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Abstract

Introduction Macrophage metabolism contributes to the progression of metabolic diseases, and peroxisome proliferator-
activated receptors (PPARs) play vital roles in macrophage metabolism and the treatment of metabolic diseases. However,
the role of PPARs in metabolic reprogramming related to lipid accumulation in macrophages, a key pathological event in
metabolic diseases, remains unclear.

Objectives We aimed to identify PPAR-mediated metabolic reprogramming and potential therapeutic targets associated
with lipid accumulation in macrophages.

Methods Following treatment with oleate, oleate + WY-14643 and oleate + pioglitazone to induce alterations in PPAR sign-
aling, lipids and relevant metabolism, macrophage samples were analyzed employing an untargeted metabolomics based on
gas chromatography—mass spectrometry.

Results The metabolomics approach revealed that multiple metabolic pathways were altered during lipid accumulation in
oleate-treated macrophages and responsive to WY-14643 and pioglitazone treatment. Notably, levels of most metabolites
involved in amino acid metabolism and nucleotide metabolism were accumulated in oleate-treated macrophages, and these
effects were alleviated or abolished by PPARA/G activation. Additionally, during oleate-induced lipid accumulation and
lipid lowering with WY-14643 and pioglitazone in macrophages, levels of most amino acids were positively associated with
neutral lipid, total cholesterol, cholesterol ester, total free fatty acid and triglyceride levels but negatively associated with
expression of genes related to PPARA/G signaling. Furthermore, glycine was found to be a potential biomarker for assessing
lipid accumulation and the lipid-lowering effects of PPARA/G in oleate-treated macrophages.

Conclusion The results of this study revealed a high correlation of amino acid metabolism with lipid accumulation and the
lipid-lowering effects of PPARA/G in macrophages.
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PBS Phosphate-buffered saline

RT-PCR Reverse transcription-polymerase chain
reaction

QC Quality control

TG Triglyceride

CE Esterified cholesterol

TC Total cholesterol

LDL Low density lipoprotein

1 Introduction

Metabolic diseases such as obesity, diabetes and athero-
sclerosis have caused a tremendous health burden globally
(Barquera et al. 2015; Bastien et al. 2014; Bhupathiraju and
Hu 2016; Piche et al. 2018; Zheng et al. 2018). The inci-
dence rate of obesity has increased in the past few decades,
with more than 35% of women and 30% of men worldwide
being affected (Bastien et al. 2014; Piche et al. 2018), and
approximately one in 11 adults suffers from diabetes (Zheng
et al. 2018). Notably, obesity and diabetes contribute to
atherosclerotic cardio-cerebral vascular disease, which are
the primary illnesses and causes of mortality worldwide
(Barquera et al. 2015). Therefore, effective treatment of
obesity, diabetes and cardio-cerebral vascular diseases is of
great importance.

Macrophages are innate immune cells that reside in many
tissues, such as skeletal muscle, liver, adipose and vascu-
lar tissues. Signals in obese, diabetic and atherosclerotic
microenvironments, such as inflammatory factors, oxidative
stress, and excessive nutrient availability, affect macrophage
metabolism, which in turn controls its functionality (Appari
et al. 2018; Geeraerts et al. 2017; O’Neill and Pearce 2016).
For instance, inflammation and oxidative stress accelerate
lipid accumulation in macrophages, promoting inflamma-
tion and oxidative stress. Moreover, macrophage metabo-
lism has been proposed as an ideal therapeutic target for
obesity, diabetes and atherosclerosis, which in macrophages
are associated with metabolic disturbances in lipids, amino
acids, intermediates in tricarboxylic acid cycle, carbohy-
drates, nucleotides, and other metabolites (Geeraerts et al.
2017; Kaplan et al. 2012; Mathis and Shoelson 2011; Olef-
sky and Glass 2010). Accordingly, mediating macrophage
functions by reprogramming metabolism would be benefi-
cial for treating obesity, diabetes and cardiovascular disease.
Thus, uncovering the metabolic reprogramming and poten-
tial therapeutic targets associated with lipid accumulation in
macrophages, a key pathological event in obesity, diabetes
and cardiovascular disease, is crucial.

