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Sodium salicylate rewires hepatic metabolic
pathways in obesity and attenuates IL-1b
secretion from adipose tissue: The implications
for obesity-impaired reverse cholesterol
transport
Sarina Kajani 1,2,3,5, Sean Curley 1,2,3,5, Marcella E. O’Reilly 1,2,3,5, Xiaofei Yin 3,5,7, Eugene T. Dillon 6,
Weili Guo 1,2,3,5, Kanishka N. Nilaweera 8,9, Lorraine Brennan 3,5,7, Helen M. Roche 1,3,4,5,
Fiona C. McGillicuddy 1,2,3,5,*
ABSTRACT

Introduction: High-fat diet (HFD)-induced obesity impairs clearance of cholesterol through the Reverse Cholesterol Transport (RCT) pathway,
with downregulation in hepatic expression of cholesterol and bile acid transporters, namely ABCG5/8 and ABCB11, and reduced high-density
lipoprotein (HDL) cholesterol efflux capacity (CEC). In the current study, we hypothesized that the development of hepatosteatosis, secondary
to adipose-tissue dysfunction, contributes to obesity-impaired RCT and that such effects could be mitigated using the anti-inflammatory drug
sodium salicylate (NaS).
Materials and methods: C57BL/6J mice, fed HFD � NaS or low-fat diet (LFD) for 24 weeks, underwent glucose and insulin tolerance testing.
The 3H-cholesterol movement from macrophage-to-feces was assessed in vivo. HDL-CEC was determined ex vivo. Cytokine secretion from
adipose-derived stromal vascular fraction (SVF) cells was measured ex vivo. Liver and HDL proteins were determined by mass spectrometry and
analyzed using Ingenuity Pathway Analysis.
Results: NaS delayed HFD-induced weight gain, abrogated priming of pro-IL-1b in SVFs, attenuated insulin resistance, and prevented stea-
tohepatitis (ectopic fat accumulation in the liver). Prevention of hepatosteatosis coincided with increased expression of PPAR-alpha/beta-oxidation
proteins with NaS and reduced expression of LXR/RXR-induced proteins including apolipoproteins. The latter effects were mirrored within the HDL
proteome in circulation. Despite remarkable protection shown against steatosis, HFD-induced hypercholesterolemia and repression of the liver-
to-bile cholesterol transporter, ABCG5/8, could not be rescued with NaS.
Discussions and conclusions: The cardiometabolic health benefits of NaS may be attributed to the reprogramming of hepatic metabolic
pathways to increase fatty acid utilization in the settings of nutritional overabundance. Reduced hepatic cholesterol levels, coupled with reduced
LXR/RXR-induced proteins, may underlie the lack of rescue of ABCG5/8 expression with NaS. This remarkable protection against HFD-induced
hepatosteatosis did not translate to improvements in cholesterol homeostasis.
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1. INTRODUCTION

Obesity is a complex multifactorial disease, with a chronic inflam-
matory underpinning [1] and is associated with numerous complica-
tions including insulin resistance that often co-present [2,3] non-
alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis
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(NASH) [4], and hypercholesterolemia and cardiovascular disease
(CVD) [5]. Reverse cholesterol transport (RCT) is the atheroprotective
process by which cholesterol within peripheral cells is effluxed onto
high-density lipoprotein (HDL) particles and returned to the liver for
excretion in bile and feces [6], perturbations in RCT can cause
cholesterol retention in vivo and enhance CVD risk [7,8]. We have
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previously demonstrated that high-fat diet (HFD)-induced obesity in
C57BL/6J mice impairs HDL cholesterol efflux capacity (CEC) and
impedes liver-to-feces RCT with reduced expression of free cholesterol
[ATP binding cassette (ABC) transporter subfamily G, member 5/8,
(ABCG5/8)] and bile-acid [ATP binding cassette (ABC) transporter
subfamily G, member 11 (ABCB11)] transporters in the livers relative to
low-fat diet (LFD) control [9]. Furthermore, the HDL proteome was
enriched with pro-inflammatory liver-derived proteins and was
depleted of anti-oxidant/anti-inflammatory proteins in obese mice
consuming a saturated fatty acid (SFA)-enriched HFD, relative to obese
mice consuming a monounsaturated fatty acid (MUFA)-enriched HFD,
coincident with greater hepatic inflammation after SFA-HFD [9]. Acute
inflammation similarly reduces HDL-CEC in mice [10] and humans [11]
and liver-to-feces RCT [10] prompting us to hypothesize that a)
obesity-induced metabolic inflammation underpins impaired RCT and
b) anti-inflammatory intervention would rescue obesity-impaired RCT.
Therapeutically targeting the RCT pathway in patients with obesity may
offer an important stratified approach to combatting excessive risk of
cardiovascular disease (CVD) within this population.
Adipose-tissue inflammation and subsequent loss of functionality are
thought to be key drivers of ectopic fat deposition in secondary organs
including the liver during obesity [12]. Adipose-tissue inflammation
occurs in a time-dependent manner with initial recruitment of T-cells
(w6w) followed by monocytes/macrophages (10e12w) [13]. Endog-
enous danger signals including cholesterol and SFA [14e17] typify
obesity, prime pro-IL-1b production within immune cell populations
contributing to the development of insulin resistance [14].
Sodium salicylate (NaS), a pleiotropic drug, is well known for its
beneficial effects on glucose metabolism [18e20]; it inhibits NFkB
[21], IkB kinase beta (IKKb) [22] and cyclooxygenase 2 (COX2) [23e
25]. Activation of the metabolic sensor adenosine monophosphate
kinase (AMPK) [26] and enhanced activation of brown adipose tissue
[27] have also been purported to be the critical mediators of the
beneficial effects of salicylate on metabolism. In this study, we hy-
pothesized that NaS intervention would attenuate HFD-induced adi-
pose tissue and liver inflammation, protect against hepatosteatosis,
thereby preserving efficient cholesterol trafficking through the liver to
feces.
Within this study, we utilized obesity-prone C57BL/6J mice to track 3H-
cholesterol movement from injected macrophage-to-feces [28] after
both short-term (4w) (prior to metabolic inflammation) and long-term
(24w) (significant metabolic inflammation) exposure to an obeso-
genic HFD supplemented � NaS. This mouse model reflects human
physiology with significant induction of adipose inflammation, hyper-
insulinemia, insulin resistance, and hepatosteatosis after high-fat
feeding over time. Our study design allowed us to decipher a)
whether short-term exposure to HFD (4w), prior to significant adipose
tissue inflammation, impacts RCT and b) whether reduced metabolic
inflammation in response to NaS, after long-term exposure to HFD
(24w), rescues obesity-impaired RCT.

