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The type 2 scavenger receptor CD36 functions not only as a long chain fatty acid transporter, but also as a pro-
inflammatory mediator. Ceramide is the simple N-acylated form of sphingosine and exerts distinct biological
activity depending on its acyl chain length. Six ceramide synthases (CerS) in mammals determine the chain
length of ceramide species, and CerS6 mainly produces C16-ceramide. Endotoxin-induced septic shock shows
high mortality, but the pathophysiologic role of sphingolipids involved in this process has been hardly investi-
gated. This paper aims to highlight the different role of CerS isoforms in endotoxin-induced inflammatory re-
sponses and the regulatory role of CD36 in CerS6 protein degradation with an emphasis as the potential
therapeutic candidates in humans. Lipopolysaccharide (LPS), the endotoxin of the Gram-negative bacterial cell
wall, was treated to induce endotoxin-induced inflammation both in vitro and in vivo. CerS6-derived C16-cer-
amide propagated LPS-induced inflammatory responses activating various intracellular signaling pathways, such
as mitogen-activated protein kinase and nuclear factor-kB, resulting in the formation of inflammasome complex
and pro-inflammatory cytokines. Mechanistically, CerS6-derived C16-ceramide augmented inflammatory re-
sponses via endoplasmic reticulum stress, and CerS6 protein stability was regulated by CD36. Finally, CerS6
protein expression and LPS-induced lethality were strikingly reduced in CD36 knockout mice. Collectively, our
findings show that CerS6-derived Cl6-ceramide plays a pivotal role in endotoxin-induced inflammation and
suggest CerS6 and its regulator CD36 as possible targets for therapy under life-threatening inflammation such as
septic shock.

1. Introduction contribute to the removal of damaged cells or bacteria by phagocytosis,

thus playing a pivotal role in tissue homeostasis as well as innate im-

Sepsis is defined as multi-organ dysfunction induced by aberrant or
dysregulated host response to infection [1]. Systemic inflammation,
eventually causing multi-organ failure, is accompanied by sepsis, and
overwhelming inflammation is linked to higher mortality rates [2,3].
Lipopolysaccharide (LPS), a major component of the outer membrane of
Gram-negative bacteria, is a potent endotoxin responsible for sepsis or
septic shock [4], and macrophages are regarded as the main producers
of pro-inflammatory cytokines following administration of LPS in
experimental animals [5]. Macrophages reside in all the tissues and
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munity. LPS interaction with Toll-like receptor 4 (TLR4) instigates
intracellular signaling cascades, such as mitogen-activated protein
(MAP) kinases and nuclear factor-kB (NF-kB), eventually leading to the
production of pro-inflammatory cytokines and inflammasome.
Sphingolipids (SLs) have recently emerged not only as key mediators
in the inflammatory process but also as pivotal drug targets, together
with associated enzymes and receptors, for the treatment of pathological
inflammation [6]. De novo synthesis of ceramide, which is central for SL
metabolism, is initiated by the condensation of palmitoyl CoA and L-
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Table 1
Primers used for real-time PCR.

Gene Primer sequences

F: 5-TCCATCTATGCCACCGTGTA-3'
R: 5-GCGTAGGAAGAGGCAATGAG-3'
F: 5-TCTGCATGACGCTTCTGACT-3'
R: 5-GATGGCGAACACAATGAAGA-3'
F: 5-AAGCATTCCACAAGCAAACC-3'
R: 5-GCCGAATCCTAAGCCATCTT-3'
F: 5-TGCGCATGCTCTACAGTTTC-3'
R: 5-CAGAAACTGGCTCGTCATCA-3'
F: 5-GCAATCTTCCCATTGTGGAT-3'
R: 5-TCAGGAGAAGGGCATTGAAG-3'
F: 5-TTAGCTACGGAGTCCGGTTC-3'
R: 5-TGAAGGTCAGCTGTGAGTGG-3'
F: 5-ACTCACGGCAAATTCAACGG-3'
R: 5-ATGTTAGTGGGGTCTCGCTC 3’

CerS1 (mouse)

CerS2 (mouse)

CerS3 (mouse)

CerS4 (mouse)

CerS5(mouse)

CerS6 (mouse)

GAPDH (mouse)

serine to 3-ketosphinganine, which is further reduced to sphinganine by
3-ketosphinganine reductase. Sphinganine is acylated by ceramide
synthase (CerS) to produce dihydroceramide, which is finally reduced to
ceramide by dihydroceramide reductase [7,8]. In mammals, a family of
six CerS (CerS1-6) attaches acyl-CoAs of defined chain length to
sphinganine [9]. CerS1 and CerS2 form C18- and C22—24-ceramide,
respectively. CerS3 generates the longest form of ceramide with a chain
length longer than C26-ceramide. CerS4 mainly synthesizes C20-
ceramide, while both CerS5 and CerS6 generate C16-ceramide in com-
mon. A significant body of research reported a distinct role of ceramides
depending on their acyl chain length in a variety of cellular events, such
as proliferation, cell death, migration, oxidative stress, and immune
reaction. CerS2- and CerS6-deficient mice showed opposite phenotypes
in the same model of experimental autoimmune encephalomyelitis
[10,11], implicating the chain length of ceramides as a possible influ-
ence on neutrophil function. Similarly, the protective role of CerS2 and
the detrimental role of CerS6 have been previously reported in
palmitate-induced endoplasmic reticulum (ER) stress and fatty liver
disease [12]. Furthermore, a shift in SL composition from C24 to C16
increased cisplatin-induced apoptosis in HeLa cells [13]. Considering
the different roles of each CerS and its derivatives in various pathogenic
mechanisms, the current study was designed to validate the effects of
ceramide chain length on LPS-induced inflammation in macrophages.

