambled) siRNAs using

Viromer Blue (Lipocalyx, Halle, Germany), following the manufacturer’s instructions and then cells were stimulated with PA (150 mM) for 4 h. Cells were

harvested for total RNA or total protein extraction as described in STAR Methods.

(A) Gene expression (RT-PCR) analysis shows a significant upregulation of CD36 transcripts following macrophage stimulation with agonists of PPARd

(GW0742) and PPARg (rosiglitazone).

(B) ACSL enzymatic activity in an equal amount of protein (50mg) is significantly enhanced in macrophages following treatments with agonists of PPARs

g and d.

(C-F) Analysis of the immunoblots and representative immunoblots showing PPARd, CD36, and FABP4 proteins in macrophages following treatments with

PPAR-g/d agonists.

(G) Representative confocal microscopy images demonstrate the co-localization of ACSL1 and FABP4 proteins in transformed macrophages induced by

short-term PA stimulation, while the PA-induced FABP4 expression is reduced in triacsin C-treated ACSL1-defective macrophages.

(H and I) Gene expression (qRT-PCR) analysis of macrophage inflammatory markers displays the increased induction of TNF-a and IL-1b transcripts in

macrophages following stimulation with agonists of PPARs -d (GW0742) and -g (rosiglitazone); however, this PPARs agonism failed to rescue gene expression

of these inflammatory mediators in ACSL1-deficient macrophages.

(J and L) Representative immunoblots show induction of CD11c and PLIN2 proteins in macrophages stimulated with GW0742 (PPAR-d agonist) and

rosiglitazone (PPAR-g agonist), while the stimulation by these PPAR agonists failed to rescue expression of these proteins in ACSL1-deficient macrophages.

(M) Representative images (Scale bar: 50mM) of Nile Red immunofluorescence depicting induction of intracellular lipid accumulation in macrophages after

stimulation with PPAR-d agonist GW0742 and PPAR-g agonist rosiglitazone while this PPARs agonism did not rescue lipid accumulation in ACSL1-deficient

macrophages.

(N) Flow cytometry (BODIPY 493/503 staining) analysis corroborating microscopy data by showing induction of intracellular lipids in macrophages following

PPARs stimulation by GW0742 (PPAR-d agonist) and rosiglitazone (PPAR-g agonist), whereas PPARs agonism failed to rescue intracellular lipid accumulation

in ACSL1-deficient macrophages. 3-4 replicates were used for western blot quantification. Data were presented as meanG SEM (n = 3) and were compared

by using one-way ANOVA with Tukey’s test. ns: non-significant, *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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studies. Therefore, the protective effects of ACSL1 inhibition were further evaluated using human PBMCs.

In line with our data using THP-1-derived macrophages, pretreatment of human PBMCs with triacsin C also

induced protective effects about inflammatory and lipid uptake responses. Flow cytometry analysis of

triacsin C-treated human PBMCs, following short-term PA stimulation, showed a significant reduction

(p < 0.0001) in the CD14+CD11b+CD11c+ inflammatory subset, compared to controls (Figures 5A and

5B). As expected, it was also observed that pretreatment with triacsin C significantly reduced the lipid

content within these pro-inflammatory cells (Figure 5C). Concomitantly, ACSL1 inhibition also led to the

suppression of both CD36 (p < 0.0001) and FABP4 (p < 0.05) expression in this inflammatory subset

(Figures 5D and 5E). Together, human PBMCs’ data recapitulate the previous findings using THP-1-derived

macrophages, verifying the key role of ACSL1 in regulating lipid accumulation and inflammatory responses

via the CD36/FABP4 mediated signaling.

ACSL1 inhibition protects against the AHFF-induced inflammatory and lipid uptake

responses in mice

To evaluate the therapeutic effect of ACSL1 inhibition in preventing AHFF-induced inflammatory response,

fractalkine/CX3CL1 expression was assessed in circulatory monocytes using C57BL/6J mouse model. Both

fractalkine/CX3CL1 chemokine and its receptor CXCR1 have been implicated with diet-induced inflamma-

tion and atherosclerotic lesion formation due to redirected homing of the circulatory proinflammatory

monocytes to the target tissues.32,33 As depicted in the schematic (Figure 6A), overnight-fasted C57BL/

6J male mice, 8-9 weeks old, were orally administered vehicle (n = 5) or triacsin C (10 mg/kg body weight;

n = 5)34 by oral gavage and the mice were allowed to rest for 30 min before HFD feeding (30 g; 58 kcal%

from fat). Blood samples were drawn at baseline (fasting state) and after 4 h of HFD feeding for flow

cytometry analysis of CX3CL1 expression on activated monocytes in the circulation. As the data show,

AHFF induced a significant increase in the activated CD11b+CD11c+CX3CL1high monocyte subset in the

circulation in vehicle-treated mice, while no significant change in this inflammatory monocyte subset was

observed in triacsin C-treated mice, suggesting an immunoprotective, anti-inflammatory effect of ACSL1

inhibition in vivo (Figures 6B–6D). Since the ACSL1 disruption in cultured macrophages was found to down-

modulate FABP4 and PLIN2 expression and interrupt the lipid accumulation signaling downstream of

CD36, we wondered if this beneficial effect was reproducible in the in vivo mouse model as well. To this

end, isolated PBMCs showed significantly lower expression of FABP4 and PLIN2, and reduced p38

phosphorylation in triacsin C-treatedmice compared with vehicle-treated controls (Figures 6E–6H). As sup-

ported by these data, ACSL1 inhibition in mice leads to suppression of both inflammatory and lipid uptake

responses in the blood, suggesting that targeting ACSL1 lipid metabolic enzyme in macrophages may

represent a strategy to reduce lipotoxicity and attenuate pathologic inflammation in metabolic disease.