2. MATERIALS & METHODS

2.1. Materials
Cholesterol [1,2e3H(N)] was purchased from PerkineElmer Analytical
Sciences (Ireland). Cell culture material was purchased from Lonza
(Slough, UK). All other reagents, unless otherwise stated, were ob-
tained from Sigma Aldrich Ltd.
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2.2. Animals
Animal care, procedures, and ethical approval were obtained from
UCD, Ireland and UCC Ethics Committee. The mice were maintained
according to the provisions of the European Union (Directive 2010/63/
EU) and the Republic of Ireland guidelines (SI No 543 of 2012). Male
C57BL/6J (6e8 weeks old, Harlan Laboratories, UK) were random-
ized into cages (n ¼ 4/cage) and housed using 12 h dark/light cycles
provided with water and fed ad libitum. Cages were randomized to
HFD (60% kCal from soybean oil and lard), HFDþ NaS (6 g/kg NaS in
diet), or a micronutrient-matched LFD (10% kCal from soybean oil
and lard) (Research Diets, Inc., New Brunswick, NJ, USA) for up to
24w (n ¼ 16 experimental animals per group, n ¼ 4 separate cages
per group). Bodyweight and food consumption were measured
weekly.

2.3. Rodent in vivo RCT studies
Labeled J774.2 macrophages (European Collection of Cell Cultures)
(w2 � 106 cells/4 � 106 dpm/mouse) were injected into C57BL/6J
mice in the intraperitoneal cavity; the mice were housed individually in
metabolic cages (Tecniplast, PA, USA) from 12 to 24 h post-injection
and fed respective diets ad libitum. Cells were mycoplasma tested
and IMPACT (IDEXX Laboratories, Inc., Maine, USA)-tested prior to
injection. Blood samples were taken via the retro-orbital plexus under
anesthesia at 4, 24, and 48 h. After 48 h, the mice were euthanized by
cervical dislocation. Adipose, liver, and feces were isolated and pre-
pared for lipid, protein, and mRNA analyses as described and in the
supplement. 3H-label counts were measured by liquid scintillation
counting (LSC). No adverse effects were noticed.

2.4. Labeling of macrophage for RCT studies and cholesterol efflux
assays
RCT: J774.2 macrophages were incubated for 48 h in labeling media
containing acetylated-LDL (25 mg/mL) (Intracel, USA) and 3H-choles-
terol (5 mCi/mL). The cells were washed, equilibrated, centrifuged, and
re-suspended in minimal essential media (MEM) prior to intraperito-
neal injection.

2.5. Cholesterol efflux assay
J774.2 macrophages were labelled for 24 h with 3H-cholesterol (1 mCi/
mL) and equilibrated overnight in 0.2% bovine serum albumin
(BSA) � cAMP (0.3 mM) to drive ABCA1 expression. ApoB-containing
lipoproteins were removed from mouse plasma by polyethylene glycol
(PEG) precipitation. Ex vivo efflux from labeled macrophages to 2.8%
HDL supernatant or MEM background control was measured over 4 h.
The difference in efflux from cells stimulated in the presence or
absence of cAMP represents ABCA1-dependent efflux. ABCA1-
independent efflux was derived from untreated (-cAMP) cells.

2.6. Proteomics
Hepatic protein (100 mg) and HDL particles (fraction 36e38, separated
by fast protein liquid chromatography (FPLC)) underwent overnight in-
solution trypsin digestion and were processed for mass spectrometry
(see supplementary material). Peptide fractions were analyzed on a
quadrupole Orbitrap mass spectrometer equipped with a reversed-
phase NanoLC UltiMate 3000 HPLC system (Thermo Fisher Scienti-
fic, Inc.). Peptides and proteins were matched to the UniProt Human
database and label-free quantitative (LFQ) ion intensities were
generated using the default setting of MaxQuant, a quantitative
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Figure 1: NaS delays weight gain and protects against HFD-induced insulin resistance. Male C57BL/6J mice were fed HFD (60% kcal from fat) with (grey circles) or without
(black circles) NaS (6 g/kg diet) or LFD (10% kcal from fat) (white circles) for 24. (A) Bodyweight was measured weekly over 24w. (B&E) Glucose tolerance tests (GTT) were
performed in overnight fasted mice after (B) 4w or (E) 24w HFD � NaS. Mice were injected intraperitoneally with glucose (1.5 g/kg glucose), and blood samples collected by tail
vein bleeding were taken at indicated time-points post-injection. (C&F) Insulin sensitivity was determined in mice that were fasted for 6h by intraperitoneal injection with insulin (0.5
units/kg insulin) and blood glucose levels quantified at indicated timepoints after (C) 4w and (F) 24w HFD � NaS. (D&G) Insulin levels were monitored by ELISA at indicated time-
points during the GTT after (D) 4w and (G) 24w HFD � NaS; n ¼ 16 per group; *p < 0.05, **p < 0.01, ***p < 0.001, w.r.t LFD; #p < 0.05, ##p < 0.01, ###p < 0.001, HFD vs.
HFD þ NaS for all graphs.
proteomics software package. Perseus statistical software was used to
analyze the LFQ intensities. Differentially expressed proteins were
inputted for pathway analysis through Ingenuity Pathway Analysis (IPA)
and Cytoscape software.
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2.7. Laboratory methods
Detailed description of methodologies including glucose and insulin
tolerance testing, lipoprotein analysis, acylcarnitine measurement,
FPLC, real-time PCR, energy expenditure studies, stromal vascular
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Figure 2: NaS attenuates adipose tissue inflammation. Male C57BL/6J mice were fed LFD, HFD or HFD þ NaS (6 g/kg diet) for 4w or 24w. The stromal vascular fraction (SVF)
cells were extracted from epididymal adipose tissues (EAT) via collagenase digestion. (A) Flow cytometry analyses of M1 (F4/80þ, CD11Cþ, and CD206 (dim)) and M2 (F4/80þ,
CD11C- and CD206 (bright)) macrophages in SVF of adipose tissue (n ¼ 6e8). (B) Gene expression analysis of Mcp1 and Saa3 in EAT as measured by real-time PCR (n ¼ 8,
normalized to LFD control). (C) SVF (1 � 106 cells/ml) were cultured overnight in complete media þ LPS (100 ng/mL) for 24 h followed by ATP (5 mmol/L) stimulation for 1h. IL-1b
levels in cell culture media was determined by ELISA (n ¼ 4e5). (D) Weight of EAT and subcutaneous (SC) adipose tissue depots after 4w or 24w on LFD or HFD � NaS (n ¼ 8e
17). (E) Gene expression analysis of Acadl and Acadm in adipose tissue from mice fed LFD or HFD � NaS after 4 and 24w, as measured by real-time PCR (n ¼ 8, normalized to
LFD control). *p < 0.05, **p < 0.01, ***p < 0.001 w.r.t. LFD; #p < 0.05, ##p < 0.01, ###p < 0.001, HFD vs. HFD þ NaS for all graphs.

