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ABSTRACT ARTICLE HISTORY
Abnormal extracellular microenvironment signals of macrophages con- Received 23 February 2020
tribute to the occurrence and progression of metabolic diseases. Accepted 30 March 2020

Macrophage metabolism is a therapeutic target for treating metabolic
diseases. However, molecular mechanisms of metabolic disturbances in
the extracellular microenvironment of macrophages remain unclear. ) ) .
. microenvironment; gas
Here, an untargeted metabolomics approach based on gas chromatog- chromatography-mass
raphy-mass spectrometry revealed significant metabolic disturbances in spectrometry (GC-MS);
the extracellular microenvironment of oleate-treated macrophages. macrophages; metabolic
Most of above changes were responsive to resveratrol and/or pioglita- disturbances; metabolomics
zone intervention. Notably, the concentration levels of most saccha-
rides and lactate were increased in the extracellular microenvironment
of the oleate-treated macrophages. The increased levels of fructose
and lactate were abolished by resveratrol and/or pioglitazone treat-
ment. Additionally, the concentrations of isoleucine and metabolites
derived from branched-chain amino acids (including 4-methyl-2-oxoval-
erate, 3-methyl-2-oxobutanoate, and 3-methyl-2-oxovalerate) were
increased in the extracellular microenvironment of the oleate-treated
macrophages. These effects were alleviated or abolished by both
resveratrol and pioglitazone treatments. Moreover, myristate and oleate
accumulated in the extracellular microenvironment of the oleate-
treated macrophages. The metabolic disturbances in the extracellular
microenvironment of oleate-treated macrophages indicated carbohy-
drate metabolism, glycolysis, branched-chain amino acid metabolism
and fatty acid metabolism as potential therapeutic targets for treating
metabolic diseases and the intervention effects of resveratrol and pio-
glitazone. To the best of our knowledge, this study is the first to dem-
onstrate the accumulation of saccharides, lactate, isoleucine and
branched-chain amino acid-derived metabolites in the extracellular
microenvironment of macrophages.
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Introduction

Obesity incidence has risen dramatically to epidemic levels in the past few decades.
More than 1.9 billion people are overweight or obese worldwide (Saltiel and Olefsky
2017). Notably, obesity may induce other metabolic diseases with more severity, such as
fatty liver disease, diabetes, cardiovascular disease and cancer (Cao 2014; Wilson and
Kumar 2018).

In addition, there are over 400 million people with diabetes, and the incidence is
increasing globally (Bragg et al. 2016). Moreover, cardiovascular disease and cancer are
the two diseases with the highest morbidity and mortality worldwide (Barquera et al.
2015; Bray et al. 2018). Accordingly, it is of great importance to study the molecular
mechanism of metabolic diseases.

As one major type of innate immune cells, macrophages exist in various tissues, such
as adipose, liver, skeletal muscle and vascular tissues. Macrophages mediate the function
of neighboring cells via secreting signal factors, such as extracellular vesicle-encapsulated
materials, cytokines, chemokines, growth factors and bioactive metabolites, thus contri-
buting to the occurrence and progression of diabetes, cardiovascular disease, cancer and
other metabolic diseases (Peterson et al. 2018). For example, infiltrating macrophages
are induced by hepatic steatosis accelerated tumor progenitor cell growth in mice via
Whnt secretion (Debebe et al. 2017).

Besides, macrophage-derived netrin-1, serving as a major signal through its receptor neo-
genin-1, controls the dynamic interaction between the chronic erosion of the extracellular
matrix and inflammation in abdominal aortic aneurysms (Hadi et al. 2018). Moreover, the
macrophage metabolism shapes their activity and function, and the metabolic reprograming
of macrophages is a potential therapeutic approach to treat metabolic diseases (Geeraerts
et al. 2017). It was revealed that the M2 polarization of macrophages stimulated glutamine
catabolism and uridine diphosphate-N-acetylglucosamine-related modules. Consistently, glu-
tamine deprivation or N-glycosylation inhibition suppressed M2 polarization and chemo-
kine CCL22 production.

Additionally, suppressing aspartate-aminotransferase, a key enzyme of the aspartate-argi-
nosuccinate shunt, repressed interleukin-6 and nitric oxide production in M1 macrophages
(Jha et al. 2015). Macrophage polarization is highly associated with the occurrence and
development of metabolic diseases. Therefore, insights into the metabolic disturbances in
the extracellular microenvironment of macrophages would be beneficial for the discovery of
potential therapeutic targets for metabolic diseases.