DISCUSSION

The interplay between cellular metabolic pathways, lipotoxicity, and metabolic reprogramming in macro-

phages remains poorly understood. Herein, first, we show that the short-term stimulation of macrophages

with PA for 4h, mimicking the effect of a single dose of AHFF, promotes the ACSL enzymatic activity. Free

long-chain fatty acids (12-20 carbons) are known to be taken up by cells and converted into their acyl-CoA

derivatives by a group of ACSLs comprising ACSL1, ACSL3, ACSL4, ACSL5, and ACSL6.35 Each of these

ACSL isoforms has distinct substrate specificities, cell type or tissue specific expression patterns, and

different subcellular localizations.36 Of the five ACSL isoforms reported, only ACSL1 and ACSL3 transcripts

were found to be upregulated in these macrophages in response to short-term PA stimulation. Notably,

ACSL1 among other isoforms herein tested, had the highest gene induction in macrophages, following

a short-term PA stimulation which justifies the relevancy for further investigations of ACSL1 in these cells

in our study. In line with this finding, transcriptional upregulation of ACSL1 was described in neutrophil cul-

tures that were exposed in vitro to plasma from septic patients.37 Several other studies also substantiate

the functional role of ACSL1 in inflammatory responses involvingmacrophages.38,39 A cell type can typically

express several ACSL isoforms which can channel acyl-CoAs to various fates, such as neutral lipid storage or

b oxidation.40 Corroborating our findings with macrophages, other studies also reported that ACSL1

activity was correlated with the uptake of long-chain fatty acids41; while overexpression of ACSL1 led to

the increased triglycerides accumulation in HepG2 cells.42

For being the most highly expressed member of the ACSL family in blood, ACSL1 is speculated to play a

relatively more conspicuous role in immune responses compared to other ACSL family members. Impor-

tantly, we found that ACSL1 upregulation at the transcriptional and translational levels in response to
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Figure 5. ACSL1 Inhibition attenuates the short-term palmitic acid (PA) stimulation-induced inflammatory and lipid uptake responses in primary

human monocytes

Peripheral blood mononuclear cells (PBMC) were isolated from healthy donors’ blood and primary monocytes (CD14+ cells) were enriched by negative

selection as described in STAR Methods. For ACSL1 inhibition studies, primary monocytes were first treated with triacsin C (5 mM; T4540) for 30-60 min and

then stimulated with PA (150 mM) for 4 h at 37�C, while controls were treated with vehicle (0.1% BSA) only. For flow cytometry assays, cells were

immunolabeled with fluorescent antibodies against markers of interest including CD14, CD11b, CD11c, BODIPY, CD36, and FABP4, following the

manufacturers’ instructions.

(A) Representative dot blots showing lower co-expression of CD11b+CD11c+, following short-term PA stimulation of triacsin C-treated primary human

monocytes compared to controls treated with PA only.

(B) Flow cytometry analysis of inflammatory markers with representative overlayed histograms, displaying reduced surface co-expression of CD11b and

CD11c, following short-term PA stimulation of triacsin C-treated primary human monocytes compared to controls treated with PA only.

(C) Flow cytometry analysis of BODIPY 493/503 staining with representative histograms, indicating the reduced intracellular lipids ACSL1-deficient primary

human monocytes compared to controls treated with PA only.

(D) Flow cytometry analysis of CD36, with representative histograms, showing reduced CD36 expression in triacsin C-treated primary human monocytes

following short-term PA stimulation compared to controls stimulated with PA only.

(E) Flow cytometry analysis of FABP4 with representative histograms, showing reduced intracellular FABP4 expression in triacsin C-treated primary human

monocytes following short-term PA stimulation compared to controls stimulated with PA only. Data are presented as mean G SEM (n = 3-5) and were

analyzed using one-way ANOVA with Tukey’s test. *p % 0.05, ***p % 0.001.
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short-term PA stimulation associated with the intracellular lipid accumulation and secretion of typical M1

pro-inflammatory cytokines/chemokine including TNF-a, IL-1b, and MCP-1. These findings suggest that

the short-term palmitate stimulation, which mimics the early stage of AHFF, could drive monocytic cell

transformation into the lipid-laden pro-inflammatory M1 macrophages, also known as foam cells. This

lipid-driven foam cell formation is known as an underlying mechanism driving the pathophysiology of

disorders associated with metabolic syndromes, such as obesity, cardiovascular disease, T2D, and athero-

sclerosis.11,43 Several studies, including ours, point to the potential link between ACSL1 upregulation and

induction of inflammatory macrophage M1 phenotype in a metabolic disease setting, further showing that

ACSL1 pharmaceutical inhibition or gene silencing leads to effective suppression of the ACSL1-driven in-

flammatory responses.16,39,44–46 To this end, it remains unclear how ACSL1 inhibition or silencing may

impact the lipid accumulation and foam cell transformation in macrophages, following a short-term (4 h)

exposure to palmitate to recapitulate the AHFF conditions. We herein report that ACSL1 inhibition or ge-

netic silencing suppresses expression of lipid scavenger receptor CD36 and fatty acid transporter protein

FABP4, preventing lipid uptake and accumulation, however, with no significant effects on fatty acid oxida-

tion and lipogenesis.