Peroxisome proliferator-activated receptors (PPARs) have
vital roles in lipid metabolism (such as lipogenesis, lipoly-
sis, lipid transport and oxidation), amino acid metabolism,
gluconeogenesis, ketogenesis and other metabolic processes
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and have great potential for the treatment of obesity, diabe-
tes, atherosclerosis and other metabolic diseases (Kersten
et al. 2001; Mandard et al. 2004; Willson et al. 2001). None-
theless, the molecular mechanism by which PPARs mediate
metabolic reprogramming associated with lipid accumula-
tion in macrophages remains unclear. In this study, oleate, a
prominent dietary and serum free fatty acid (FFA), was used
to suppress the activity of PPARs and induce lipid accu-
mulation in macrophages. Because WY-14643 and pioglita-
zone, specific agonist for PPARA and PPARG, respectively,
are widely used for the treatment of diabetes and cardiovas-
cular disease, macrophages were treated with oleate plus
WY-14643 or pioglitazone to activate PPARA/G and abolish
lipid accumulation. An untargeted metabolomics approach
employing gas chromatography—mass spectrum (GC-MS)
was then employed to discover PPARA/G-mediated meta-
bolic reprogramming and potential therapeutic targets asso-
ciated with lipid accumulation and lipid-lowering effects of
PPARA/G in oleate-treated macrophages. To the best of our
knowledge, this is the first report that levels of most amino
acids and nucleotides increases during lipid accumulation
and that these effects can be alleviated or even abolished by
PPARA/G activation. Moreover, the results show that gly-
cine can be used as a potential biomarker for assessing lipid
accumulation and the lipid-lowering effects of PPARA/G in
macrophages treated with oleate.

2 Materials and methods
2.1 Materials

Dimethyl sulfoxide (DMSO, >99.7%), oleic acid (99.0%),
resveratrol (99.0%), WY-14643, pioglitazone, meth-
oxyamine hydrochloride (98%), pyridine (99.8%), and
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (>98.5%)
were purchased from Sigma-Aldrich (Shanghai, China).
Primers and high-glucose Dulbecco’s modified Eagle
medium (DMEM) were gained from HyClone (USA) and
Shanghai Sangon Biotech (Shanghai, China), respectively.
RAW?264.7 macrophages were obtained from Cell Bank of
Chinese Academy of Science (Shanghai, China).

2.2 Cell culture and treatments

RAW264.7 cells were grown in DMEM medium (high glu-
cose) supplemented with 10% fetal bovine serum at 37 °C in
a humidified atmosphere with 5% CO,. Macrophages were
treated with 65 pg/ml oleate for 24 h to suppress PPAR activ-
ity and to induce metabolic disorders associated with lipid
accumulation. Macrophages were also treated with 65 ug/
ml oleate plus 1.5 ug/ml WY-14643, or 65 pg/ml oleate plus
1.5 pg/ml pioglitazone for 24 h to activate PPAR activity and
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to reprogramme metabolism associated with lipid accumula-
tion. DMSO (v/v, 1%0) was used as the control.

2.3 Nile red staining

Following fixing in 4% paraformaldehyde for 40 min, mac-
rophages were washed 3 times with phosphate-buffered
saline (PBS) and stained with 2.5 pg/ml DAPI (4',6-diami-
dino-2-phenylindole, in methanol) for 15 min at 37 °C, fol-
lowed by washing twice with methanol. Macrophages were
then stained with 10 pg/ml Nile red (in methanol) for 0.5 h
at 37 °C prior to being washed with PBS. A confocal micro-
scope (LSM 7100, Zeiss, Germany) was used for confocal
fluorescence imaging. The Nile red/DAPI ratio was used to
determine the cellular neutral lipid content.

2.4 RNA extraction for reverse
transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA from macrophages was extracted using TRIzol
reagent (Thermo Fisher Scientific, MA, USA). Reverse
transcription to cDNA was performed with PrimeScript™
RT master mix (Takara, Dalian, China). Real-time RT-PCR
was performed using SYBR® Premix Ex Taq™ II (Takara,
Dalian, China). p-Actin was used as the internal standard
to normalize gene expression using the 2724 method. For
quantitative PCR analysis, primers were designed according
to the NCBI database (Table S1).