Oleate at the concentration of 65 ug/mL, within the range of human serum concen-
trations, induced accumulation of esterified cholesterol, total cholesterol and neutral lip-
ids in RAW 264.7 cells via suppressing ABC transporter Al/Gl-mediated cholesterol
efflux through peroxisome proliferator-activated receptor A/G suppression. These effects
were attenuated or abolished by resveratrol (Higdon et al. 2000; Ye, Chen, et al. 2019).
Additionally, oleate triggered accumulation of fatty acids and triglycerides in RAW
264.7 cells via activating Fatpl expression through peroxisome proliferator-activated
receptor A/G suppression (Ye, Gao, Wang, et al. 2019).

However, the molecular mechanisms of metabolic disturbances in the extracellular
microenvironment of oleate-treated macrophages remain unclear. Accordingly, oleate
was used to trigger metabolic disturbances in the extracellular microenvironment of
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macrophages in this study. Meanwhile, resveratrol and pioglitazone were separately
added into the medium to regulate metabolic disturbances in the extracellular micro-
environment of oleate-treated macrophages.

Subsequently, an untargeted metabolomics approach based on gas chromatography--
mass spectrometry (GC-MS) was employed to characterize the metabolic disturbances
in the extracellular microenvironment of oleate-treated macrophages and the interven-
tion effects of resveratrol and pioglitazone treatment, which would be beneficial for the
discovery of potential therapeutic targets for metabolic diseases and providing new
insights into metabolic diseases.

Materials and methods
Materials

Dimethyl sulfoxide (>99.7%), resveratrol (99.0%), pioglitazone, oleate (99.0%), pyridine
(99.8%), N-methyl-N-(trimethylsilyl)-trifluoroacetamide (>98.5%), and methoxyamine
hydrochloride (98%) were obtained from Sigma-Aldrich (Shanghai, China). Dulbecco’s
modified Eagle medium (high glucose) was purchased from Shanghai Sangon Biotech
(Shanghai, China). RAW 264.7 macrophages were procured from the Cell Bank of the
Chinese Academy of Science (Shanghai, China).

Cell culture and treatment

RAW 264.7 cells were grown in Dulbecco’s modified Eagle medium with 10% fetal
bovine serum. According to our previous works, macrophages were exposed to 65 g/
mL oleate for 24h to trigger extracellular metabolic disturbances associated with lipid
accumulation in the oleate treatment group (Ye, Chen, et al. 2019; Ye, Gao, Lin, et al.
2019; Ye, Gao, Wang, et al. 2019). Meanwhile, 1.5 pg/mL resveratrol and pioglitazone
were added separately to the medium of macrophages treated with 65 pg/mL oleate for
24 h to mediate oleate-induced extracellular metabolic disturbances associated with lipid
accumulation in oleate, resveratrol and oleate, and pioglitazone treatment groups (Ye,
Chen, et al. 2019; Ye, Gao, Lin, et al. 2019; Ye, Gao, Wang, et al. 2019).

Dimethyl sulfoxide (1%, v/v) was used as the control. There were 5 replicates in
each group.

Sample processing for metabolomics analysis

Following cell culture and treatment, the medium was drawn and centrifuged at 5000x g
for 5min. Two hundred microliters of the medium supernatant were pipetted into a
centrifuge tube and vortexed with 800 uL of ice-cold methanol solution (80%, v/v) for
I min. After centrifugation at 17,000xg for 15min at 4°C, 800 uL of the supernatant
were vacuum dried in a SpeedVac concentrator (Thermo Scientific, USA).

Fifty microliters of methoxyamine hydrochloride (20 mg/mL in pyridine) were added
to the dried sample and vortexed for 30s. Metabolites were oximated at 37 °C for 1.5h.
Subsequently, 40 uL of N-methyl-N-(trimethylsilyl)-trifluoroacetamide were added to
the sample and vortexed for 10s prior to the 1-h silylation reaction at 37 °C.
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The derivatized sample was used for subsequent instrumental analysis. Aliquots of
quality control sample (800 puL) were prepared from the mixture of residual superna-
tants of all samples. During the extraction, vacuum drying, oximation, silylation, centri-
fugation, instrumental analysis, and data processing, one quality control sample was
inserted every six analytical samples and processed using the same parameters as
other samples.