Regarding whether ACSL1 inhibition or deficiency wasmore effective pre- or post-PA stimulation, we found

that ACSL1 inhibition post-PA stimulation had no significant effect on intracellular lipid accumulation in the

transformedmacrophages, implying that ACSL1 inhibition in a clinical setting could bemore advantageous

during early stages of AHFF for preventing the pathophysiological effects downstream of CD36 signaling,

such as lipid uptake and accumulation, M1 macrophage polarization, and inflammatory responses.

The molecular mechanisms regulating the uptake of long-chain fatty acids are still debated. A clear under-

standing of these processes is important for identifying potential targets for treating lipid disorders. The

initial step involved in long-chain fatty acids uptake is their translocation across the plasma membrane,

perhaps through the mechanism of facilitated uptake. In this regard, CD36 scavenger protein has been

shown to be consistently expressed at the plasmamembrane and its overexpression was found to associate

with increased long-chain fatty acids uptake.47 CD36 is a pattern recognition receptor expressed on various

cells and tissue and is a central player in sensing, importing, and metabolising lipids and free fatty acids in

these cells and tissues. CD36 binds multiple ligands, such as fatty acids, phospholipids, acetylated LDL,

and collagen, and it mediates different biological processes including metabolism, angiogenesis,

immunity, and behavior.48,49 CD36 is located in both lipid raft and non-lipid raft domains of the plasma

membrane and facilitates lipid uptake by accumulating long-chain fatty acids on the outer surface of the

cellular plasma membrane.50 CD36 was found to be involved in the progression of atherosclerosis while

its genetic deletion or pharmaceutical inhibition effectively reduced the formation of atherosclerotic

lesions.51 Indeed, the short-term PA stimulation of transformedmacrophages induced robust upregulation

of macrophage inflammatory and adhesion marker proteins and we found that their expression was largely

abolished after the pharmacological inhibition of ACSL1 using triacsin C or by siRNA-mediated ACSL1

gene silencing. We further demonstrated that ACSL1 inhibition or deficiency prevented the CD36 down-

stream MAPK signaling via p38 and JNK. Notably, MAPK signaling is involved in multiple biological pro-

cesses such as survival, proliferation, differentiation, inflammation, apoptosis, and autophagy as well as

it plays a key role in the pathogenesis of macrophage-mediated inflammatory diseases.52 In line with

our findings, mounting evidence corroborates that CD36 induction/upregulation and foam cell formation

involves signaling via the p38 activation.26,53,54

Figure 6. ACSL1 inhibition protects against the short-term high-fat feeding (AHFF)-induced inflammatory responses in mice

Overnight-fasted mice were administered triacsin C (10 mg/kg) or vehicle by oral gavage. After 30 min, mice were fed high-fat diet (58% kcal from fat; 30g)

and blood samples (50-60mL each) were drawn for analysis, before and 4 h after triacsin C administration.

(A) A schematic diagram showing the in vivo study design.

(B) Representative dot blots from flow cytometry analysis of CD45+Ly6C + CD11b+ cell population showing reduced CD11c+CX3CL1+ co-expression on

blood monocytes following the AHFF of triacsin C-administered mice compared to untreated control mice.

(C-G) Flow cytometry analysis for monocyte/macrophage inflammatory markers with representative histograms, depicting reduced expression of CD11c and

CX3CL1 on CD45+Ly6C+ monocytes from triacsin C-administered mice compared to control mice, following an AHFF dietary challenge. Immunoblot

quantification data analysis showing reduced expression of (E and F) FABP4 and PLIN2 proteins and (G) reduced phosphorylation of p38 MAPK in blood

monocytes isolated from triacsin C-administered mice compared to control mice, following an AHFF dietary challenge.

(H) Representative immunoblots displaying a diminished expression of FABP4, PLIN2, and p-p38 in bloodmonocytes from triacsin C-treatedmice compared

to control mice, following an AHFF dietary challenge. 3 biological replicates were used for western blot quantification. Data were presented as meanG SEM

(n = 4-5 mice per group) and were analyzed by using one-way ANOVA with Tukey’s test *p % 0.05, ***p % 0.001.
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Given that CD36 expression is transcriptionally regulated by a type II nuclear receptor PPARg,29,55 we inves-

tigated the expression of the PPAR isoforms in response to short-term PA treatment of cultured macro-

phages, reminiscing the AHFF effect on macrophages in vivo. Interestingly, out of the three known

PPAR isoforms, only PPARd expression was found to be significantly induced by short-term PA stimulation,

and its expression was significantly downregulated either by inhibition or deficiency of ACSL1. Of note,