2.5 Sample collection and preparation
for metabolomics

After cell culture and treatments, macrophages were rinsed
with PBS and then collected using a scraper. The cells were
centrifuged for 5 min at 5000 rpm and frozen in liquid
nitrogen prior to storage at — 80 °C for subsequent sample
preparation. The cell sample was mixed with 1000 pl of 80%
ice-cold methanol and vortexed for 1 min, and the cells were
centrifuged at 4 °C for 15 min at 13,000 rpm. The super-
natant (800 ul) was collected into a 1.5-ml centrifuge tube
and dried using a SpeedVac concentrator (Thermo Scientific,
USA). The dried sample was dissolved in 50 ul of 20 mg/ml
methoxyamine hydrochloride (in pyridine) and vortexed for
30 s prior to the oximation reaction in a water bath at 37 °C
for 1.5 h. The sample was mixed with 40 ul of N-methyl-
N-(trimethylsilyl)-trifluoroacetamide and vortexed for 10 s,
followed by the silylation reaction in a water bath at 37 °C
for 1.0 h. Following centrifugation at 4 °C for 15 min at
13,000 rpm, the supernatant of the derivatized sample was
injected for subsequent instrumental analysis. To monitor the
repeatability and stability of the metabolomics approach, the
residual supernatants of all samples were mixed thoroughly

and divided into 800-ul aliquots as quality control (QC)
samples. One QC sample was processed every 6 analytical
samples under the same parameters as the other samples
with respect to vacuum drying, derivatization, instrumental
analysis and data processing.

2.6 Instrumental analysis for metabolomics

A GC-MS system (GCMS-QP 2010 plus, Shimadzu, Japan)
equipped with an AOC-201 autosampler was employed to
acquire metabolic profiles of the cell samples. The param-
eters were similar to those utilized in our previous studies
(Shao et al. 2018; Ye et al. 2014, 2012). Injection volume
was | ul. Metabolites were separated using a DB-5 MS cap-
illary column (30 m X250 um x 0.25 um, J&W Scientific
Inc., USA). The carrier gas (helium) was used in constant
flow mode. The linear velocity of helium and the split ratio
were set to 40.0 cm/s and 2:1, respectively. The oven tem-
perature was kept at 70 °C for 3.0 min, increased to 300 °C
at arate of 5 °C/min, and then held at 300 °C for 10 min. The
temperatures of the interface, ion source and inlet were set to
280, 230 and 300 °C, respectively. Metabolites were ionized
by electron impact (70 eV). The detector voltage was set in
line with the tuning results. GCMS solution 2.7 (Shimadzu,
Japan) was used to acquire mass signals (m/z, 33-600) in
full scan mode. The solvent delay time was 5.5 min, and the
event time was 0.2 s. The retention time of n-alkanes was
obtained by analyzing a light diesel sample in the same way
as the analytical samples, which was then used to calculate
the retention indices for the metabolites.

2.7 Data preprocessing for metabolomics

Following transformation into NetCDF format by GCMS
solution 4.2 (Shimadzu, Japan), raw mass data were applied
for peak matching employing XCMS (Smith et al. 2006).
The signal-to-noise ratio was 3 in the process of peak match-
ing. Feature ions of the metabolites were generated after
deconvolution of the mass signals using ChromaTOF 4.43
(LECO Corporation, USA). Metabolite identification was
performed mainly based on both automatic and manual spec-
tral comparisons and further verified by available reference
standards according to the mass spectra, retention time and
retention indices. The ion peak area of the metabolite was
normalized to total peak areas of all metabolites and multi-
plied by 1 x 10%, the data were then applied in the metabo-
lomics analysis.

2.8 Determination of total FFAs and triglycerides
(TGs)

After washing with cold PBS, macrophages were harvested
using a scraper. Following centrifugation at 4 °C for 5 min
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at 2500 rpm, intracellular total FFA contents in the pellets
from 80% of the harvested cells were determined using a
Free Fatty Acid Quantification Assay Kit (Abcam) according
to the manufacturer’s instructions. The protein level in 20%
of the harvested cells was measured to normalize the total
FFA level. Similar to the total FFA measurement, intracel-
lular TG levels in 80% of the harvested cells were meas-
ured using a Triglyceride Quantification Assay Kit (Abcam)
based on the instructions. Twenty percent of the harvested
cells were collected to measure the protein level used for
TG normalization.

2.9 Determination of free, esterified (CE) and total
cholesterol (TC) levels

Levels of total and free cholesterol were determined using
a Cholesterol/Cholesteryl Ester Quantitation Assay kit
(Abcam). The protein content was employed to normalize
the cholesterol level based on the manufacturer’s instruc-
tions. CE contents were obtained by subtracting free cho-
lesterol from TC.