Instrumental analysis for metabolomic analysis

One microliter of the sample was injected into a GC-MS system (Shimadzu, Japan) to
obtain the extracellular metabolic profiles of macrophages. The parameters of the
metabolomics approach were similar to those employed in our previous works (Ye,
Gao, Wang, et al. 2019). The inlet temperature was 300 °C.

The chromatographic separation of metabolites was achieved via a DB-5MS capillary
column (30m x 250 um x 0.25um, Agilent Technologies, Inc., USA). The carrier gas
(helium) at a linear velocity of 40.0 cm/s was operated in the constant flow mode. The
split ratio was 5:1.

The oven temperature was initially operated at 70°C for 3.0 min, elevated to 300°C
at a rate of 5°C/min, and then operated at 300 °C for 10 min. The temperatures of the
interface and ion source were 280 and 230 °C, respectively. The metabolites were ion-
ized in the electron impact (70eV) mode. Mass signals from 33 to 600m/z were
obtained in full scan mode.

The solvent delay and event times were 5.32 min and 0.2 s, respectively. The retention
time of n-alkanes in a light diesel sample was acquired using the same parameters as
the other analytical samples and employed to obtain the retention indices of the
metabolites.

Data preprocessing for metabolomics analysis

Raw mass data was employed for peak matching via an open source package called vari-
ous forms (X) of chromatography mass spectrometry (Smith et al. 2006). Following
deconvolution of the mass signals, the feature ions of metabolites were produced. The
metabolites were primarily identified according to spectral comparisons between the
detected metabolites and those in commercial mass spectra libraries and further con-
firmed by available reference standards based on the retention time, retention indices
and mass spectra. The ion peak area of each metabolites was divided by the total ion
current and multiplied by 1x 10°. The results were subsequently employed in the
metabolomic analysis.

Statistical analysis

Principal component analysis, partial least squares discriminant analysis and pathway
analysis were performed by MetaboAnalyst 4.0 (Chong et al. 2018). A two-tailed
Mann-Whitney U test was executed using MeV 4.9.0 to discover differential metabolites
(Saeed et al. 2006). The statistically significant level was 0.05.
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Figure 1. Significant changes in the extracellular metabolic profiles of oleate-treated macrophages
and the intervention effects of resveratrol (RSV) and pioglitazone (P). (a) Quality control sample distri-
bution in the score plot of principal component analysis. (b) Relative standard deviation distribution
of metabolite ion contents in 3 quality control samples. (c) Sample distributions in the score plot of
principal component analysis. (d) Sample distributions in the score plot of partial least squares dis-
criminant analysis. n=>5 per group.

To reduce false positives, the false discovery rates obtained from
Benjamini-Hochberg correction employing MeV 4.9.0 were set to 0.2 to adjust the sig-
nificance level. The heat map was also plotted by MeV 4.9.0.

Results
Significant changes in the extracellular metabolic profiles

The score plot of principal component analysis illustrated that three quality control
samples were located together (Figure la). In addition, 72.4%, 79.7%, and 87.5% of the
detected metabolite ions provided relative standard deviations less than 15%, 20%, and
30% in the three quality control samples (Figure 1b). These results demonstrate that the
untargeted metabolomics approach based on GC-MS was stable and repeatable (Ye,
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Gao, Wang, et al. 2019). Moreover, the score plot of both principal component analysis
and partial least squares discriminant analysis indicated that the extracellular metabolic
profiles of oleate-treated macrophages were significantly altered and that both resvera-
trol and pioglitazone had significant intervention effects on the extracellular metabolic
disturbances in oleate-treated macrophages (Figure Ic, d).

Significant metabolic disturbances in the extracellular microenvironment

Fifty-nine metabolites were discovered by a two-tailed Mann-Whitney U test to be sig-
nificantly disturbed in the extracellular microenvironment of macrophages responding
to treatment with oleate, oleate and resveratrol, and oleate and pioglitazone, respectively
(Figure 2a and Table S1). Among them, 54 differential metabolites were verified by
available reference standards based on the mass spectral, retention time and retention
indices (Table S1). The heat map showed that the levels of most metabolites involved in
carbohydrate metabolites, branch-chained amino acid metabolism and lipid metabolism
were significantly increased in the extracellular microenvironment of macrophages in
response to the oleate treatment.

Meanwhile, most of these changes induced by oleate may be attenuated or even abol-
ished by resveratrol or pioglitazone intervention (Figure 2a and Table S1). The pathway
analysis of differential metabolites revealed that 30 metabolic pathways were signifi-
cantly altered in the extracellular microenvironment of oleate-treated macrophages
(Figure 2b). Moreover, 28 and 42 metabolic pathways were responsive to resveratrol
and pioglitazone intervention, respectively (Figure 2¢, d). The details related to meta-
bolic disturbances in the extracellular microenvironment of oleate-treated macrophages
and the intervention effects of resveratrol and pioglitazone are described and dis-
cussed below.