Original Article
fraction (SVF) isolation, and immunoblot analysis are available in the
Supplemental Section.

2.8. Statistical analysis
Our primary outcome included changes in RCT in response to NaS
intervention relative to HFD alone; our secondary endpoints were
changes in adipose IL-1b secretion and changes in hepatic
protein expression in response to HFD � NaS. Sample size calcu-
lations were based on previous variance (w15%) between lean and
obese mice in plasma 3H-cholesterol levels at 4h during RCT
studies; m1 ¼ 0.458; m2 ¼ 0.389 and pooled variance s ¼ 0.07,
where N ¼ 2s2 (za/2 þ zb)

2/(m1 e m2)2. Data are reported as
mean � SEM; each animal was considered an experimental unit.
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For comparison across multiple groups, data were tested for normal
Gaussian distribution by the ShapiroeWilk test. Normally distributed
raw or log-transformed data (n � 8), were tested by one-way or
two-way analysis of variance (ANOVA) as appropriate and when
significant Bonferroni post-hoc tests were applied. Data-sets with
n < 8 or non-normally distributed data underwent KruskaleWallis
testing with Dunn’s post-hoc test. GraphPad Prism version 5
(GraphPad Software Inc., CA) was used for statistical analyses.
Statistical significance is presented as means (SEM) *p < 0.05,
**p < 0.01 and ***p < 0.001 w.r.t. LFD or #p < 0.05,
##p < 0.01, ###p < 0.001 HFD v HFD þ NaS for all graphs. For the
acylcarnitines, the p-values were corrected for multiple testing
using a False Discovery Rate (FDR) approach.
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Figure 3: NaS protects against HFD-induced hepatosteatosis. Male C57BL/6J mice were fed LFD, HFD or HFD þ NaS (6 g/kg diet) for 4w or 24w and the development of
hepatosteatosis was subsequently investigated. (A) Liver weight at 4w (n ¼ 8) and 24w (n ¼ 16). (B) Hepatic lipid was monitored by enzymatic quantitation of cholesterol (C),
triglycerides (TG), and phospholipids (PL) at 4 and 24w (n ¼ 8e16). (C) Hematoxylin and eosin staining of paraffin-embedded hepatic samples confirmed lipid profile at 24w
(n ¼ 4). (D) Hepatic mRNA expression of Acadl and Acadm from mice fed LFD or HFD � NaS after 4 and 24w, as measured by real-time PCR (n ¼ 8, normalized to LFD control). (E)
Acylcarnitine levels were determined in livers after 24w (n ¼ 8). *p < 0.05, **p < 0.01, ***p < 0.001, w.r.t. LFD; #p < 0.05, ##p < 0.01, ###p < 0.001, HFD vs. HFD þ NaS
for all graphs.
3. RESULTS

3.1. NaS delays weight gain and protects against HFD-induced
insulin resistance
Supplementation of an HFD with NaS (NaS þ HFD) protected against
weight gain during weeks 1e12 despite increased caloric consump-
tion compared to supplementation of both LFD and HFD (Figure 1A and
Supplemental Fig. 1A). Rapid weight gain was subsequently observed
from 12 to 20 w before plateauing at levels that remained significantly
lower than HFD alone (Figure 1A). Energy expenditure analysis was
MOLECULAR METABOLISM 56 (2022) 101425 � 2021 Published by Elsevier GmbH. This is an open acce
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performed after 4w HFD � NaS but no significant changes were
observed (Supplemental Figs. 1BeD). Furthermore, contrary to pre-
vious findings [27], we found a significant reduction in uncoupling
protein 1 (UCP-1) mRNA within brown adipose tissue with HFD þ NaS
relative to LFD (Supplement Figure 1E).
NaS protected against HFD-induced glucose intolerance, insulin
resistance, and hyperinsulinemia after 4w-HFD (Figure 1BeD), and
24w-HFD (Figure 1EeG), with GTT profiles akin to LFD counterparts,
despite the obese phenotype at 24w (Supplemental Fig. 1F). There was
progressive deterioration in Homeostatic Model Assessment for Insulin
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Table 1 e Body weight, plasma parameters, liver weight and liver lipid
profile in C57BL/6Jmice fed LFD (n ¼ 14), HFD (n ¼ 16) or HFD þ NaS
(n ¼ 16) for 24w. *p < 0.05, **p < 0.01, ***p < 0.001 w.r.t. LFD;
#p < 0.05, ##p < 0.01 and ###p < 0.001 HFD vs. HFD þ NaS.