2.10 Statistical analysis

MetaboAnalyst 3.0 was applied to perform principal com-
ponent analysis and pathway analysis (Xia et al. 2015). A
two-tailed Mann—Whitney U test was performed in MeV
4.9.0 to evaluate differences in metabolite levels among
groups (Saeed et al. 2006). An independent sample #-tests
was conducted using Statistics 18 (SPSS Inc., Chicago,
USA) to assess differences in mRNA expression levels and
fluorescence intensity among groups. Bivariate correlations
among levels of metabolites, total FFAs, TGs, TC, CE, neu-
tral lipids and genes related to PPARA/G signaling were
assessed using Pearson correlation coefficients with PASW
Statistics 18. The level of statistical significance was 0.05.
The heat map was produced using MeV 4.9.0. A binary
logistic regression model was constructed to evaluate lipid
accumulation and the lipid-lowering effects of PPARA/G
using PASW Statistics 18.

3 Results and discussion

3.1 PPARA/G reprogrammes metabolic
profiles associated with lipid accumulation
in macrophages

We found that the mRNA expression levels of genes
involved in PPARA/G signaling, such as Ppara, Pparg,
Rxra, Rxrg, Ppargcla and Lxra, were significantly inhib-
ited by oleate in macrophages, indicating that oleate sup-
pressed PPARA/G signaling in these cells (Fig. 1a). In
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addition, the oleated-induced decreases in the mRNA lev-
els of genes related to PPARA signaling including Ppara,
Rxra, Ppargcla and Lxra, in macrophages, were abrogated
by WY-14643; however, the decreases in Ppara and Rxra
mRNA expression in oleate-treated macrophages were not
abolished by pioglitazone (Fig. 1a). Moreover, the decreases
in mRNA levels of PPARG signaling-related genes, such as
Pparg, Rxrg, Ppargcla and Lxra, in macrophages caused by
oleate were eliminated by pioglitazone, whereas decreases in
Pparg and Rxrg mRINA expression in macrophages treated
with oleate were not abolished by WY-14643 (Fig. 1a). Con-
versely, Pparb and Rxrb mRNA expression levels were not
significantly altered in response to treatment with oleate,
oleate plus WY-14643, or oleate plus pioglitazone (Fig. 1a).
These data illustrated the high specificity of WY 14643 and
pioglitazone for activating PPARA and PPARG signaling,
respectively.

Nile red staining showed that oleate triggered significant
accumulation of neutral lipids in RAW264.7 macrophages
and that this accumulation was abolished by both WY-14643
and pioglitazone (Fig. 1b). Furthermore, we observed that
contents of major components of neutral lipids, including
total FFAs, TGs, TC and CE, were significantly increased
by oleate, and these effects were significantly attenuated by
both WY-14643 and pioglitazone. Subsequently, an untar-
geted metabolomics approach using GC-MS was used to
reveal PPARA/G-mediated metabolic reprogramming as
well as potential therapeutic targets related to lipid accumu-
lation and the lipid-lowering effects of PPARA/G in mac-
rophages. Plotting of principal component analysis scores
illustrated that three QC samples clustered together, dem-
onstrating high stability and reproducibility of the metabo-
lomics approach (Fig. 1d). Additionally, we found that the
metabolic profile of macrophages treated with oleate differed
greatly from that of control macrophages and that PPARA/G
activation induced significant alterations in the metabolic
profiles of oleate-treated macrophages (Fig. 1e). These data
indicate that significant metabolic alterations occurred dur-
ing lipid accumulation and PPARA/G activation.

3.2 PPARA/G reprogrammes metabolism associated
with lipid accumulation in macrophages

In total, 84 differential metabolites were identified
from comparisons between control, oleate, oleate plus
WY-14643, and oleate plus pioglitazone groups, as
depicted in a heat map (Fig. 2). The levels of metabo-
lites involved in amino acid metabolism, lipid metabo-
lism, nucleotide metabolism, carbohydrate metabolism
and other metabolic pathways were significantly altered
in macrophages treated with oleate, oleate plus WY-14643,
and oleate plus pioglitazone. Notably, the levels of most
metabolites involved in amino acid metabolism and
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Fig.1 PPARA/G reprogrammed metabolic profiles associated with
lipid accumulation in macrophages. W, WY-14643. P, pioglitazone.
Columns represent the mean+ SD. *p <0.05, **p <0.01, independent
samples #-test. Changes in PPARA/G signaling (a, n=4 per group),
neutral lipids (b, n=9 per group), and major components of neu-