Significant changes in the extracellular carbohydrate metabolism

Significant changes in carbohydrate metabolism in the extracellular microenvironment
of macrophages were observed in response to the oleate, oleate and resveratrol, and ole-
ate and pioglitazone treatments (Figure 3). The contents of melibiose, isomaltose, fruc-
tose, galactonate, galacturonate, scyllo-inositol, and myo-inositol were significantly
increased in the medium following oleate treatment, indicating the accumulation of dis-
accharides and monosaccharides and disturbed carbohydrate anabolism and/or catabol-
ism in the extracellular microenvironment of the oleate-treated macrophages.
Additionally, oleate triggered increased levels of lactate and citrate but a decreased con-
centration of succinate in the medium, demonstrating disturbed glycolysis and tricarb-
oxylic acid cycle in the extracellular microenvironment of oleate-treated macrophages.
Moreover, the levels of glucose, fructose, galactonate, lactate, citrate, alpha-ketoglutaric
acid, and succinate were significantly decreased in the medium of macrophages treated
with oleate and pioglitazone than those treated with oleate, indicating the intervention
effects of pioglitazone on glycolysis and the tricarboxylic acid cycle.
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Figure 2. Significant metabolic disturbances in the extracellular microenvironment of oleate-treated
macrophages and the intervention effects of resveratrol (RSV) and pioglitazone (P). n=5 per group.
(@) Heat map of metabolic disturbances in the extracellular microenvironment of macrophages treated
with oleate, oleate and resveratrol, and oleate + pioglitazone, respectively. The metabolite content in
each sample was subtracted from the average content in all samples and subsequently divided by
the standard deviation. Subsequently, the data were used for the heat map plot. (b) Pathway analysis
of metabolic disturbances in the extracellular microenvironment of macrophages treated with oleate.
(c) Pathway analysis of metabolic changes in the extracellular microenvironment of macrophages
related to resveratrol intervention. (d) Pathway analysis of metabolic changes in the extracellular
microenvironment of macrophages related to pioglitazone intervention.
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Figure 3. Significant changes in the carbohydrate metabolism in the extracellular microenvironment
of oleate-treated macrophages and the intervention effects of resveratrol (RSV) and pioglitazone (P).
The columns show the mean plus standard deviation. n=5 per group. *p < 0.05, **p < 0.01, two-
tailed Mann-Whitney U test.

Significant changes in the extracellular alanine, aspartate and glutamate
metabolism, and arginine and proline metabolism

Significant changes in alanine, aspartate and glutamate metabolism, and arginine and pro-
line metabolism in macrophage medium were also observed responding to oleate, oleate
and resveratrol, and oleate and pioglitazone treatments (Figure 4a, b). The glutamine level
was significantly decreased in the medium of macrophages treated with oleate, while both
resveratrol and pioglitazone treatment had no significant effects on the oleate-induced
decrease in the extracellular glutamine level (Figure 4a). The resveratrol treatment signifi-
cantly decreased the concentrations of glutamate and lysine, while increasing the level of
aspartate in the medium of oleate-treated macrophages (Figure 4a).
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On the other hand, the pioglitazone treatment significantly decreased the concentra-
tion levels of glutamate, pyroglutamate, nicotinamide, and lysine. However, increased
levels of asparate, alanine, and 2-pyrrolidone-5-carboxylate were present in the medium
of oleate-treated macrophages (Figure 4a). These results indicate that pioglitazone
exerted larger effects than resveratrol on modulating the metabolic disturbances upon
the alanine, aspartate, and glutamate metabolism in the extracellular microenvironment
of oleate-treated macrophages.

The levels of ornithine and creatinine were significantly increased in the medium of
oleate-treated macrophages compared with the control (Figure 4b). The resveratrol
treatment significantly decreased the concentrations of arginine, ornithine and urea,
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Figure 5. Significant changes in the (a) glycine, serine and threonine metabolism, cysteine and
methionine metabolism, and aromatic amino acid metabolism and (b) branched-chain amino acid
metabolism in the extracellular microenvironment of oleate-treated macrophages and the intervention
effects of resveratrol (RSV) and pioglitazone (P). The columns show the mean plus standard deviation.
n=>5 per group. *p < 0.05, **p < 0.01, two-tailed Mann-Whitney U test.

while increasing the levels of proline in the medium of oleate-treated macrophages
(Figure 4b). Meanwhile, the pioglitazone treatment significantly decreased levels of cre-
atinine, arginine, ornithine, citrulline, urea, and putrescine in the medium of oleate-
treated macrophages (Figure 4b). These measurements demonstrate the involvement of
arginine and proline metabolism in the intervention effects of both resveratrol and pio-
glitazone upon the extracellular microenvironment of oleate-treated macrophages.