Beside SLs, long-chain saturated fatty acids are thought to exert a
pro-inflammatory role via activating TLR4 signaling [14]. CD36 is a
class B scavenger receptor expressed on the surface of a variety of cells,
and one of its major roles is to facilitate fatty acid uptake by functioning
as a fatty acid transporter [15]. CD36 also regulates the metabolism and
functions of immune cells, including macrophages, and participates in
the activation of the inflammasome pathways [15]. In addition, CD36
expression has also been shown to influence NF-kB signaling and in-
flammatory cytokine production in primary goat mammary epithelial
cells exposed to LPS [16]. Furthermore, CD36-deficient mice were
protected from antibiotic-treated cecal ligation and puncture-induced
sepsis [17]. Given this evidence for a pro-inflammatory role of CD36,
this study aims to examine a role of CD36 in LPS-induced inflammation
and to investigate the potential mechanistic role of CerS and its deriv-
ative SL species in this process. The present study recognizes potential
relationships between SL and fatty acid metabolism and extends func-
tional knowledge of multicomponent lipid metabolism. This study
would ultimately provide potential therapeutic candidates against un-
controlled inflammation such as sepsis.

2. Material and methods
2.1. Materials

The materials were purchased as follows: 1) LPS, palmitate, thapsi-
gargin, 4-phenylbutyric acid (4-PBA), tauroursodeoxycholic acid
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(TUDCA), sulfo-N-hydroxysuccinimidyl ester of oleate (SSO), anti-CerS2
antibody (HPA027262), and anti-a-tubulin antibody (T9026) (Sigma-
Aldrich, St. Louis, MO); 2) anti-TLR4 (14358), anti-inducible nitric oxide
synthase (anti-iNOS; 13120), anti-phospho-p65 (3033), anti-phospho-
IkB (2859), anti-phospho-p38 (4511), anti-phospho-c-Jun N-terminal
kinase (anti-p-JNK; 9255), anti-phospho-extracellular signal-regulated
kinase (anti-p-ERK; 4370), anti-phospho-protein kinase R-like endo-
plasmic reticulum kinase (anti-p-PERK; 3179), anti-phospho-eukaryotic
initiation factor-2a (anti-p-elF2a; 3597), anti-ubiquitin (3936), and anti-
NOD-like receptor protein 3 (anti-NLRP3; 15101) antibodies (Cell
Signaling Technology, Beverly, MA); 3) anti-CD36 (sc-7309), anti-CerS6
(sc-100554), anti-caspasel (sc-56036), and anti-apoptosis-associated
speck-like protein containing a caspase recruitment domain (anti-ASC;
sc-22514-R) antibodies (Santa Cruz Biotechnology, Dallas, TX); 4) anti-
CerS1 antibody (H00010715-MO01; Abnova, Taipei, Taiwan); 5) anti-
glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH) antibody
(MAB374; EMD Millipore, Billerica, MA); 6) interleukin (IL)-1f antibody
(NB600-633) (Novus Biologicals, Littleton, CO); and 7) anti-mouse-
horseradish peroxidase (anti-mouse-HRP; 115-036-003) and anti-
rabbit-HRP (111-035-003) antibodies (Jackson Laboratory, Bar Har-
bor, ME).

2.2. Mice

CD36 knockout (KO) mice (B6.129$1—Cd36tm1Mfe/J) were from
Jackson Laboratory and maintained under specific pathogen-free con-
ditions on a 12 h light/dark cycle with free access to food and water.
Experimental procedures were approved by the Institutional Animal
Care and Use Committee at Lee Gil Ya Cancer and Diabetes Institutes in
Gachon University (LCDI-2021-0128), and all the experiments were
carried out in accordance with the approved guidelines and regulations.
To induce the sepsis model using LPS, 8-week-old male mice were
intraperitoneally (i.p.) injected with LPS (20 mg/kg). To calculate the
overall survival rate, mice were observed for 96 h. To harvest organs and
blood, mice were euthanized with CO; inhalation 12 h after LPS injec-
tion (20 mg/kg, i.p.).

2.3. Lps-induced inflammatory response in macrophages

Peritoneal macrophages were collected by peritoneal lavage 4 days
after 4 % thioglycolate (1 ml; Sigma-Aldrich). After centrifugation at
400 x g for 10 min at 4 °C, pelleted cells were suspended in Dulbecco’s
modified Eagle medium (DMEM; Hyclone, Logan, UT, USA) supple-
mented with 10 % heat-inactivated fetal bovine serum (FBS; Hyclone)
and 1 % penicillin/streptomycin (P/S; Hyclone). Isolated peritoneal
macrophages were stimulated with 1 pg/mL of LPS for 6 h and collected
for Western blotting (WB). The RAW264.7 mouse macrophage cells
were purchased from the American Type Culture Collection (ATTC,
Manassas, VA) and grown in DMEM supplemented with 10 % FBS and 1
% P/S. LPS at 50 ng/mL (low dose) or 1 pg/mL (high dose) was used to
induce inflammation, as previously described [18-20].