nucleotide metabolism were significantly increased in
macrophages treated with oleate, and these increases
induced by oleate were attenuated or abolished by
PPARA/G activation. Further pathway analysis showed
that 43 metabolic pathways were disturbed in macrophages
treated with oleate and that 33 and 36 metabolic path-
ways were responsive to PPARA/G activation, respectively
(Fig. 3). PPARs are revealed to be involved in amino and
bile acid metabolism, lipoprotein, mitochondrial and per-
oxisomal FFA oxidation, microsomal FFA hydroxylation,
gluconeogenesis, ketogenesis, biotransformation and other
metabolic pathways (Mandard et al. 2004). Notably, inter-
mediates in PPAR-mediated metabolic pathways could
be transformed into each other to fulfill specific cellular
functions. Details regarding the metabolic reprogramming
regulated by PPARA/G are provided below.
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tral lipids (¢, n=4 per group) in macrophages treated with oleate,
oleate + W, and oleate +P. d Analytical performance of the metabo-
lomics approach. e Changes in metabolic profiles in macrophages
treated with oleate, oleate + W, and oleate +P. n=>5 per group

3.3 PPARA/G reprogrammes amino acid
metabolism associated with lipid accumulation
in macrophages

Amino acids can be utilized for energy production, and
synthesis of proteins, lipids and nucleotides to support cell
proliferation and growth. PPARs mediate the expression
levels of many genes related to amino acid metabolism,
such as those involved in deamination, transamination,
amino acid inter-conversions, alpha-keto acid oxidation,
and production of amino acid derivatives (Kersten et al.
2001). In the present study, we found that PPARA/G sign-
aling was significantly inhibited and that the levels of most
metabolites involved in amino acid metabolism were sig-
nificantly increased in macrophages treated with oleate
(Figs. 1, 4a). Moreover, such oleate-induced increases in
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Fig.2 Heat map of meta-

bolic changes in macrophages
treated with oleate, oleate plus
WY-14643 (W), and oleate plus
pioglitazone (P). The contents
of metabolites were divided by
the standard deviation after sub-
tracting the mean, and the data
were then employed to generate
the heat map
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the levels of metabolites involved in amino acid metabo-
lism were attenuated or abolished by PPARA/G activation
(Figs. 1, 4a). These data indicate that PPARA/G can effec-
tively reprogramme amino acid metabolism during lipid
accumulation in macrophages treated with oleate. Meta-
bolic pathway analysis revealed that the following were
significantly altered in macrophages treated with oleate
and responsive to PPARA/G activation: alanine, aspartate
and glutamate metabolism; glycine, serine and threonine
metabolism; valine, leucine and isoleucine biosynthesis/
degradation; cysteine and methionine metabolism; argi-
nine and proline metabolism; and tryptophan metabolism
(Fig. 3).
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PPARA/G activation attenuated oleate-induced increases
in alanine, aspartate and glutamate levels in macrophages,
which can be attributed to inhibition of alanine—glyoxy-
late aminotransferase, asparagine synthetase, glutamic-
oxaloacetic transaminase, glutamate dehydrogenase and
glutaminase (Kersten et al. 2001). Suppression of PPARA/G
signaling by oleate in macrophages promoted the deamina-
tion and transamination involved in alanine, aspartate and
glutamate metabolism, which led to enhanced production
of glutamate and aspartate for the synthesis of other amino
acids, proteins, lipids, nucleotides and intermediates in the
tricarboxylic acid cycle. Levels of glycine, serine and threo-
nine were also significantly increased in macrophages treated
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with oleate, and these effects were significantly alleviated by
PPARA/G activation. Alanine—glyoxylate aminotransferase
is involved in transamination and deamination in glycine,
serine and threonine metabolism, and hydroxypyruvate/
glyoxylate reductase provides more carbon sources from
glucose for serine synthesis. Therefore, accumulation of
glycine, serine and threonine in macrophages treated with
oleate is likely due to accelerated synthesis via activation of
alanine-glyoxylate aminotransferase and hydroxypyruvate/
glyoxylate reductase due to PPARA/G suppression by oleate.
Accumulation of glycine, serine and threonine suggested
more materials for methylation and de novo nucleotide syn-
thesis (Jain et al. 2012; Kersten et al. 2001). Clinical data
show that the level of alanine-glyoxylate aminotransferase is
significantly associated with risk factors for cardiovascular
disease, such as apolipoprotein B, low density lipoprotein
(LDL), very low-density lipoprotein, the percentage of small
dense LDL, LDL-cholesterol and TGs (Lorenzo et al. 2013;
Siddiqui et al. 2013).