Significant changes in other extracellular amino acid metabolism

The concentration of extracellular serine was significantly decreased, while levels of
extracellular tyrosine and 2-hydroxybutyrate were significantly increased in the medium
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Figure 6. Significant changes in the (a) lipid metabolism and (b) other metabolic pathways in the
extracellular microenvironment of oleate-treated macrophages and the intervention effects of resvera-
trol (RSV) and pioglitazone (P). The columns show the mean plus standard deviation. n=5 per group.
*p < 0.05, **p < 0.01, two-tailed Mann-Whitney U test.

of oleate-treated macrophages. These effects were significantly alleviated or abolished by
pioglitazone (Figure 5a). Both the resveratrol and pioglitazone treatments significantly
decreased the levels of threonine, cysteine, methionine, tryptophan, and phenylalanine
in the medium of the oleate-treated macrophages (Figure 5a).

These results illustrate that the metabolic disturbances in glycine, serine and threo-
nine metabolism, and tyrosine metabolism occurred in the extracellular microenviron-
ment of oleate-treated macrophages. Furthermore, both the resveratrol and pioglitazone
treatments had significant regulatory effects on the glycine, serine and threonine metab-
olism, the cysteine and methionine metabolism, and the aromatic amino acid metabol-
ism in the extracellular microenvironment of the oleate-treated macrophages.

Significant changes in the branched-chain amino acid metabolism, and other amino
acid metabolism in the macrophage medium were also observed responding to oleate,
oleate and resveratrol, and oleate and pioglitazone treatments (Figure 5b). The concen-
tration levels of 4-methyl-2-oxovalerate, 3-methyl-2-oxobutanoate, isoleucine and 3-
methyl-2-oxovalerate in the medium of oleate-treated macrophages were significantly
increased. These effects were significantly attenuated or abolished by treatment with
both resveratrol and pioglitazone (Figure 5b). In addition, the levels of leucine and 3-
hydroxyisovalerate in the medium of oleate-treated macrophages were significantly
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decreased by the pioglitazone treatment (Figure 5b). These results indicate that both the
resveratrol and pioglitazone treatments have significant mediatory effects on metabolic
disturbances in the branched-chain amino acid metabolism in the extracellular micro-
environment of the oleate-treated macrophages.

Significant changes in the extracellular lipid metabolism and other
metabolic pathways

Significant changes in the lipid metabolism and other metabolic pathways in the
medium of macrophages responding to oleate, oleate and resveratrol, and oleate and
pioglitazone treatments were also observed (Figure 6a, b). The concentration levels of
glycerol, glycerol-3-phosphate, myristate, and oleate in the medium of the oleate-treated
macrophages were significantly increased, indicating the presence of excess extracellular
lipids in the macrophages following the oleate treatment (Figure 6a). Significant
increases in the concentrations of extracellular glycerol and myristate were significantly
attenuated or abolished by the pioglitazone treatment (Figure 6a). However, the biggest
increase in the level of oleate (a 22.58-fold enhancement) in the medium of oleate-
treated macrophages was not be effectively attenuated or abolished by either the resvera-
trol or pioglitazone treatment (Figure 6a). Moreover, significant increases in the levels
of pantothenate, 3-hydroxybutyrate and pyridoxine in the medium of olete-treated mac-
rophages were abolished by the pioglitazone treatment (Figure 6b).

Discussion

The significant accumulation of melibiose, isomaltose, fructose, galactonate, galacturo-
nate, scyllo-inositol, and myo-inositol in the extracellular microenvironment of oleate-
treated macrophages were demonstrated in this study. Notably, the significant increase
in the concentrations of fructose in the extracellular microenvironment of oleate-treated
macrophages was abolished by both the resveratrol and pioglitazone treatments. This
phenomenon is consistent with oleate-induced lipid accumulation and the lipid-lower-
ing effects of both resveratrol and pioglitazone treatment in our previous studies (Ye,
Chen, et al. 2019; Ye, Gao, Lin, et al. 2019; Ye, Gao, Wang, et al. 2019).