2.4. Transfection

RAW264.7 cells were transfected with pcDNA3.1-CerS1-HA,
pcDNA3.1-CerS5-HA, pcDNA3.1-CerS6-HA, PSUPER-shCerS6,
pcDNA6-CD36, or pcDNA6-TLR4 using metafectene (Biontex Labora-
tories GmbH, Munich, Germany) according to the manufacturer’s pro-
tocol. pcDNA3.1-CerS1-HA, pcDNA3.1-CerS5-HA, pcDNA3.1-CerS6-HA,
and pSUPER-shCerS6 were kindly provided by Professor Anthony H.
Futerman (Weizmann Institute of Science, Rehovot, Israel). Scrambled
siRNA (Silencer™ Select Negative Control No. 1, 4390843) and siCD36
(160081) were purchased from Thermo Fisher Scientific (Waltham, MA)
and transfected with Lipofectamine™ RNAiMAX Transfection Reagent
(Invitrogen, Carlsbad, CA).
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Fig. 1. LPS-induced systemic inflammation is ameliorated in CD36 KO mice. LPS (20 mg/kg) was intraperitoneally injected into 8-week-old male mice to induce
endotoxin-induced sepsis. (A) Survival curve of WT and CD36 KO mice upon LPS injection (n = 10). Serum levels of (B) AST, (C) ALT, (D) TNF-a, (E) IL-1p, and (F) IL-
6 with or without LPS administration in mice (n = 10). (G) H&E staining of lung sections (scale bar, 200 pm). (H) WB of lung tissues. The values are expressed as

means + S.E.M. ***p < 0.001.

2.5. Enzyme-linked immunosorbent assay (ELISA) and nitrite
measurement

After treating RAW264.7 cells with 50 ng/mL or 1 pg/mL of LPS for
18 h, cytokine levels of tumor necrosis factor-alpha (TNF-a), IL-16, and
IL-6 in culture medium were measured using ELISA kits (TNF-a, IL-1p,
and IL-6 Mouse ELISA kits; Koma Biotech, Seoul, Republic of Korea)
according to the manufacturer’s indication. Nitrite in the medium was
measured using Griess reagent (Sigma-Aldrich) according to the manu-
facturer’s protocol.

2.6. Western blotting (WB)

RAW264.7 or peritoneal macrophage cells were lysed using RIPA

buffer (50 mM Tris-Cl, pH 7.5; 150 mM NaCl, 1 % Nonidet P-40, 0.5 %
sodium deoxycholate, 0.1 % SDS, protease and phosphatase inhibitors
[Sigma-Aldrich]). After centrifugation (10,000 x g, 10 min, 4 °C), pro-
tein levels in the supernatant were measured using Protein Assay Dye
Reagent (Bio-Rad Laboratories, Hercules, CA). Fifty micrograms of
proteins were separated on 8—15 % SDS-PAGE and transferred to
nitrocellulose membranes (Bio-Rad Laboratories). Membranes were
blocked with 5 % bovine serum albumin (BSA; Sigma-Aldrich) in TBST
(TBS with 0.1 % Tween-20) for 1 h and incubated with primary anti-
bodies overnight at 4 °C. Secondary antibodies were attached for 1 h at
room temperature. Protein bands were detected by the ChemiDoc MP
Imaging System (Bio-Rad Laboratories), using EzWestLumi Plus Re-
agents (ATTO Corp., Tokyo, Japan).
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Fig. 2. LPS-induced inflammatory response was reduced in peritoneal macrophages of CD36 KO mice compared with WT mice. Peritoneal macrophages
derived from WT or CD36 KO mice were treated with LPS (1 pg/mL). (A) WB of the peritoneal macrophages with or without LPS treatment (1 pg/mL, 6 h). Levels of
(B) TNF-q, (C) IL-1f, (D) IL-6, and (E) nitrite in cell culture medium were measured using ELISA kits and Griess reagent (n = 5). (F) Ceramide acyl chain length of
peritoneal macrophages measured by LC-ESI-MS/MS (n = 3). The values are expressed as means + S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

2.7. Real-Time PCR Real-Time PCR System (Bio-Rad). Relative gene expression was calcu-
lated using the 2~ AACt method [21]. The primers used in this study are
After treating RAW264.7 cells with LPS (50 ng/mL or 1 pg/mL) for described in Table 1.
18 h, total mRNA was extracted using the RNeasy Mini kit (Qiagen,
Valencia, CA), and cDNA was immediately synthesized using the Verso
cDNA Synthesis Kit (Thermo Scientific). Real-time PCR was performed
using the SYBR Green qPCR Master Mix (Thunderbird™) in a CFX96
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Fig. 3. LPS dose-dependently increases C16- and C18-ceramides in RAW264.7 cells. LPS was treated at two concentrations (50 ng/mL and 1 ug/mL) to
RAW264.7 cells for 18 h. Levels of (A) TNF-a, (B) IL-1p, (C) IL-6, and (D) nitrite in cell culture medium (n = 5). (E) Ceramide acyl chain length of RAW264.7 cells
measured by LC-ESI-MS/MS (n = 3). (F) Relative CerS mRNA levels upon LPS treatment in RAW264.7 cells (n = 3). (G) WB of RAW264.7 cells treated with LPS. The

values are expressed as means + S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

2.8. Liquid chromatography — electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS) analysis of ceramide

Ceramide levels were measured using LC-ESI-MS/MS, as described
previously [12].