We also found that leucine and isoleucine contents were
significantly elevated in macrophages treated with oleate and
that these effects were alleviated or abolished by PPARA/G
activation. Accumulated branched-chain amino acids
directly suppress respiration in isolated cardiac mitochon-
dria Complex I and cause disturbances in myocardial redox
homeostasis, the hexosamine biosynthetic pathway, lipid
metabolism and glucose and pyruvate utilization (Li et al.
2017; Sun et al. 2016). Serum branched-chain amino acids
are also elevated in patients with cardiovascular disease
and correlate positively with carotid intima-media thick-
ness (Ussher et al. 2016; Yang et al. 2015). Additionally,
a 12-year follow-up study revealed that a high score based
on branched-chain and aromatic amino acids (isoleucine,
phenylalanine and tyrosine) was associated with a higher
risk of diabetes and cardiovascular disease (Magnusson et al.
2013). In our study, the level of tryptophan was significantly
enhanced in macrophages treated with oleate, and this effect
was ameliorated or abolished by PPARA/G signaling acti-
vation. The increased level of tryptophan in macrophages
treated with oleate might be due to defective metabolism of
this amino acid. Treatment with 3-hydroxyanthranilic acid,
a metabolite of tryptophan, significantly suppresses oxidized
LDL uptake by macrophages and decreases plasma levels of
TGs and cholesterol and aortic lesion size in LDLR ™~ mice
(Zhang et al. 2012) and the urinary ratio of kynurenine to
tryptophan has been correlated with adverse prognosis in
patients with cardiovascular disease (Pedersen et al. 2013).

Levels of cysteine and methionine were significantly
increased in macrophages treated with oleate, and these
effects were eliminated by PPARG activation. Elevated
cysteine, glycine and glutamine in macrophages treated
with oleate indicate more precursors for glutathione syn-
thesis, which is conducive to combating oxidative damage.

Increased levels of methionine suggest that PPARG-medi-
ated metabolic reprogramming is correlated with meth-
ylation in macrophages (Wijekoon et al. 2005). Addition-
ally, proline and beta-alanine contents were significantly
increased in macrophages treated with oleate, and these
effects were alleviated or abolished by PPARA/G activation.
In a previous study, integrated genetic and metabolic profil-
ing revealed high heritability among amino acids (including
proline, arginine, ornithine, alanine, valine and phenylanine)
in 117 individuals with premature coronary artery disease
(Shah et al. 2009).

Beta-alanine accumulation disturbs energy metabolism
and induces oxidative stress (Gemelli et al. 2018). We
observed that PPARA/G activation was able to attenuate
beta-alanine accumulation in macrophages treated with
oleate. Pantothenate, produced from beta-alanine, is the pre-
cursor of coenzyme A, which is involved in the metabolism
of lipids, proteins and carbohydrates. The level of pantothen-
ate, was significantly elevated in macrophages treated with
oleate, and this effects was attenuated by PPARA activation.
It has been reported that pantothenate combined with guani-
dinoacetate and glutamate can predict the development of
albuminuria, an effective indicator of cardiovascular disease
(Gonzalez-Calero et al. 2016).

3.4 PPARA/G reprogrammes nucleotide
metabolism associated with lipid accumulation
in macrophages

Nucleotides have vital biological functions, such as energy
homeostasis, signal transduction, and RNA and DNA syn-
thesis. We found that levels of adenosine 5-monophosphate,
uridine, uridine 5-monophosphate and 5-methyluridine
were significantly increased in macrophages treated with
oleate and that these effects were alleviated or abolished by
PPARA/G activation (Figs. 1, 4b). Additionally, PPARA/G
activation reduced the level of uracil in oleate-treated
macrophages (Figs. 1, 4b). These data demonstrate that
PPARA/G can effectively reprogramme purine and pyrimi-
dine nucleotide metabolism during lipid accumulation in
macrophages treated with oleate.