Clinical parameters LFD HFD HFD þ NaS

Body Weight (g) 33.4 � 1.3 48.9 � 0.9*** 44.3 � 1.4***
Plasma Glucose (mM) 5.3 � 0.3 9.0 � 0.6 7.6 � 0.4
Plasma Insulin (ng-mL-1) 0.8 � 0.1 6.8 � 0.8*** 2.7 � 0.6###

HOMA-IR 5.5 � 0.9 82.7 � 11.7*** 25.1 � 5.0###

Plasma total Cholesterol
(mg/dL)

127.5 � 7.7 228.4 � 13.5*** 200.4 � 15.2**

Plasma HDL-Cholesterol
(mg/dL)

100.6 � 6.4 130.94 � 11.4 103.8 � 8.1

Plasma non-HDL-C (mg/dL) 33.4 � 8.9 97.42 � 18.5* 102.7 � 16.5**
Plasma Triglycerides
(mg/dL)

101.8 � 11.2 130.5 � 12.1* 99.2 � 8.2

Plasma Phospholipids
(mg/dL)

263.1 � 19.2 353.7 � 20.5* 294.4 � 11.3

Plasma ALT (nmol/min/mL) 0.9 � 0.5 11.5 � 3.0*** 2.4 � 1.0##

Plasma AST (nmol/min/mL) 10.0 � 2.4 13.1 � 2.3 3.5 � 1.6#

Liver Weight (g) 1.0 � 0.04 2.3 � 0.1*** 1.4 � 0.1**###

Hepatic Cholesterol (mg/liver) 6.6 � 0.6 23.6 � 1.7*** 15.3 � 3.2***##

Hepatic Triglycerides
(mg/liver)

34.2 � 7.0 190.9 � 28.1*** 91.8 � 18.1*###

Hepatic Phospholipids
(mg/liver)

19.2 � 3.1 57.5 � 6.2*** 43.6 � 8.6**

Original Article
Resistance (HOMA-IR) scores between 4 and 24w HFD (Supplemental
Fig. 1G). HOMA-IR was significantly attenuated by NaS at 24 w relative
to HFD alone (Supplemental Fig. 1G).

3.2. NaS suppresses IL-1b secretion from an adipose-derived
stromal vascular fraction (SVF) after 24w HFD
Increased recruitment of pro-inflammatory M1 macrophages into EAT,
was observed after 24w on both HFD and, to a lesser extent on
HFDþ NaS, relative to on LFD (Figure 2A), mirroring trends in monocyte
chemoattractant protein (MCP)-1 mRNA expression (Figure 2B). Serum
amyloid A3 (SAA3), another key marker of adipose tissue inflammation,
was increased after 24w HFD relative to LFD and was significantly
reduced after HFD þ NaS relative to HFD alone (Figure 2B). IL-1b
secretion from an adipose-derived SVF stimulated ex vivo with
LPSþ ATP, was significantly increased after 24w on HFD relative to LFD
(Figure 2C). NaS abrogated this elevation in IL-b secretion from HFD-
derived SVF (Figure 2C). Similar results were found for TNF-a secre-
tion from SVF at 24w (Supplemental Fig. 1H). At the 4w time-point, there
was no evidence of inflammatory macrophage cell infiltration into adi-
pose tissue (as reported previously [13]), no evidence of IL-1b priming,
and no significant difference observed in MCP-1 and SAA3 across
groups. This indicated that this early phase of insulin resistance is not
related to adipose inflammation (Figure 2AeC).
EAT weight was significantly increased after 4w HFD, but not 24w
HFD, relative to LFD (Figure 2D). Interestingly, the EAT depot expanded
in mice fed HFD þ NaS at 24w relative to mice fed both LFD and HFD,
indicative of greater functionality of this depot, and was coincident with
reduced hepatosteatosis. By contrast, the subcutaneous adipose depot
significantly expanded after HFD, and to a lesser extent HFD þ NaS,
relative to LFD at 24w (Figure 2D). Furthermore, the EAT morphology
was improved after 24w HFDþ NaS relative to HFD alone, with a more
uniform adipocyte size evident with NaS treatment (Supplement
Figure 1I&J). NaS did not significantly alter the expression of acyl Co-A
dehydrogenase long-chain (Acadl) and acyl-CoA dehydrogenase
medium-chain (Acadm) in EAT at 4w relative to HFD. After 24w of
6 MOLECULAR METABOLISM 56 (2022) 101425 � 2021 Published by Elsevier GmbH. This is
feeding HFD, expression of Acadm in EAT was significantly reduced
after HFD þ NaS relative to HFD indicating that enhanced oxidation
through white adipose tissue does not underlie reduced weight-gain
(Figure 2E). A potent increase in expression of Acadl and Acadm
was evident in EAT after 24w HFD (with and without NaS) relative to
LFD, indicative of a metabolic fuel switch within adipose tissue to
predominantly fatty acid oxidation (Figure 2E).