2.9. Measurement of aspartate transaminase (AST) and alanine
transaminase (ALT)

Serum AST and ALT levels were analyzed using a Reflotron (Roche
Diagnostics, Basel, Switzerland).

2.10. Hematoxylin and eosin (H&E) staining

Paraffin-embedded tissues cut at 4-um thickness were mounted onto
slides, and after hydration, the sections were stained with hematoxylin
for 2 min and submerged in ethanol containing 1 % HCI. After washing,
the sections were stained with eosin.

2.11. Cycloheximide (CHX) chase assay

RAW264.7 cells were treated with CHX (10 pg/mL) to inhibit the
synthesis of new proteins and then subjected to WB to assess protein
degradation.

2.12. Proteasome 20S activity

Proteasome 20S activity was measured using the Proteasome 20S
Activity Assay Kit (Sigma-Aldrich) according to the manufacturer’s
instructions.

2.13. Ubiquitination assay

RAW264.7 cells were treated with SSO (100 pM, 24 h) or siCD36
(100 nM, 48 h). Then, cell pellets were collected and lysed with lysis
buffer (20 mM Tris-Cl, pH 8.0; 137 mM NaCl, 10 % glycerol, 1 % NP-40,
2 mM EDTA, protease inhibitor). Next, cell lysates were precleared with
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Fig. 4. CD36 inhibition partially normalizes LPS-induced inflammatory response with concomitant decrease of CerS6 protein expression. (A) WB of
RAW264.7 cells with combinational treatment of LPS (50 ng/mL, 18 h) and SSO (100 pM, 30 h). Levels of (B) TNF-a, (C) IL-1p, (D) IL-6, and (E) nitrite were

measured in RAW264.7 cell culture medium using ELISA kits and Griess reagent (n = 5). The values are expressed as means + S.E.M.

Protein A/G Plus-Agarose beads (Santa Cruz Biotechnology) for 1 h on a
rotator at 4 °C. Cell lysates were then incubated with CerS6 antibody for
18 h, followed by Protein A/G Plus-Agarose beads for another 2 h on a
rotator at 4 °C. The gel beads were washed four times with lysis buffer,
resuspended in 2X sample buffer, and analyzed with immunoblotting
using indicated antibodies.

2.14. Statistical analyses

All the experiments were repeated at least three times indepen-
dently, and values are given as the mean + standard error of the mean
(S.E.M.). Statistical significance was calculated using ANOVA or two-
tailed Student’s t-test with Prism 7 software (GraphPad Software, Inc.,
San Diego, CA). A p-value of < 0.05 was considered statistically signif-
icant (***p < 0.001; **p < 0.01; *p < 0.05).

3. Results
3.1. Response to LPS-induced sepsis is alleviated by CD36 deficiency

To investigate the impact of CD36 on LPS-induced inflammation and
to reveal the potential mechanistic role of CerS in this process, LPS-
induced sepsis model was applied to wild-type (WT) and CD36 KO
mice. Similar to cecal ligation and puncture-induced sepsis data [17],
CD36 deficiency improved survival in the LPS-induced sepsis model
(Fig. 1A). Serum AST and ALT levels were markedly increased by LPS
treatment in WT mice, while they were partially restored in CD36 KO
mice (Fig. 1B and C), indicating the protective effect of CD36 deficiency
on sepsis-associated liver damage. Plasma levels of pro-inflammatory
cytokines, such as TNF-a (Fig. 1D), IL-1p (Fig. 1E), and IL-6 (Fig. 1F),
elevated by LPS administration in WT mice were also significantly
diminished in CD36 KO mice, implicating that LPS-induced systemic
inflammation is alleviated in CD36 KO mice.

LPS treatment also induced destruction of lung structure and infil-
tration of immune cells in WT lung, whereas lung architecture in CD36

*#%p < 0.01, ***p < 0.001.
KO mice was relatively preserved with only mild histopathological
changes (Fig. 1G). In accordance with lung histology (Fig. 1G), ER stress
(PERK/elF2a phosphorylation), iNOS, NF-kB (p65 phosphorylation),
MAP kinase (p38/ERK/JNK phosphorylation), and NLRP3 inflamma-
some (NLRP3/ASC/Caspase-1) signaling cascades were induced by LPS
in WT lung, resulting in the production of pro-inflammatory cytokine IL-
1B, while activation of these signaling pathways was markedly reduced
in LPS-treated CD36 KO lung (Fig. 1H). Ceramides with different acyl
chain lengths, generated by CerS2 and CerS6, modulate the ER stress
response [12]; therefore, we examined whether CD36 deficiency is
related to altered CerS2 or CerS6 levels. Interestingly, CerS6 protein
levels were markedly reduced in CD36 KO lung (Fig. 1H). Similarly,
CerS6 protein levels were also reduced in the liver, skeletal muscle, and
gonadal white adipose tissue of CD36 KO mice (Supplementary
Fig. S1A). CerS2 protein expression was not altered in CD36 KO mice
except for an elevation in white adipose tissue (Fig. 1H and Supple-
mentary Fig. S1A).