The significant increases observed in the levels of
metabolites involved in purine and pyrimidine nucleotide
metabolism are likely due to disordered synthesis, hydroly-
sis, deamination, oxidation, and/or transport in macrophages
treated with oleate. PPARA/G transcriptionally controls the
synthesis and catabolism of nucleotides, thereby mediating
nucleotide homeostasis (Fustin et al. 2012; Kanemitsu et al.
2017; Liu et al. 2013). Xanthine oxidase depletion leads to
accumulation of xanthine, hypoxanthine and TGs in renal
tubules, contributing to renal interstitial fibrosis in mice
(Ohtsubo et al. 2009). Increases in adenosine 5S-monophos-
phate, adenosine, adenine, guanosine and guanosine

@ Springer



36 Page100f 14

G.Yeetal.

monophosphate related to lipid accumulation in adipocyte
differentiation have also been observed (Du et al. 2018).
Nonetheless, uridine administration was reported to reduce
insulin signaling and promote gluconeogenesis, leading to
systemic glucose intolerance and a more than three-fold
increase in liver lipid content in mice (Urasaki and Piz-
zorno 2016). Moreover, degradation of 5'-nucleotides (such
as guanosine 5'-triphosphate and adenosine 5'-triphosphate)
in cardiac myocytes is a distinguishing molecular event in
myocardial ischemia (Geisbuhler 2008). Accordingly, dis-
turbed nucleotide metabolism is highly correlated with lipid
accumulation in macrophages and cardiovascular disease.

3.5 PPARA/G reprogrammes lipid metabolism
associated with lipid accumulation
in macrophages

FFAs are involved in various biological functions, such as
energy homeostasis and the synthesis of other lipids, i.e.,
eicosanoids, glycrolipids, CEs, glycerophospholipids and
sphingolipids, which are correlated with lipid accumu-
lation. In this study, we found that levels of most FFAs,
including palmitate, stearate, palmitoleate, linoleate and
arachidonate, were significantly decreased in macrophages
treated with oleate but that levels of oleate, 11-eicoseno-
ate and 5,8,11-eicosatrienoate were significantly increased
(Fig. 5a). Regardless, PPARA/G activation could not effec-
tively alleviate individual FFA alterations in response to
oleate treatment. Considering that each FFA was detected
after capillary column and mass spectrum separation and
that there were great differences between FFA levels, it is
inappropriate to determine total FFAs by directly summing
the levels of all FFAs. As described above, the level of total
FFAs was significantly increased by oleate in macrophages,
and this effect was alleviated by PPARA/G activation. These
data suggest disturbances in the transport, oxidation, synthe-
sis of FFAs and/or lipolysis in oleate-treated macrophages,
as mediated by PPARA/G. Moreover, monoglyceride levels
were significantly increased in oleate-treated macrophages,
but these effects were not effectively reversed by PPARA/G
activation (Fig. 5b). Alterations in the levels of steroids in
macrophages treated with oleate, oleate plus WY-14643, and
oleate plus pioglitazone were also observed (Fig. 5¢).

3.6 PPARA/G reprogrammes other metabolic
pathways associated with lipid accumulation
in macrophages

A disordered tricarboxylic acid cycle was also observed
in this study. Levels of succinate and citrate were signifi-
cantly elevated in macrophages treated with oleate, and
these effects were aggravated by PPARA/G activation. Suc-
cinate accumulation stimulates hypoxia-inducible factor-1a
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expression, and then enhances interleukin 1p production,
which exacerbates the pro-inflammatory status in mac-
rophages (Appari et al. 2018). Furthermore, excessive citrate
promotes the generation of pro-inflammatory mediators in
macrophages, such as reactive oxygen species, nitric oxide
and prostaglandins (O’Neill et al. 2016; O’Neill and Pearce
2016).

Carbohydrate metabolism was also significantly disturbed
in macrophages treated with oleate, oleate plus WY-14643,
and oleate plus pioglitazone (Fig. S1). After treatment of
macrophages with oleate, levels of mannobiose, myo-inosi-
tol and scyllo-inositol were significantly increased, and these
effects were attenuated or abolished by PPARA/G activation.
In contrast, phosphate contents were significantly decreased
in macrophages treated with oleate, and this effect was alle-
viated by PPARA/G activation. These data demonstrate that
PPARA/G can effectively reprogramme inositol phoshate
metabolism in oleate-treated macrophages. Other metabolic
changes in response to treatment with oleate, oleate plus
WY-14643, and oleate plus pioglitazone are presented in
Fig. S1.