CD36 has been generally recognized as a PPARg target gene since the PPARg-responsive element

(PPRE) has been found in the proximal region of the CD36 promoter.28,56 The emerging evidence, including

our data, seems to be supporting the notion that other PPARs, such as PPARd, may also regulate CD36-

mediated lipid homeostasis by promoting fatty acid uptake, transport, and lipid droplet formation.57 Simi-

larly, another study by Nahle et al. showed that during the fasting state, activation of PPARd subsequently

upregulated the expression of CD36 to increase fatty acid utilization in the skeletal muscle.58 In our study,

we found that PPARd activation by its agonist GW0742 led to a significant upregulation of CD36 in a similar

manner while the PPARg agonist rosiglitazone did not have such an effect, implying that in certain condi-

tions, PPARd might comparably regulate the CD36 expression in macrophages to control lipid homeosta-

sis. Nevertheless, activation of both PPARd and PPARg was found to increase the ACSL1 enzymatic activity.

Previous evidence points largely to the involvement of PPARg in CD36 expression or induction and foam

cell formation in macrophages28,59 or in promoting foam cell-like morphologies in other cell types60; while

Lee et al. report a ligand-dependent transcriptional pathway wherein PPARd orchestrates the regulatory

switch via its association and disassociation with transcriptional repressors and thus controls the macro-

phage inflammatory status and atherogenesis.61

Furthermore, regardless of the activation of PPARd or CD36, ACSL1 lacking/defective macrophages had

reduced expression of FABP4 and inflammatory mediators or markers. Our co-immunostaining analysis

indicated that the expression of FABP4 and ACSL1 was interlinked. FABP4 is a member of the fatty acid-

binding proteins (FABPs) family that acts as a chaperon molecule and transports fatty acids between

cellular compartments. In normal conditions, both CD36 and FABP4 act in unison to maintain lipid homeo-

stasis by regulating rates of fatty acid import and metabolism. FABPs play a critical role by ensuring that

imported fatty acids are effectively shuttled to subcellular locations, a process that is catalyzed by

ACSL1. Therefore, in the absence of ACSL1 enzymatic activity, lipid accumulation is abolished or reduced,

even in the event of an induced activation of CD36. Our results suggest that the stimuli known to induce

CD36-mediated activation of fatty acid uptake do not hamper the cooperativity between FABP4 and

ACSL1. In this regard, our findings are more consistent with a model in which ACSL1 and FABP4 are

driven by short-term PA stimulation to interact in a fundamental and stable manner in activated

macrophages.

In order to gain a further insight into the regulatory role of ACSL1 in fatty acid homeostasis in vivo, we fed

the overnight-fasted C57BL/6J mice with ASCL1 inhibitor triacsin C or with vehicle, 30 min prior to a single

dose of HFD feeding in order to establish an AHFF model. After 4 h of HFD feeding, it became evident that

in agreement with our in vitro studies, even at an early stage of AHFF, a shift in blood monocytes polariza-

tion occurred whereby over 25% circulatory monocytes were found to express a typical proinflammatory

phenotype defined by the expression of Ly6ChighCD11b+CD11c+CX3CL1+ surface markers. Interestingly,

as expected, an oral dose of 10 mg/body weight of triacsin C in mice significantly blocked the activation

of the inflammatory cascade through FABP4 blockade and effectively prevented foamy cell formation

and reduced inflammatory signaling downstream of CD36, recapitulating similar effects in cultured macro-

phages that were subjected to short-term PA stimulation using an in vitro model approach.

In conclusion, addressing the core question of how AHFF may impact the macrophage-associated inflam-

matory responses, we found that following an short-term PA stimulation of transformed macrophages

in vitro or during the early phase of HFD feeding in overnight-fasted mice, both the CD36 scavenger recep-

tor and FABP4 fatty acid transport protein play key roles in fatty acid uptake, transport, lipid accumulation,

and inflammatory activation, leading to foam cell formation, in a potential mechanism pivoted on the

ACSL1 enzymatic activity. We also found a strong interaction between ACSL1 and FABP4, following the

activation of CD36 either by short-term PA stimulation in vitro or during the early stage of AHFF in vivo.

Moreover, synthetically induced PPARd and PPARg activation fails to upregulate the expression of

FABP4 in the absence of a functional ACSL1 activity. Mechanistically, ACSL1 dysfunction in macrophages

down modulates the p38-associated inflammatory signaling and suppresses lipid accumulation and foam

cell formation, as illustrated in the schematic model (Figure 7).
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Limitations of the study

We have shown that the activation of major nuclear factors PPARs and MAPKs are affected by ACSL1

inhibition. Although we have defined the CD36/FABP4 upstream pathway of PPARd in this study and

only investigated endpoint expression of MAPKs; p38 and JNK and were not able to establish a direct

effect between PPARs and MAPKs. While our findings suggest a potential relationship between these

signaling pathways, we did not directly investigate the mechanism of interaction between PPARs and

MAPKs. Therefore, additional research will be needed to reveal the precise nature of this relationship.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE Mouse Anti-Human CD11c BD Biosciences 347637