Considering that LPS-induced septic shock results from excessive
stimulation of host immune cells, particularly monocytes and macro-
phages [22], primary peritoneal macrophages were harvested and
treated with 1 pg/mL of LPS for 6 h to investigate the mechanism
involved in this protective effect of CerS6 KO mice against LPS-induced
sepsis. Similar to the lung data (Fig. 1H), ER stress, iNOS, NF-xB, MAP
kinase, and inflammasome signaling pathways were activated by LPS in
WT macrophages with concomitant production of IL-1p. However, LPS-
induced activation of these cascades was strikingly normalized in CD36
KO macrophages (Fig. 2A). CerS6 expression elevated by LPS treatment
was also reduced in CD36 KO macrophages. Consistently, the lack of
CD36 in primary macrophages led to the alleviation of pro-inflammatory
cytokine production as well as nitrite formation induced by LPS
(Fig. 2B-E). In light of the marked reduction of CerS6 expression in
primary peritoneal macrophages of CD36 KO mice (Fig. 2A), ceramide
acyl chain length was measured in macrophages harvested from WT and
CD36 KO mice. LPS administration significantly increased C16- and
C18-ceramide levels in WT macrophages (Fig. 2F). In accordance with
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Fig. 5. CerS6 overexpression restores LPS-induced inflammatory responses hampered by CD36 inhibition. (A) WB of RAW264.7 cells with combinational
treatment of LPS (50 ng/mL, 18 h) and SSO (100 uM, 30 h) under CerS6 overexpression. Levels of (B) TNF-a, (C) IL-1f, (D) IL-6, and (E) nitrite were measured in
RAW264.7 cell culture medium using ELISA kits and Griess reagent (n = 5). The values are expressed as means + S.E.M. **p < 0.01, ***p < 0.001.

the reduction in CerS6 expression (Fig. 2A), Cl6-ceramide levels of
CD36 KO macrophages were significantly reduced compared to WT
macrophages in LPS-treated groups (Fig. 2F). In contrast to changes in
CerS protein levels, the relative mRNA expression of six CerS was not
significantly altered in CD36 KO macrophages compared to their WT
counterparts (Supplementary Fig. S1B).

3.2. LPS increases the expression of CerS1 and CerS6
To investigate how CD36 deficiency in macrophages leads to CerS6

downregulation and protection against LPS-induced inflammation, we
used a murine macrophage cell line, RAW264.7, to further explore the

mechanism. Similar to primary peritoneal macrophages (Fig. 2B-E), LPS
treatment in RAW264.7 cells significantly enhanced inflammation in a
dose-dependent manner, as noted by the secretion of TNF-a, IL-1f, and
IL-6 (Fig. 3A-C). Nitrite formed by NOS, mediating conversion of L-
arginine to L-citrulline, was also increased by LPS in RAW264.7 cells
(Fig. 3D). Having established that C16- and C18-ceramide levels were
elevated by LPS injection in WT macrophages (Fig. 2F), we then
examined whether LPS treatment alters ceramide acyl chain length and
CerS expression in RAW264.7 cells. Similar to primary macrophage data
(Fig. 2F), C16- and C18-ceramide levels were dose-dependently elevated
in LPS-treated RAW264.7 cells (Fig. 3E). In addition, LPS (1 pg/mL)
treatment also increased CerS1 and CerS6 mRNA (Fig. 3F) and protein
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tification using ImageJ. (H) WB of peritoneal-derived macrophages of WT and CD36 KO mice treated with MG132 (a proteasome inhibitor, 1 pM) or chloroquine (a
lysosome inhibitor, 1 pM) for 24 h. Proteasome 208 activity of RAW264.7 cells (I) transfected with siRNA for CD36 or (J) treated with a CD36 inhibitor, SSO (100 pg/
mL, 24 h). (K) Proteasome 20S activity of peritoneal-derived macrophages derived from WT and CD36 KO mice. The values are expressed as means + S.E.M. **p <
0.01, ***p < 0.001.

levels (Fig. 3G). LPS stimulation at 50 ng/mL in TLR4-overexpressed required to elevate CerS1 or CerS6 expression by LPS.

RAW264.7 cells, but not in non-transfected RAW264.7 cells, enhanced

CerS1 and CerS6 protein expressions, followed by amplification of in- 3.3. CD36 inhibition promotes CerS6 protein degradation linked to LPS-
flammatory signaling cascades (Supplementary Fig. S2A) and produc- induced inflammatory response

tion of cytokines and nitrite (Supplementary Fig. S2B-E). These data

implicate that TLR4 stimulation above a certain threshold may be Given that LPS-induced inflammatory response was markedly
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diminished in CD36 KO mice, in which CerS6 protein expression was
also reduced (Fig. 1H, Fig. 2A, and Supplementary Fig. S1A), we next
investigated whether CD36 is directly involved in the modulation of
CerS6 and LPS-induced inflammation. SSO irreversibly binds and in-
hibits CD36 [23]. In accordance with CerS6 reduction in CD36 KO mice
(Fig. 1H, Fig. 2A, and Supplementary Fig. S1A), either CD36 inhibition
using SSO or CD36 knockdown using RNA interference markedly
reduced CerS6 protein levels as well as inflammatory signaling cascades,
such as ER stress, iNOS, MAP kinase, and inflammasome (Fig. 4A and
Supplementary Fig. S3A). Consistently, CD36 inhibition with SSO
treatment or CD36 knockdown partially normalized LPS-induced cyto-
kine and nitrite generation (Fig. 4B-E and Supplementary Fig. S3B-E).