3.3. NaS protects against HFD-induced hepatosteatosis
NaS supplementation resulted in profound protection against hepatic
lipid accumulation with liver-weights equivalent to LFD after both 4w
and 24w HFD (Figure 3A). Hepatic accumulation of triglycerides,
cholesterol, and phospholipids was attenuated after feeding
HFD þ NaS compared to HFD alone at 24w (Figure 3B) which was
confirmed by histological hematoxylin and eosin (H&E) staining
(Figure 3C). mRNA expression of the b-oxidation genes, Acadm and
Acadl, was suppressed after 24w on HFD relative to on LFD
(Figure 3D). By contrast, mRNA expression of Acadm was preserved
and expression of Acadl was increased after HFD þ NaS compared to
LFD, indicating that enhanced b-oxidation within this group may
protect against steatosis (Figure 3D). Analysis of acyl-carnitine levels in
the liver demonstrated a significant increase in short/medium-chain
acylcarnitines (C3 and C5 length) with NaS relative to both LFD and
HFD, again indicative of enhanced fatty acid oxidation in response to
NaS (Figure 3E and Supplemental Table 1). This significance was
retained for C5-length acylcarnitines only upon correction for FDR (p-
value 9.8004E-4). A significant increase in alanine transaminase (ALT)
levels was also evident after 24w HFD relative to LFD, an effect that
was blunted by the NaS supplementation (Table 1). Minimal pertur-
bations in hepatic lipids were evident after 4w HFD relative to LFD
(Figure 3A,B & D and Supplement Table 2).

3.4. NaS reconfigures metabolic pathways in the liver with
increased activation of PPAR-alpha pathways and decreased
activation of LXR/RXR pathway
To further probe the underlying mechanisms contributing to reduced
steatosis with NaS relative to HFD alone, we analyzed the liver prote-
ome. Chronic HFD resulted in differential expression of 600 hepatic
proteins relative to LFD including reduction in proteins involved in
glycolysis, the TCA cycle and the electron transport chain and increased
expression of proteins involved in fatty acid oxidation, and proteins
regulated by both PPAR and LXR transcription factors (Supplement
Figure 2 and Supplement Table 3). NaS intervention significantly
altered 484 liver proteins relative to HFD (Supplement Table 4). Primary
pathways activated by NaS included fatty acid beta-oxidation, trypto-
phan metabolism, amino acid metabolism, the TCA cycle, and the
electron transport chain, while glycolytic, LXR/RXR, and IL-1 mediated
inhibition of the retinoid X receptor (RXR) pathways were reduced
relative to HFD (Figure 4AeC). PPARa-proteins in particular were
upregulated by NaS relative to HFD (Figure 5 and Supplement Table 4).
Proteins involved in fatty acid oxidation including acyl-CoA synthetase
Long-Chain Family Member 1 (ACLS1), Acadm, Acadl, enoyl-CoA delta
isomerase 1 and 2 (ECI1 and ECI2) and acetyl coA Acyltransferase 2
(Acca2) were upregulated after HFD þ NaS relative to HFD. Levels of
malonyl CoA decarboxylase (MCD), a negative regulator of de novo
lipogenesis, were also upregulated with the HFD þ NaS diet relative to
HFD (Supplemental Figs. 3AeB). A corresponding reduction in
expression of glycolytic proteins was evident with HFD þ NaS relative
to HFD including glucose-6-phosphate isomerase (GPI) and pyruvate
kinase L/R (PKLR) (Supplemental Figs. 3CeD).
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Figure 4: Hepatic proteomic analysis identifies key metabolic pathways modulated by NaS. Male C57BL/6J mice were fed LFD, HFD or HFD þ NaS (6 g/kg) for 24w. Liver
tissue was harvested and proteins isolated using RIPA buffer. Protein was precipitated using trichloroacetic acid (20%), and in-solution digestion performed overnight. Peptide
fractions were analyzed on a quadrupole Orbitrap (Q-Exactive, Thermo Scientific) mass spectrometer equipped with a reversed-phase NanoLC UltiMate 3000 HPLC system (Thermo
Scientific). Label-free quantitative (LFQ) ion intensities were generated by using the default setting of MaxQuant. Proteins that were significantly different between HFD and
HFD þ NaS groups were determined by using Perseus statistical software (n ¼ 7e8, #P < 0.05 w.r.t. HFD). IPA pathway analysis revealed key regulatory pathways that are most
differentially modulated with (A) e(log)p-value and (B) z-score presented. (C) Networks were visualized as pathways that are upregulated (red) and downregulated (blue) as
illustrated by Cytoscape software.
Hepatic expression of apolipoproteins (Apo), regulated by LXR,
including ApoA1, ApoA2, ApoA4, ApoC3, and ApoE were upregulated
after HFD relative to both LFD and HFD þ NaS (Figure 6D). The S100-
family of proteins, including S100A8, S100A9, and S100A10 was also
significantly increased after HFD, but not HFD þ NaS, relative to LFD
MOLECULAR METABOLISM 56 (2022) 101425 � 2021 Published by Elsevier GmbH. This is an open acce
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(Supplement Figure 4A&B). NaS increased the expression of the RXR-
target protein mitochondrial 3-hydroxy-3-methylglutaryl CoA synthase
2 (HMGCS2), a key protein in ketogenesis [29] but failed to recover
HFD-induced repression of ABCB11 relative to LFD (Supplemental
Figs. 4CeD).
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Figure 5: NaS intervention modulates expression of PPARa-regulated proteins. Male C57BL/6J mice were fed LFD, HFD or HFD þ NaS (6 g/kg) for 24w. Liver proteins were
harvested in RIPA buffer, precipitated with 20% TCA and in-solution digestion was performed overnight. Label-free quantitative (LFQ) ion intensities were generated using the
default setting of MaxQuant. Proteins that were significantly different between HFD and HFD þ NaS groups were determined using Perseus statistical software (n ¼ 7e8,
#p < 0.05 w.r.t. HFD). IPA pathway analysis revealed modulation of upstream regulator pathway ‘PPARa’. (A) Heat map generated using Perseus including PPAR-alpha proteins
differentially modulated by HFD þ NaS relative to HFD; red color indicating upregulation and green color indicating down-regulation.