PE/Cyanine7 anti-mouse CD11c BioLegend 117317

APC Mouse Anti-Human CD11b (D12) BD Biosciences 340936

Alexa Fluor� 488 Mouse Anti-Human CD11b BD Pharmingen 557701

FITC anti-human HLA-DR Antibody Beckman coulter IM1639U

FITC Mouse anti Human CD80 Bio-Rad MCA2071F

PE anti-human CD192 (CCR2) Antibody BioLegend 357206

PE Mouse Anti-Human CD163 BD Pharmingen 556018

APC Mouse Anti-Mouse CD36 BD Pharmingen 562744

FITC Mouse Anti-CD36 Monoclonal Antibody (MF3) Invitrogen MA5-16832

APC Anti-mouse - CD11c Antibody Miltenyi Biotec 130-110-702

V450 Rat Anti-Mouse CD45 BD Horizon 560501

PE Mouse CX3CL1/Fractalkine Antibody r&d systems FAB571P

FITC Anti-mouse-Ly-6C Antibody Miltenyi Biotec 130-111-777

PE-Cy�7 Mouse Anti-Human CD11b BD Biosciences 2044736

PE Mouse Anti-Human CD126 BD Biosciences 551850

Alexa Fluor� 647 Rat Anti-Mouse CD124 BD Biosciences 564084

PE Mouse Anti-Human IL-1b BD Biosciences 340516

Anti-FABP4 antibody [9B8D] Abcam ab93945

PE Mouse anti-JNK (pT183/pY185) BD Biosciences 562480

Pacific Blue Mouse anti-p38 MAPK (pT180/pY182) BD Bioscience 560313

PE-Cy�7 Mouse anti-p38 MAPK (pT180/pY182) BD Bioscience 560241

Alexa Fluor� 488 Mouse Anti-ERK1/2 (pT202/pY204) BD Bioscience 612592

PE Mouse anti-NF-kB p65 (pS529) BD Bioscience 558423

Alexa Fluor� 647 Mouse anti-IkBa BD Phosflow 560817

Alexa Fluor�488 Mouse IgG2a, k Isotype control BD Phosflow� 558055

PE Mouse IgG2b, k Isotype Control BD Pharmingen� 559529

PE-Cy�7 Mouse IgG2b, k Isotype Control BD Pharmingen� 560542

CD36 (D8L9T) Rabbit mAb Cell signaling 14347

CD11c (D3V1E) XP � Rabbit mAb Cell signaling 45581

FABP5 (D1A7T) Rabbit mAb Cell signaling 39926S

FABP4 (D25B3) XP � Rabbit mAb Cell signaling 3544S

Anti-PPAR delta antibody Abcam ab8937

Perilipin-2/ADFP Antibody - BSA Free NOVUS NB110-40878

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)

(D13.14.4E) XP� Rabbit mAb

Cell signaling 4370S

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb Cell signaling 4695

NF-kB p65 (D14E12) XP � Rabbit mAb Cell signaling 8242S

Phospho-NF-kB p65 (Ser536) (E1Z1T) Mouse mAb Cell signaling 13346s

Phospho-p38 MAPK (Thr180/Tyr182) Antibody Cell signaling 9212S
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Phospho-p38 MAPK (Thr180/Tyr182) (28B10) Mouse mAb Cell signaling 9216L