To further elucidate whether CD36 inhibition exerts anti-
inflammatory effect via CerS6 reduction, we overexpressed CerS6
under CD36 inhibition. CerS6 overexpression restored CerS6 protein
levels reduced by CD36 inhibition, reactivating inflammatory signaling
cascades including ER stress, iNOS, MAP kinase, and inflammasome,
which were inhibited by CD36 inhibition (Fig. 5A). LPS-induced cyto-
kine and nitrite generation were also reinduced by CerS6 overexpression
under CD36 inhibition (Fig. 5B-E), confirming that CD36 inhibition
mitigates the LPS-induced inflammatory response via reduced CerS6
expression.

We then explored whether CD36 and CerS6 inter-regulate each
other. Decreased CD36 levels either in CD36 KO macrophages or in
siCD36-transfected RAW264.7 cells caused a reduction in CerS6 protein
levels (Fig. 6A and B). However, CD36 overexpression in RAW264.7
cells did not alter CerS6 expression (Fig. 6C), and neither CerS6 over-
expression nor knockdown regulated CD36 protein levels
(Supplementary Fig. S4A and B). To examine whether CD36 inhibition
alters CerS6 protein degradation, a CHX chase assay was performed with
SSO or siCD36. CD36 inhibition using either SSO (Fig. 6D and E) or
CD36 knockdown (Fig. 6F and G) accelerated CerS6 degradation, which
was recovered by proteasomal inhibition but not by lysosomal inhibition
(Fig. 6H). However, 20S proteasome activity was not directly altered in
both CD36-inhibited RAW264.7 cells and CD36 KO macrophages
(Fig. 61-K).

3.4. CD36 inhibition induces CerS6 ubiquitination

A variety of proteins are degraded via the ubiquitin—proteasome

system, and ubiquitination marks proteins for proteasomal degradation
[24]. Given that CD36 inhibition increased CerS6 protein degradation,
causing markedly reduced CerS6 levels, which was hampered by
blocking the proteasome (Fig. 6D-H), ubiquitination of CerS6 was
further examined under CD36 inhibition. Not only SSO treatment but
also CD36 knockdown enhanced CerS6 ubiquitination (Fig. 7A and B).
However, total cellular ubiquitination was not altered by CD36 inhibi-
tion (Fig. 7A and B). These data collectively indicate that CD36 inhibi-
tion escalates CerS6 protein degradation via specifically targeting the
ubiquitination of CerS6.

3.5. CerS6 partially mediates LPS-induced inflammation

To examine the effect of CerS1 and CerS6 in LPS-induced inflam-
mation, either CerS1 or CerS6 was then transfected in RAW264.7 cells.
CerS1 or CerS6 overexpression was confirmed by WB (Fig. 8A and
Supplementary Fig. S5A). CerS1 overexpression did not alter inflam-
matory signaling cascades, including NF-kB, MAP kinase, and inflam-
masome pathways in RAW264.7 cells, irrespective of LPS treatment
(Supplementary Fig. S5A). Consistently, the production of cytokines and
nitrite was not changed by CerS1 overexpression (Supplementary
Fig. S5B-E).

CerS6 overexpression elevated Cl6-ceramide levels, as measured
using LC-ESI-MS/MS (Fig. 8B). In accordance with the relevant litera-
ture [12], CerS6 overexpression both induced ER stress and further
aggravated LPS-induced ER stress (Fig. 8C). In addition, CerS6 also
propagated and amplified iNOS, NF-kB, MAP kinase, and inflammasome
signaling cascades in LPS-treated RAW264.7 cells (Fig. 8A) with
concomitant elevation of pro-inflammatory cytokine production
(Fig. 8D-F). Increased iNOS expression by CerS6 overexpression
(Fig. 8A) was also accompanied by elevated nitrite content (Fig. 8G).

Next, shCerS6 was transfected in RAW264.7 cells to examine
whether CerS6 downregulation exhibits the opposite effect. Transfection
of shCerS6 reduced CerS6 protein levels, and LPS-induced activation of
signaling pathways, such as ER stress, MAP kinase, and inflammasome,
was abrogated by CerS6 downregulation (Fig. 9A). CerS6 down-
regulation also significantly diminished LPS-induced pro-inflammatory
cytokine production (TNF-a, IL-1f, and IL-6) and nitrite formation
(Fig. 9B-E). These data indicate that CerS6 mediates the LPS-induced
inflammatory response by modulating ER stress, MAP kinase, and
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Fig. 8. CerS6 overexpression augments LPS-induced inflammatory response. (A) WB of RAW264.7 cells transfected with CerS6, followed by LPS (50 ng/mL)
treatment for 18 h. (B) C16-ceramide levels were measured by LC-ESI-MS/MS (n = 3). (C) WB of CerS6-overexpressed RAW264.7 cells in the presence or absence of
LPS stimulation (50 ng/mL, 18 h). Levels of (D) TNF-a, (E) IL-16, (F) IL-6, and (G) nitrite were measured in RAW264.7 cell culture medium using ELISA kits and
Griess reagent (n = 5). The values are expressed as means + S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

inflammasome cascades.

3.6. ER stress is the upstream signaling cascade for MAP kinase and
inflammasome pathways

Considering that CerS6 not only induces ER stress but also aggravates
LPS-induced ER stress (Fig. 8C), we then investigated the role of ER
stress in LPS-induced inflammatory response. Thapsigargin induces ER
stress via inhibiting sarco/ER Ca2t-ATPase activity, causing an imbal-
ance in Ca®" homeostasis [25]. To induce ER stress, RAW264.7 cells
were treated with 300 nM thapsigargin combined with 50 ng/mL of LPS.
Thapsigargin induced ER stress similar to LPS treatment in RAW264.7
cells, and thapsigargin addition in LPS-treated RAW264.7 cells ampli-
fied ER stress, as shown by PERK and elF2a phosphorylation (Fig. 10A).
Without LPS, thapsigargin alone activated NF-kB, MAP kinase, and
inflammasome pathways, similar to LPS treatment (Fig. 10A). In addi-
tion, thapsigargin and LPS co-treatment markedly amplified signaling
cascades, including NF-kB, MAP kinase, and inflammasome (Fig. 10A).