Original Article
3.5. The HDL proteome switches toward an anti-thrombotic
phenotype and mirrors numerous changes observed in the hepatic
proteome
Supplementation of HFD with NaS resulted in the reduced association
of coagulation factor IX and pro-thrombin and increased association of
8 MOLECULAR METABOLISM 56 (2022) 101425 � 2021 Published by Elsevier GmbH. This is
anti-thrombin within HDL-fractions relative to HFD (Figure 6AeB).
Interestingly, patterns in hepatic protein expression of apolipoproteins
were reflected within the HDL proteome with an increased association
of ApoA1, ApoA2, ApoA4, ApoC3, and ApoE evident on HFD-HDL
relative to LFD-HDL (Figure 6C); these effects were attenuated with
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Trends in HDL-associated apolipoproteins mirror patterns in liver protein expression. Male C57BL/6J mice were fed LFD, HFD or HFD þ NaS (6 g/kg) for 24w.
Plasma was harvested and separated by FPLC and protein content in HDL-containing fractions 36e38 was precipitated using 20% TCA, and in-solution digested overnight, prior to
proteomics analysis. Label free quantitative (LFQ) ion intensities were generated by using the default setting of MaxQuant. (A) Proteins that were significantly different on HDL
between HFD and HFD þ NaS groups were determined using Perseus statistical software and a heat-map was generated (n ¼ 3e4, #P < 0.05 w.r.t. HFD). (B) Levels coagulation
factor IX, prothrombin, anti-thrombin on HDL are presented across all groups. (C&D) Levels of apolipoproteins (ApoA1, A2, A4, C3, E) and angiotensinogen within (C) HDL-fractions
and (D) liver are presented across all groups. *p < 0.05, **p < 0.01 and ***p < 0.001 w.r.t LFD; #P < 0.05, ##P < 0.01 and ###P < 0.001 HFD vs. HFD þ NaS.
NaS in both the liver and HDL-proteome (Figure 6CeD). Of interest,
and warranting caution, NaS significantly increased hepatic protein
levels of angiotensinogen (AGT), a protein involved in blood pressure
regulation, which translated to increased HDL-associated AGT in cir-
culation (Figure 6CeD).

3.6. NaS preserves HDL-CEC but has minimal impact on HFD-
induced hypercholesterolemia
Despite the remarkable improvements seen in hepatosteatosis after
24w HFD þ NaS relative to HFD alone, only a marginal reduction in
total cholesterol levels was observed (Table 1 and Figure 7A). Greater
reductions in systemic triglyceride and phospholipid levels were
observed with HFD þ NaS compared to 24w-HFD (Table 1). Reduced
HDL-CEC, particularly ABCA1-independent CEC, was evident after 24w
HFD, but not after HFDþ NaS, relative to LFD, indicative of a protective
effect of NaS on particle functionality (Figure 7B). Increases in HDL-C
after HFD partially compensated for the development of HDL
dysfunction (Supplemental Fig. 5A). As demonstrated previously [9]
there was a significant increase of 3H-cholesterol in plasma and liver
after 24w HFD relative to LFD during RCT (Figure 7CeD) that did not
translate to increased 3H-cholesterol fecal elimination (Figure 7E). No
difference in the distribution of 3H-tracer across bile-acids or sterol
compartments in feces, or 3H-tracer in bile, was evident across groups
MOLECULAR METABOLISM 56 (2022) 101425 � 2021 Published by Elsevier GmbH. This is an open acce
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(data not shown). Accumulation of 3H-cholesterol within plasma and
liver compartments was attenuated with NaS (Figure 7CeD) indicative
of a partial improvement in cholesterol trafficking. Nonetheless, no
significant rescue in HFD-induced repression of ABCG5/8 and ABCB11
mRNA or protein expression was observed with NaS (Figure 7F and
Supplement Figure 7). HDL function and macrophage-to-feces RCT
were unaffected after 4w HFD (Supplemental Figs. 6AeE), indicating
that obesity-impaired RCT occurs secondary to metabolic perturbations
of obesity and not as a direct result of exposure to an HFD alone.