SAPK/JNK Antibody Cell signaling 9252S

Phospho-SAPK/JNK (Thr183/Tyr185) Antibody Cell signaling 9251S

b-Actin Antibody Cell signaling 4967S

Biological samples

Human Peripheral Blood Mononuclear Cell (PBMC) Dasman Diabetes Institute N/A

Mice Peripheral Blood Mononuclear Cell (PBMC) Dasman Diabetes Institute N/A

Chemicals, peptides, and recombinant proteins

Phorbol-12-myristate-13-acetate (PMA) Sigma-Aldrich 79346-5MG

Triacsin C from Streptomyces sp. Sigma-Aldrich T4540-1MG

2-Fluoropalmitic acid Santa Cruz Biotechnology SC-202881A

GW0742 inhibitor Sigma-Aldrich G3295-1MG

Rosiglitazone Sigma-Aldrich R2408-10MG

Bovine serum albumin Sigma-Aldrich A3294-50G

Sodium palmitic acid Sigma-Aldrich P9767-5G

Critical commercial assays

RNeasy Mini Kit QIAGEN 74104

High-capacity cDNA reverse transcription kit Applied Biosystems 43-688-14

TaqMan� Gene Expression Master Mix Applied Biosystems A15298

VIROMER BLUE for siRNA ttansfection Lipocalyx VB-01LB-00

Acyl-CoA synthetase activity assay kit BioVision’s K184-100

Experimental models: Cell lines

Human monocytic THP-1 cells ATCC TIB-202

Experimental models: Organisms/strains

Mouse: Male C57BL/6 Jackson Laboratories RRID:IMSR_JAX:000664

Oligonucleotides

ACSL1 Silencer � select validated siRNA ThermoFisher(Ambion) 4390824, ID: s4996

Primers for: ACSL1 ThermoFisher Hs00960561_m1

Primers for: ACSL3 ThermoFisher Hs00244853_m1

Primers for: ACSL4 ThermoFisher Hs00244871_m1

Primers for: ACSL5 ThermoFisher Hs01061754_m1

Primers for: ACSL6 ThermoFisher Hs00922295_m1

Primers for: CD36 ThermoFisher Hs00354519_m1

Primers for: FABP4 ThermoFisher Hs01086177_m1

Primers for: FABP5 ThermoFisher Hs02339439_g1

Primers for: CPT-1A ThermoFisher Hs00912671_m1

Primers for: CPT-1B ThermoFisher Hs00189258_m1

Primers for: CPT-2 ThermoFisher Hs00988962_m1

Primers for: ACACA ThermoFisher Hs01046047_m1

Primers for: ITGAX (CD11C) ThermoFisher Hs00174217_m1

Primers for: TNF-A ThermoFisher Hs01113624_g1

Primers for: IL-1B ThermoFisher Hs01555410_m1

Primers for: IL-10 ThermoFisher Hs00961622_m1

Primers for: PPAR GAMMA ThermoFisher r Hs01115513_m1
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Rasheed Ahmad (rasheed.ahmad@dasmaninstitute.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report any original code.

d Any additional information required for data reported in this paper is available from the lead contact

upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Human monocytic THP-1 cells were purchased from American Type Culture Collection (ATCC) and grown

in RPMI-1640 culture medium (Gibco, Life Technologies, Grand Island, USA) supplemented with 10% fetal

bovine serum (Gibco, Life Technologies, Grand Island, NY, USA), 2 mM glutamine (Gibco, Invitrogen,

Grand Island, NY, USA), 1 mM sodium pyruvate, 10 mM HEPES, 100 ug/ml Normocin, 50 U/ml penicillin

and 50 mg/ml streptomycin (P/S; (Gibco, Invitrogen, Grand Island, NY, USA). They were incubated at

37�C (with humidity) in 5% CO2. TLR4-/- THP1 cells were purchased from InvivoGen (San Diego, CA,

USA) and cultured in a complete RPMI medium containing Blasticidin and Zeocin antibiotics. THP1-

defMyD (MyD88-/-) cells were purchased from InvivoGen (San Diego, CA, USA) and cultured in a complete

RPMI medium containing Zeocin (200 mg/ml) and HygroGold (100 mg/ml). THP1 with control plasmid was

purchased from InvivoGen (San Diego, CA, USA) and cultured in a complete RPMI medium containing

Zeocin (200 mg/ml). Before stimulation, THP-1 cells were transferred into a normal medium.

Isolation of human peripheral blood mononuclear cells (PBMC) and monocyte purification

Human peripheral blood samples (20-30 ml each) from healthy volunteers following informed consent were

collected in EDTA vacutainer tubes and processed for PBMC isolation using the Ficoll-Hypaque density

gradient method as described elsewhere.62,63 Briefly, primary monocytes were isolated from PBMC by

negative selection, following the manufacturer’s instructions (Human monocyte isolation kit II, MACS Mil-

tenyi Biotec GmbH, Germany). PBMC (⁓107 cells) were resuspended in 30ml PBS (containing 0.5% BSA and

2 mM EDTA; pH 7.2) and 10 ml FcR blocking reagent. After gentle mixing, a 10 ml biotin-labeled antibody

cocktail (antibodies reacting with CD3, CD7, CD16, CD19, CD56, CD123, and glycophorin-A human anti-

gens) was added to conjugate and remove T and B lymphocytes, dendritic cells, NK cells, and basophils.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for: PPAR DELTA ThermoFisher Hs04187066_g1

Primers for: PPAR ALPHA ThermoFisher Hs00231882_m1

Primers for: GAPDH ThermoFisher Hs03929097_g1

Software and algorithms

FACSDivaTM Software 8 BD Biosciences https://www.bdbiosciences.com/en-eu/products/

software/instrument-software/bd-facsdiva-software

Zeiss Zen 2010 control software Zeiss https://www.zeiss.com/microscopy/en/products/

software/zeiss-zen.html

GraphPad Prism software Graph Pad Software https://www.graphpad.com/features

Other

BioRender BioRender https://www.biorender.com/
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After incubation for 10 min on wet ice, 30 ml sample buffer and 20 ml anti-biotin antibodies labeled micro-

beads were added, mixed, and again incubated on wet ice for 15 min. After washing, the pellet was

resuspended in 500 ml suspension buffer and passed through the MACS separator column, and effluent

containing the enriched monocyte fraction was collected and purity for CD14+ cells was assessed by

flow cytometry, which was found to be >90% for each monocyte fraction isolated.

Mice studies

Male C57BL/6 mice were purchased from Jackson Laboratories. Animal studies were approved by the Das-

man Diabetes Institute Institutional Animal Care Committee. Mice were fed a standard chow diet (8664;

Harlan Teklad; 6.4% w/w fat) and maintained under a regular 12/12-h light/dark cycle at a room tempera-

ture of 23�C. To test the effect of triacsin C, 8 to 9-week-oldmalemice were fasted overnight and then given

triacsin C (10mg/kg) or vehicle by oral gavage. After 30 min of the resting period, mice were given 30g of

high-fat diet (HFD) (58% Kcal from fat; #D12331I, Research Diets, Inc.). Tail vein blood samples (50-60 ml

each) were collected from each mouse before and four hours after drug administration.