Next, we co-treated TUDCA or 4-PBA with LPS to explore whether ER
stress inhibition can alleviate LPS-induced signaling activation. TUDCA
hampers the dissociation between glucose-regulated protein 78 (GRP78)
and PERK [26], and 4-PBA acts as a chemical chaperone, inhibiting ER
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stress [27]. Co-treatment of these chemical compounds with LPS in
RAW264.7 cells markedly inhibited LPS-induced activation of ER stress
accompanied by reduction of NF-kB, MAP kinase, and inflammasome
signaling (Fig. 10B). Finally, the LPS-induced generation of cytokines
and nitrite was examined to confirm the effect of ER stress modulation
on the LPS-induced inflammatory response. In accordance with
signaling cascades (Fig. 10B), LPS-induced cytokine and nitrite pro-
duction was partially diminished by TUDCA or 4-PBA (Fig. 10C-F).
These data implicate that ER stress modulates downstream signaling
pathways, such as NF-kB, MAP kinase, and inflammasome, and regulates
the LPS-induced inflammatory response.

3.7. CerS6 modulates LPS-induced inflammatory response via ER stress

Finally, we explored whether CerS6-mediated amplification of LPS-
induced inflammation is exerted via ER stress. Both ER stress inhibi-
tion using 4-PBA as well as CerS inhibition using fumonisin B1 [28]
reduced CerS6-mediated activation of NF-kB, MAP kinase, and inflam-
masome signaling cascades (Fig. 11A). Furthermore, CerS6-mediated
amplification of LPS-induced signaling activation was also markedly
abrogated by either 4-PBA or fumonisin B1 (Fig. 11A). In addition, LPS-
induced formation of cytokines, such as TNF-a, IL-1, and IL-6, was also
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augmented by CerS6, and 4-PBA or fumonisin Bl treatment partially
normalized the aggravating effect of CerS6 on LPS-induced cytokine
formation (Fig. 11B-D). These results indicate that CerS6-derived C16-
ceramide augments LPS-induced inflammation via ER stress.

4. Discussion

Macrophages have a central role in inflammation. In the present
study, we examined the effects of ceramide acyl chain length on the LPS-
induced inflammatory response in RAW264.7 cells. LPS increased both
the mRNA and protein levels of CerS6, leading to the elevation of C16-
ceramide. CerS6-derived C16-ceramide augmented the LPS-induced in-
flammatory response via propagating ER stress, which further activated
downstream signaling pathways, such as NF-kB and inflammasome.

LPS has been previously known to induce pro-inflammatory cyto-
kines through MAP kinase and NF-kB pathways [29,30], and the present
study suggests CerS6-activated ER stress as an upstream regulator of
these pathways. Inhibition of CerS by fumonisin B1 also abrogated the
amplifying effect of CerS6 on LPS-induced inflammation, demonstrating
that CerS6-derived ceramide generation plays a critical role in LPS-
induced inflammation. Regulation of ER stress by CerS and its de-
rivatives, ceramide species, has been previously reported [12,31-33].
Obesity-associated elevation of CerS6-derived C16-ceramide promoted
ER/mitochondrial stress in hypothalamic neurons and had a pivotal role
in the deregulation of food intake and glucose metabolism [32]. We have
previously reported the detrimental effect of CerS6 in hepatic ER stress,
which contributes to lipogenesis and fatty liver progression [12]. On the
contrary, CerS2 and C24-ceramide inhibited ER stress and sterol regu-
latory element-binding protein 1 (SREBP1) cleavage, resulting in pro-
tection against fatty liver disease progression [12]. A recent study also
showed that exogenous C2-ceramide caused ER stress, as demonstrated
by increased levels of phosphorylated elF2a and spliced X-box-binding
protein-1 (XBP1) via inducing [Ca®'] er depletion [33]. The activation of

11

activating transcription factor 6 (ATF-6) via perturbation of cellular
Ca?" has also been suggested as a mechanism for the induction of ER
stress by CerS6 and its derivative, C16-ceramide [34]. The present study
recapitulated the role of CerS6 in ER stress, which modulated LPS-
induced inflammatory response and sepsis.