4. DISCUSSION

In this study, we demonstrate for the first time that long-term NaS
supplementation within an obesogenic diet potently suppressed IL-1b
secretion from adipose SVF and rewired hepatic metabolic pathways to
enhance fatty acid beta-oxidation and reduce LXR/RXR pathway acti-
vation. Mice consuming HFD þ NaS exhibited significantly reduced
insulin resistance, hyperinsulinemia, and hepatosteatosis relative to
those consuming HFD alone, despite the development of the obese
phenotype at 24w. NaS also preserved HDL-CEC and prevented HFD-
induced 3H-cholesterol accumulation within the plasma and liver com-
partments during RCT. Notwithstanding, NaS showed minimal effect on
HFD-induced hypercholesterolemia and failed to rescue hepatic ABCG5/
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 7: NaS supplementation partially attenuates HFD-induced hyperlipidemia and prevents plasma and hepatic 3H-cholesterol accumulation during RCT. Male
C57BL/6J mice were fed LFD, HFD or HFD þ NaS (6 g/kg diet) for 24w. (A) Plasma lipoproteins were separated by FPLC and cholesterol levels in fractions determined
enzymatically (n ¼ 16). (B) ApoB particles were removed from the plasma by PEG precipitation resulting in an HDL-enriched supernatant. J774 macrophages, pre-labeled with 3H-
cholesterol (1 mCi/mL) for 24h, were stimulated � cAMP (0.3 mmol/L) to drive ABCA1 protein expression. The percentage of 3H-cholesterol efflux to 2.8% PEG supernatant was
monitored over 4h and normalized to HDL-C concentrations. Total efflux was determined from cells stimulated þ cAMP; ABCA1-independent efflux was measured from unsti-
mulated cells (-cAMP); ABCA1-dependent efflux was calculated as the difference in efflux from cells stimulated in the presence and absence of cAMP. (CeF) C57BL/6J mice were
injected intraperitoneally with 3H-cholesterolelabeled macrophages (w2 � 106 cells/4 � 106 dpm/mouse) after 24 weeks on LFD, HFD, and HFD þ NaS. (C) Plasma 3H-
cholesterol levels were monitored over 48h by liquid scintillation counting (LSC). After 48h, mice were euthanized, and (D) hepatic and (E) fecal 3H-cholesterol counts were
measured by LSC. (F) Hepatic protein expression of proteins involved in cholesterol homeostasis was determined by immunoblot analysis. Protein bands were quantified by
densitometry and normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels. A representative immunoblot is shown (n ¼ 6e8). Additional blots are presented in
Supplemental Fig. 7. *p < 0.05, **p < 0.01, ***p < 0.001, w.r.t. LFD; #p < 0.05, ##p < 0.01, ###p < 0.001, HFD vs. HFD þ NaS for all graphs.
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8 or ABCB11 expression. These findings suggest that the development
of steatosis is not a pre-requisite for perturbations in cholesterol ho-
meostasis in obesity, and enhanced oxidation of fatty acids similarly
does not infer improvements in cholesterol homeostasis and indeed may
provide ample substrate for cholesterologenesis.
Chronic exposure to SFA-HFD primes pro-IL-1b within adipose immune
cell populations resulting in enhanced IL-1b secretion ex vivo upon
exposure to a second hit (LPS/ATP) [15]. Enhanced responsiveness of
HFD-derived adipose SVF to LPS/ATP was abrogated with NaS sup-
plementation in the current study. This suggested reduced priming of
pro-IL1b within SVF-resident immune cells. A significant increase in
both pro-inflammatory M1 macrophage number and MCP1 expression
was observed following HFD � NaS at 24w relative to LFD, indicative
that reduced immune cell number does not underpin reduced IL-1b
secretion with NaS. Notably, there was no evidence of adipose tissue
inflammation after 4w HFD, thus confirming the progressive nature of
obesity-associated metabolic perturbations. IL-1b has been implicated
in the development of insulin resistance in murine models [14,17],
potently impairing adipogenesis [30]. In this study, we demonstrate that
the EAT depot initially expands after 4w HFD but undergoes retraction by
24w HFD with preferential deposition of fat within the subcutaneous
depot. The EAT depot was significantly heavier after 24w on HFDþ NaS
relative to HFD alone, despite lower overall body weight, with significant
improvement in adipose morphology evident. Duval et al. previously
demonstrated that HFD-fed mice with high levels of steatosis
(HFDþ steatosis) exhibited lower EAT weight despite the greater overall
weight gain, and increased expression of inflammatory markers, and
increased immune cells within EAT, compared to HFD-fed mice with low
levels of steatosis [31]. Our findings corroborate these previous findings
although the underlying mechanisms remain poorly defined. Further-
more, we could not confirm whether the suppressive effects of NaS on
IL-1b in adipose tissue positively impact the liver or if enhanced utili-
zation of fatty acids by the liver is central to inhibition of IL-1b priming
within adipose tissue.
To date, the impact of salicylates has shown encouraging results
within glycaemic management [32,33]. Murine studies have shown
metabolic improvements with NaS consistent with reduced weight gain
and reduced hepatosteatosis in short-term feeding studies (<12w) in
previous studies [27,34,35]. Liang et al. in a 12w study, demonstrated
a correlation of reduced weight-gain/steatosis with NaS with the in-
duction of hepatic lipid-metabolism genes by microarray analysis [34].
Smith et al. reported that salsalate therapy (8w) improved glucose
tolerance and reduced lipid liver content in an AMPK-independent
manner [35]. Furthermore, salsalate increased oligomycin-insensitive
respiration causing mitochondrial uncoupling which was associated
with reduced lipogenesis [35]. Van Dam et al. identified enhanced
activation of brown adipose tissue within mice fed on salsalate for 12w
coincident with protection against weight gain [27]. Salsalate therapy
also induced weight loss in mice pre-fed an HFD for 12w with a
significant reduction in hepatosteatosis [27]. Our data have demon-
strated for the first time that the beneficial effects of salicylate on
weight gain are temporary with a catch-up phase evident between 12-
24w HFD. Contrary to findings in Van Dam et al. [27], we observed
neither an increase in UCP-1 mRNA levels within BAT nor overt dif-
ferences in energy expenditure at the 4w time-point; however, it is
notable that we only assessed mRNA levels and cannot infer lack of
induction of UCP-1 protein and/or UCP-1 activity in our studies. Our
data suggest an important role for enhanced hepatic beta-oxidation in
driving cardiometabolic health benefits with NaS.
In short-term feeding studies, it has been difficult to extrapolate
whether the reduction in hepatosteatosis is a consequence of reduced
MOLECULAR METABOLISM 56 (2022) 101425 � 2021 Published by Elsevier GmbH. This is an open acce
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weight gain or whether enhanced hepatic b-oxidation prevents weight
gain. Our study demonstrates that even after significant weight gain
with NaS at 24w, there remains significant protection against hep-
atosteatosis coincident with increased activation of proteins involved in
hepatic b oxidation. Reduced steatosis can be driven via reduced
lipogenesis or via enhanced oxidation of fatty acids. Insulin, a critical
hormone, stimulates hepatic glycolysis to generate acetyl CoA, the key
substrate for lipogenesis [36]. NaS significantly reduced both fasting