METHOD DETAILS

Cell stimulation

Monocytic cells were plated in 12-well plates (Costar, Corning Incorporated, Corning, NY, USA) at 13106

cells/well concentration unless indicated otherwise. Before stimulation, monocytic cells were differentiated

into macrophages with 10ng/ml phorbol-12-myristate-13-acetate (PMA) for three days, followed by three

days rest in serum-PMA-free RPMI media before they were considered ready for treatment. To induce

short-term PA stimulation mimicking the effect of AHFF, differentiated macrophages were stimulated

with PA (150mM conjugated with bovine serum albumin (BSA), see below) or 0.1% BSA as a control (vehicle)

for 4h at 37�C. Cells were harvested for either total RNA or protein isolation, and the culture media were

collected for measuring cytokines secretion. For various stimulation studies, differentiated macrophages

were pre-treated with ACSL1 inhibitor, triacsin C (5 mM; T4540), 2-Fluoro Palmitic acid (0.2mM/ml), perox-

isome proliferator-activated receptor (PPAR)-d agonist GW0742 (1mM), or PPARg agonist rosiglitazone

(1mM) for 30–60 min, then stimulated with PA (150 mM) or with vehicle (0.1% BSA) for 4h at 37�C.

Preparation of palmitic acid

Bovine serum albumin (10.5%) was dissolved in 25 mM HEPES/DMEM, and syringe filtered (0.22 mM,

Millipore). Sodium palmitic acid (100 mM) was heated until dissolved in endotoxin-free water and rapidly

added to warmed BSA solution (6:1 molar ratio). Then, this BSA-conjugated PA was added to reach the

indicated concentration of PA.

Real-time quantitative RT-PCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia. CA, USA) as per the manufacturer’s in-

structions. cDNA was synthesized using 1mg of total RNA using a high-capacity cDNA reverse transcription

kit (Applied Biosystems, Foster City, CA, USA). Real-time PCR was performed on 7500 Fast Real-Time PCR

Systems (Applied Biosystems, Foster City, CA, USA) using TaqMan�Gene Expression Master Mix (Applied

Biosystems, Foster city). Each reaction contained 50ng cDNA that was amplified with Inventoried TaqMan

Gene Expression Assay products (key resources table). The threshold cycle (Ct) values were normalized to

the housekeeping gene GAPDH, and the amounts of target mRNA relative to control were calculated with

DDCt-method.16,45 Relative mRNA expression was expressed as fold expression over an average of control

gene expression. The expression level in the control treatment was set at 1. Values are presented as

mean G SEM. P< 0.05 was considered significant.

Flow cytometry analysis

Culturedmacrophages were centrifugated at 300g for 5 min, the supernatant was discarded, and cells were

resuspended in FACS staining buffer (BD Biosciences) and blocked with human IgG (Sigma; 20 mg) for

30 min on ice. Cells were washed and resuspended in 100 ml of FACS buffer and incubated with specific

macrophage markers (key resources table) on ice for 30 min. Cells were washed three times with FACS

buffer and resuspended in 2% paraformaldehyde (PFA). Cells were centrifuged and resuspended in

FACS buffer for FACS analysis (FACSCanto II; BD Bioscience, San Jose, USA). FACS data analysis was

performed using BD FACSDivaTM Software 8 (BD Biosciences, San Jose, USA). Unstained cells were

used to set the quadrant of the negative vs positive gates. For intracellular staining, cells were incubated
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with fixation/permeabilization buffer (Cat# 00-5523-00, eBioscience, San Diego, CA, USA) for 20 min in 4oC,

followed by washing and staining with an intracellular inflammatory marker (key resources table) or

signaling protein for 30 min. The cells were then washed and resuspended in PBS supplemented with

2% FCS for FACS analysis (FACSCanto II; BD Bioscience, San Jose, USA). FACS data analysis was

performed using BD FACSDivaTM Software 8 (BD Biosciences, San Jose, USA). Gating strategies are sum-

marized in Figure S5.

Cytokine secretion

Transformed macrophage cells were stimulated with PA in the presence and absence of triacsin C.

Secreted IL-1b, TNF-a, and MCP-1 were quantified in the collected supernatants using sandwich ELISA

following the manufacturer’s instructions (R&D systems, Minneapolis, USA).

Small interfering RNA (siRNA) transfections

Differentiatedmacrophages were transfected with 20 nM of the siRNA using Viromer Blue (Lipocalyx, Halle,

Germany) according to themanufacturer’s instructions. ACSL1 gene knockdown level was assessed by real-

time-qPCR and western blotting.

Measurement of Acyl-CoA synthetase activity

Acyl-CoA synthetase activity was determined through the use of an Acyl-CoA synthetase activity assay kit

(Cat #. K184-100, BioVision’s, Milpitas, California) according to the manufacturer’s protocol. In brief, THP-1

cells were cultured and differentiated as mentioned before. 50 mg of cells were homogenized in a buffer

containing 20 mMHEPES, 1 mM EDTA, and 250 mM sucrose, pH 7.4. After centrifugation at 10,0003g, cell

lysates were collected, and the protein concentration of cell lysates was determined Bradford assay before

the ACS activity assay.