The present study also revealed the regulation of CerS6 by CD36.
Reduced CerS6 protein levels were observed not only in peritoneal
macrophages but also in the lung, liver, skeletal muscle, and adipose
tissues of CD36 KO mice. However, CerS6 mRNA levels in CD36 KO mice
were not altered in CD36 KO macrophages. Furthermore, MG132
treatment restored CerS6 protein levels in CD36 KO macrophages,
suggesting the proteasomal degradation of CerS6. Accordingly, CD36
inhibition markedly elevated CerS6 ubiquitination targeting for pro-
teasomal degradation. The regulation of ubiquitination of several pro-
teins by CD36 has been previously reported [35,36]. For example, in
acute kidney injury, CD36 binds to ferroptosis suppressor protein 1
(FSP1) and accelerates its degradation via inducing ubiquitination [36].
Similarly, CD36-Glypican 4 (GPC4) interaction in colorectal cancer
promotes GPC4 ubiquitination, leading to its proteasomal degradation
[35]. However, in the present study, CD36 — CerS6 interaction was not
observed in an immunoprecipitation assay, and only CD36 inhibition,
but not CD36 overexpression, modulated CerS6 protein levels. There-
fore, the regulation of CerS6 protein stability by CD36 might not be the
primary consequence. For example, CD36 inhibition would escalate
CerS6 ubiquitination, possibly via regulating enzymes involved in
ubiquitination or deubiquitination targeting CerS6. Despite the un-
solved mechanisms, the reduction of CerS6 protein levels by CD36
blockage was consistent and could be efficiently applied to control
endotoxin-induced inflammation.

SLs are one of the major components of the lipid raft in which CD36
is located [37], and alteration of ceramide acyl chain length by CerS
modulation can affect lipid raft properties, which ultimately impacts the
function of proteins located in the lipid raft [38,39]. We previously
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Fig. 10. ER stress regulates NF-kB, MAP kinase, and inflammasome signaling cascades during LPS-induced inflammatory response. (A) WB of RAW264.7
cells with combinational treatment of LPS (50 ng/mL, 18 h) and thapsigargin (300 nM, 18 h). (B) WB of RAW264.7 cells treated with LPS (50 ng/mL, 18 h) in the
presence or absence of TUDCA (500 pM, 30 h) or 4-PBA (5 mM, 30 h). Levels of (C) TNF-a, (D) IL-16, (E) IL-6, and (F) nitrite were measured in RAW264.7 cell culture
medium using ELISA kits and Griess reagent (n = 5). The values are expressed as means + S.E.M. **p < 0.01, ***p < 0.001.

reported that ablation of CerS2, which causes deficiency of C22—C24-
ceramides, led to lipid raft alteration [38] and mislocalization of CD36
[40]. Another group also showed that either the addition of synthetic
short-chain ceramides or activation of sphingomyelinase to generate
physiological long-chain ceramides resulted in significant reductions in
CD36 expression, not by inhibition of mRNA expression but by blockade
of CD36 trafficking to the membrane in monocytes/macrophages [41].
These studies suggest that CD36 can be regulated by altered ceramide
composition. Conversely, the current study demonstrated that CD36
alters ceramide acyl chain length by regulating CerS6 protein stability
and degradation. Therefore, CerS-derived ceramide and CD36 may
interact bidirectionally.

LPS treatment of RAW264.7 cells elevated C16- and C18-ceramides
dose-dependently. Increased C16- and C18-ceramides upon LPS treat-
ment at 1 pg/mL coincided with the elevation of mRNA and protein
expressions of CerS1 and CerS6. However, LPS treatment at 50 ng/mL
still increased C16- and C18-ceramides without altering either CerS1 or
CerS6 expressions. Although regulation of CerS activity by 50 ng/mL of
LPS can be possible, the exact mechanism of this phenomenon remains
to be elucidated. In contrast to non-transfected cells, the 50 ng/mL LPS
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treatment of TLR4-overexpressed RAW264.7 cells elevated CerS1 and
CerS6 protein expressions similar to 1 pg/mL of LPS, suggesting that
TLR4 stimulation above a certain threshold may be required to enhance
the expression of CerS1 and CerS6.

Despite CerS5 and CerS6 generating C16-ceramide in common, the
impact of CerS5 or CerS6 on inflammatory signaling pathways was
completely different in RAW264.7 cells (Supplementary Fig. S6). Only
CerS6, but not CerS5, activated NF-kB, MAP kinase, and inflammasome
signaling pathways (Supplementary Fig. S6A) with concomitant in-
crease of cytokine and nitrite formation (Supplementary Fig. S6B-E).
The distinct effects of these two proteins on a variety of intracellular
events have already been reported [12]. Considering that ER stress,
which is the upstream regulator of NF-kB, MAP kinase, and inflamma-
some signaling pathways during LPS stimulation, has not been affected
by CerS5 in palmitate-treated Hep3B cells [12], CerS5 may not alter
these inflammatory signaling cascades due to no impact on ER stress.
Similarly, CerS1 did not affect the LPS-induced inflammatory response.
In addition, given that CerS1 expression is extremely low in RAW264.7
cells (Supplementary Fig. S7), CerS1 would play only a minor role in the
LPS-induced inflammatory process in macrophages. The present results
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are in accordance with the relevant literature reporting that only CerS6,
but not other CerS isoforms, increases TNF-a secretion in Hep3B cells
[301.

5. Conclusion

CerS attaches a fatty acid to a long-chain base via an amide bond, and
CD36 functions as a fatty acid transporter. Considering critical roles of
both proteins in lipid metabolism, mutual influence would have a
functional role in biology. The current study provides evidence that
CD36 functions as an upstream regulator of CerS6, regulating CerS6
protein stability and degradation, by which CD36 eventually plays a
pivotal role in LPS-induced septic response. Mechanistically, CerSé6-
derived C16-ceramide amplifies LPS-induced inflammatory signaling
cascades by modulating ER stress in macrophages, and CD36-induced
CerS6 reduction could mitigate endotoxin-induced inflammatory
response. Collectively, the current study suggests that targeting CD36 or
CerS6 would be an efficacious strategy for managing endotoxin-induced
septic shock and inflammation.
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