and postprandial insulin levels in obese mice relative to HFD alone and
hepatic expression of the glycolytic proteins glucose-6-phosphate
isomerase; pyruvate kinase L/R were also reduced after HFD þ NaS
relative to HFD, which may contribute to reduced lipogenesis. NaS also
activates AMPK [26], which deactivates acetyl CoA carboxylase (ACC),
a key enzyme in de novo fatty acid synthesis. In parallel, NaS activates
MCD which promotes catabolism of the potent inhibitor of b-oxidation,
malonyl CoA to preferentially stimulate fatty acid oxidation [37]. We
similarly observed upregulation of MCD with NaS, likely contributing to
enhanced b-oxidation with NaS. Increased expression of proteins
involved in b-oxidation including Acadm, Acadl (first step of b oxida-
tion), Acca2 (final step of b oxidation), ECI1 and ECI2 (b oxidation of
unsaturated fatty acids), and ACLS1 (preparatory step for b-oxidation)
was also evident with NaS relative to HFD alone. Proteins involved in
the tricarboxylic acid (TCA) cycle) and electron transport chain were
similarly upregulated with NaS intake indicative of enhanced oxidative
phosphorylation (oxphos). Collectively these data demonstrate that NaS
continues to protect against steatosis within the obese setting, likely by
both suppressing lipogenesis and stimulating hepatic b-oxidation and
oxphos.
Despite remarkable protection against hepatosteatosis and reduction in
system TAG levels, NaS had minimal effect on HFD-induced hyper-
cholesterolemia. Hepatic proteomics analysis suggests that NaS shunts
excess acetyl CoA produced via increased fatty acid oxidation into
ketogenic and cholesterologenic pathways with increased levels of
HMGCS1 and HMGCS2 evident with HFD þ NaS relative to HFD.
Reduction in systemic triacylglycerolS (TAG), coupled with the lack of
reduction in systemic cholesterol levels, could also be attributable to
impaired clearance of very-low-density lipoprotein (VLDL) remnants
from circulation but mechanistic kinetic studies would be required to
probe this idea further. Notably, human clinical trials demonstrated that
salsalate has successfully lowered fasting triglyceride concentrations in
non-diabetic patients with insulin resistance [38] and patients with
overweight/obesity and established heart disease [33] but failed to lower
systemic cholesterol levels. The targeting inflammation using salsalate
in CVD (TINSAL-CVD) trial also found no effect of salsalate (3.5 g/d over
30 months) on the progression of atherosclerosis beyond statin therapy,
although the trial size was limited (n¼ 129) [33]. Faghihimani et al.also
found no change in LDL-C in patients with Type 2 Diabetes Mellitus
(T2DM) receiving salsalate (3 g/d for 12 weeks, n ¼ 60) [39]. It is
plausible that excess Acetyl CoA derived from increased fatty acid
oxidation with NaS, beyond the body’s energy requirements, provides
ample substrate for cholesterologenesis which when coupled with re-
ductions in liver cholesterol transporter expression may provide an ideal
microenvironment to sustain hypercholesterolemia.
We previously demonstrated that long-term exposure to HFD impaired
multiple steps of RCT including HDL-CEC and hepatic cholesterol
trafficking [9]. In the current study, we demonstrate that this is a
progressive paradigm, with no evidence of impaired RCT after 4w HFD.
By 24w, HDL-CEC (normalized to HDL-C) was reduced after HFD
relative to LFD, an effect that was attenuated by NaS. The increase in
HDL-C after HFD partially compensates for this loss of function but is
not sufficient to account for the significant increase in 3H-cholesterol
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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that accumulates in plasma during RCT studies after HFD relative to
LFD, indicative of a backlog of 3H-cholesterol in circulation. Within this
study, we demonstrate that NaS has anti-inflammatory effects within
the adipose tissue, reduces systemic ALT levels, and reduces hepatic
protein expression of S100 proteins that are known to accumulate at
sites of chronic inflammation [40,41] in comparison to feeding HFD
alone. Notwithstanding, HFD-induced repression of ABCG5/8 and
ABCB11 protein expression was not rescued with NaS. ABCG5/8 are
considered LXR-target genes that are upregulated by LXR agonism
[42]. Reduced levels of liver cholesterol observed with NaS may cause
reduced oxysterol substrate availability for LXR agonism [43] contrib-
uting to lack of apparent rescue of ABCG5/8. Notably, while many LXR
target proteins are upregulated following HFD relative to LFD (e.g.,
apolipoproteins), ABCG5/8 expression (mRNA and protein) is coun-
terintuitively reduced [9]. It is the LXR-binding partner retinoid-X-
Receptor alpha (RXRa) that has binding sites within ABCG5/8 and
ABCB11 genes, with little evidence for direct binding sites for LXR [44].
RXRa dimerizes with numerous transcription factors including PPARa
and FXR [45], with FXR/RXR dimers governing ABCB11 expression
[46,47]. Hence, it is plausible that disturbances in nuclear factor dimer
formation and activation of metabolic pathways within the liver, in-
dependent of inflammation, may underpin differential regulation of
LXR-induced proteins after HFD which remains to be investigated in
the future.
We finally evaluated whether changes within hepatic metabolic path-
ways evident with HFD � NaS would be reflected within the HDL
proteome. There was a shift towards a more anti-thrombotic particle
with NaS treatment, with an increased association of anti-thrombin
and reduced association of pro-thrombin and coagulation factor IX,
on circulating HDL relative to HFD-HDL. Furthermore, changes in the
pattern of proteins on HDL reflected changes within the hepatic pro-
teome, particularly the apolipoproteins, highlighting the promising
potential of the HDL proteome to detect changes within hepatic
metabolic pathways, within an easily accessible biofluid.
Limitations of the current study include the use of C57BL/6J mice that
exhibited raised HDL-C relative to LDL-C; this limitation was largely
offset by the ability to isolate significant amounts of HDL for functional
analysis and susceptibility of C57BL/6J mice to weight gain. A further
limitation is the use of NaS from outset of the study e future studies
interrogating the potential of NaS to attenuate established metabolic
inflammation in both humans and pre-clinical studies are warranted.
Finally, it is notable that potential beneficial effects of NaS on incretins
during GTTs may not have been captured due to intraperitoneal de-
livery of glucose, as opposed to oral delivery. It will be imperative that
findings pertaining to impaired RCT are investigated in human patients
and this is an important future direction of this work.
In summary, we demonstrate that NaS attenuates HFD-induced IL-1b-
secretion from adipose SVF, improves glucose homeostasis, prevents
hepatosteatosis, and preserves HDL-CEC, all significantly improving
the cardiometabolic health. Our findings indicate that the protective
effects of NaS on metabolism are likely attributable to reprogramming
of hepatic protein pathways to enhance fatty acid utilization in the
setting of nutritional overabundance but protection against steatosis
was not sufficient to prevent HFD-induced hypercholesterolemia or
preserve hepatic cholesterol transporter expression.
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