Samples, 5 ml each, were loaded in wells in a 96-well plate in duplicate (Sample and Sample background),

and the final volume was adjusted to 50 ml with ACS assay buffer. For positive control, 2 ml of the provided

positive control was used with sample adjustment to 50 ml total volume with ACS buffer. H2O2 standard

curve was created in duplicates similarly. The reaction was initiated by adding 50 ml of reaction mix into

Standard and samples wells and 50 ml of background control mix (with no ACS substrate) into the sample

background. The reaction was measured at Ex/Em= 535/587 in kinetic mode for 30 min at 37�C. The
maximum signal was reached in 8 min and two points in the liner range of the reaction were chosen as

t1 and t2. Background readings were subtracted from all sample readings. H2O2 amount from the standard

curve was determined during the reaction time (Dt= t2-t1) in nmol (B) through the use of the following for-

mula: DRFU= RFU1 -RFU2 and the sample Acyl-CoA synthetase activity was calculated using the following

formula: B/(Dt 3 V) 3 D = nmol/min/ml = mU/ml

Confocal microscopy

To detect lipid accumulation by confocal microscopy, macrophages seeded on coverslips were fixed with

4% PFA for 20 min, washed two times with PBS, and then stained with Nile Red (Segma-Aldrich, Cat; 72485).

Cells were washed three times in PBS then counterstained and mounted over slides using mounting media

containing DAPI (Vectashield, Vectorlab, H1500).

For ACSL1 and FABP4 double staining, cells were cultured and treated on coverslips as mentioned above.

Cells were then fixed with 4% PFA for 20 min followed by 10 min incubation in permeabilization buffer (PBS

containing 0.5% saponin). Cells were washed three times for five min followed by blocking in PBS that

contain 0.1% Tween 20 and 1% BSA for 30 min. Cells were incubated overnight at 4�C with primary anti-

bodies for anti-ACSL1 rabbit (Cell signaling; 9189S) and anti-FABP4 mouse antibodies (Abcam;

ab93945). Cells were washed again followed by incubation in a secondary antibody appropriate for each

specie. Cells were washed three times, 5 min each, in PBS, counterstained, and then mounted over slides

using mounting media containing DAPI (Vectashield, Vectorlab, H1500).

Confocal images were obtained by using an inverted Zeiss LSM710 spectral confocal microscope (Carl

Zeiss, Gottingen, Germany) and EC Plan-Neofluar 403/1.30 oil DIC M27 objective lens. After exciting

samples with a 543 nm HeNe laser and 405 nm line of an argon ion laser, optimized emission detection

bandwidths were configured by using Zeiss Zen 2010 control software. All samples were analyzed using
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the same parameters and the resulting color markup of analysis was confirmed for each sample. The Corre-

lated Total Cell Fluorescence (CTCF) was calculated by using the following equation: CTCF=IntDen�(Area

of selected cells X background mean grey value (BMGV) ).

Western blotting

Differentiated macrophages were harvested and incubated for 30 min with lysis buffer (Tris 62.5 mM (pH

7.5), 1% Triton X-100, 10% glycerol). The lysates were then centrifuged at 14000 3g for 10 min and the

supernatants were collected. Protein concentration in lysates was measured by Quickstart Bradford Dye

Reagent, 1x Protein Assay kit (Bio-Rad Laboratories, Inc, CA). Protein (20 mg) samples were mixed with

sample loading buffer, heated for 5 min at 95�C, and resolved by 12% SDS-PAGE. Cellular proteins were

transferred to the Immuno-Blot PVDF membrane (Bio-Rad Laboratories, USA) by electroblotting. The

membranes were then blocked with 5% non-fat milk in PBS for 1h, followed by incubation with primary

vvantibodies purchased from Cell Signaling Technology, Inc; please see key resources table for more de-

tails. The blots were then washed four times with TBS and incubated for 2h 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 by Molec-

ular Imager � ChemiDocTMMP Imaging Systems (Bio-Rad Laboratories, Hercules, CA, USA).

Ethics

Written informed consent was obtained from all study participants (healthy volunteers) in accordance with

the ethical guidelines of the Declaration of Helsinki and study approval by the Kuwait Ministry of Health

Ethical Board (Approval ID#: 1806/2021) and Ethical Review Committee (ERC) of Dasman Diabetes Insti-

tute, Kuwait (Approval ID#: RA MoH-2022-002).

All mice used in these experiments were bred and handled in accordance with animal studies that were

approved by the Dasman Diabetes Institute Institutional Animal Care Committee (RA AM-2016-007).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism software (La Jolla, CA, USA). Data are shown as

mean G standard error of the mean unless otherwise indicated. Unpaired Student t-test and one-way

ANOVA with Tukey’ test were used to compare means between groups. For all analyses, data from a min-

imum of three sample sets were used for statistical calculation. P value <0.05 was considered significant. ns:

non-significant, *P < 0.05, **P<0.01, ***P< 0.001 and ****P < 0.0001, compared to respective control.
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