3.7 Potential biomarkers indicative of lipid
accumulation and intervention effects
of PPARA/G

As described above, the levels of most metabolites
involved in amino acid metabolism and nucleotide metab-
olism were significantly increased in oleate-treated mac-
rophages, and these effects were significantly attenuated
or even abolished by PPARA/G activation. As these meta-
bolic changes are indicative of lipid accumulation and the
lipid-lowering effects of PPARA/G in macrophages treated
with oleate, correlations of the above metabolites with
lipids and genes related to PPARA/G signaling were fur-
ther explored. We found a significantly positive correlation
of glycine and tryptophan with neutral lipids, total FFAs,
TGs, TC and CE, though glycine and tryptophan were
negatively correlated with expression of genes related
to PPARA/G signaling (such as Pparga, Rxra, Ppparg,
Rxrg and Ppargcla) in macrophages after treatment with
oleate, oleate plus WY-14643, and oleate plus pioglitazone
(Fig. 6a and Tables S2-S4). Owing to the low abundance
of tryptophan, only glycine was utilized as a potential bio-
marker to assess lipid accumulation and the lipid-lowering
effects of PPARA/G in oleate-treated macrophages in a
binary logistic regression model. Demonstrating good
performance and the suitability of glycine as a potential
biomarker for assessing lipid accumulation and the lipid-
lowering effects of PPARA/G, 100.0% of macrophages
treated with oleate, oleate plus WY-14643, and oleate plus
pioglitazone were effectively identified (Fig. 6b). After
treatment with oleate, oleate plus WY-14643, and oleate
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plus pioglitazone, an additional batch of macrophage
samples were collected to determine the applicability
of glycine as a potential biomarker for evaluating lipid
accumulation and the lipid-lowering effects of PPARA/G
in oleate-treated macrophages. As expected, 100.0% of
macrophages treated with oleate, oleate plus WY-14643,
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WY-14643. P, pioglitazone. PPARA/G reprogrammed FFA (a), glyc-
erolipid (b) and steroid (¢) metabolism associated with lipid accumu-
lation in macrophages

ChoIecaI(:lferoI

*
%

and oleate plus pioglitazone were also effectively deter-
mined (Fig. 6¢). Notably, the application of metabolites
as potential biomarkers are affected by specific cells, tis-
sues, organs, environmental stimulus, genetic modifica-
tions, physiological status and other factors, which should
be paid attention.
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Fig.6 Potential biomarkers indicative of lipid accumulation and
intervention effects of PPARA/G. W, WY-14643. P, pioglitazone. a
Heat map of correlations of glycine and tryptophan with lipids and
genes related to PPAR signaling in response to treatment with oleate,
oleate plus W and oleate plus P. Glycine was used as a potential bio-

4 Conclusions

An untargeted metabolomics approach based on GC-MS
was employed to characterize PPARA/G-mediated meta-
bolic reprogramming associated with lipid accumulation
in macrophages and the relevant lipid-lowering effects of
PPARA/G. We discovered multiple metabolic pathways
to be altered during lipid accumulation in oleate-treated
macrophages and responsive to oleate plus WY-14643 and
oleate plus pioglitazone treatment. Notably, most metabo-
lites involved in amino acid metabolism and nucleotide
metabolism accumulated in macrophages treated with oleate,
and these effects were alleviated or abolished by PPARA/G
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marker to evaluate lipid accumulation and the lipid-lowering effects
of PPARA/G in macrophages using a binary logistic regression
model in the first (b) and second (c) batch of macrophage samples.
The cut-off value was 0.5. (a, b), n=4 per group. cn=5,4,4 and 5 in
the control, oleate, oleat plus W and oleate plus P group, respectively

activation. Additionally, glycine and tryptophan contents in
macrophages were positively correlated with those of neutral
lipids, TC, CE, total FFAs and TGs but negatively correlated
with expression of genes related to PPARA/G signaling dur-
ing oleate-triggered lipid accumulation and lipid lowering
with WY-14643 and pioglitazone. Furthermore, glycine
was proved to be a potential biomarker for evaluating lipid
accumulation and the lipid-lowering effects of PPARA/G in
oleate-treated macrophages after verification with another
independent macrophage sample. The results of this study
demonstrate the high correlation of amino acid metabo-
lism (such as glycine, serine and threonine metabolism)
with lipid-lowering effects of PPARA/G in macrophages,
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suggesting amino acid metabolism as the potential thera-
peutic target for metabolic diseases.
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