Sugar consumption, especially fructose, correlates with nonalcoholic fatty liver dis-
ease, obesity, type 2 diabetes mellitus, and cardiovascular disease (Malik and Hu 2015;
Dotimas et al. 2016; Schwarz et al. 2017; Jensen et al. 2018). Abnormal hepatic fructose
metabolism depleted intracellular adenosine triphosphate, increased de novo lipogenesis,
triglyceride and cholesterol synthesis, visceral, intrahepatic and intramuscular fat, lead-
ing to insulin resistant, dyslipidemia and resultant nonalcoholic fatty liver disease, obes-
ity, diabetes and cardiovascular disease (Malik and Hu 2015; Jensen et al. 2018). On the
contrary, 9-day dietary isocaloric fructose restriction reduced hepatic and visceral fat
and de novo lipogenesis, and improved the insulin kinetics in obese children (Schwarz
et al. 2017). Moreover, the deletion of Txnip in mice decreased the level of fructose in
the peripheral bloodstream and liver and alleviated glucose and insulin intolerance trig-
gered by long-term fructose consumption (Dotimas et al. 2016). Accordingly, the
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accumulation of saccharides, especially fructose, in the extracellular microenvironment
of the macrophages suggested potential risks for metabolic diseases.

The daily oral administration of high-fructose corn sirup raised the level of fructose
in the intestinal lumen and serum, leading to increased glycolysis and fatty acid synthe-
sis, which accelerated tumor growth in adenomatous polyposis coli mutant mice
(Goncalves et al. 2019). A significant increase in the concentration of lactate in the
extracellular microenvironment of oleate-treated macrophages was observed. This effect
was eliminated by pioglitazone treatment in this study.

The results indicated an increase in glycolysis in the extracellular microenvironment
of oleate-treated macrophages and the acidic microenvironment, which may promote
the invasion and metastasis of cancer cells (Kato et al. 2013). Moreover, increased gly-
colysis was observed in patients with heart failure (Birkenfeld et al. 2019). Therefore, an
increase in the concentration of lactate in the extracellular microenvironment of macro-
phages suggested potential risks for metabolic diseases.

The concentrations of many amino acids were significantly altered in the extracellular
microenvironment of oleate-treated macrophages and responsive to treatment of resver-
atrol or pioglitazone in this study. Of note, the level of ornithine in the extracellular
microenvironment of oleate-treated macrophages was significantly increased. This effect
was abolished by treatment with both resveratrol and pioglitazone. The increased orni-
thine level in the extracellular microenvironment of oleate-treated macrophages may be
associated with the increased activity of arginase.

The literature has reported that the mitochondrial arginase 2 was stimulated in the
obese state and that silencing Arg2 significantly inhibited pancreatic ductal adenocarcin-
oma in obese mice (Zaytouni et al. 2017). In addition, the deletion of endothelial cell
arginase 1 prevented high fat-high sucrose diet-induced increases in aortal arginase 1
expression and decreases in vascular nitric oxide and arginine bioavailability (Bhatta
et al. 2017).

Significant metabolic disturbances in the branched-chain amino acid metabolism in
the extracellular microenvironment of oleate-treated macrophages occurred in this
study. These effects were attenuated or abolished by resveratrol and/or pioglitazone,
indicating the involvement of branched-chain amino acid metabolism in macrophage
lipid accumulation and the intervention effects of resveratrol and pioglitazone (Ye, Gao,
Lin, et al. 2019; Ye, Gao, Wang, et al. 2019). Branched-chain amino acid metabolism
correlates with insulin resistance, obesity and diabetes (Newgard et al. 2009; Shin et al.
2014; Blanchard et al. 2018).

High-fat diets may reduce the levels of hepatic branched-chain alpha-keto acid dehydro-
genase, a rate-limiting enzyme in the catabolism of branched-chain amino acids and con-
tributed to increased plasma branched-chain amino acids in obese and/or diabetic humans
(Shin et al. 2014). Besides, high-fat diets supplemented with branched-chain amino acids
triggered insulin resistance, chronic phosphorylation of c-Jun N-terminal kinase, insulin
receptor substrate lg.so; and mechanistic target of rapamycin kinase, and acylcarnitine
accumulation in muscle. These effects were reversed by rapamycin, a mechanistic target of
rapamycin kinase inhibitor (Newgard et al. 2009).

The adipocyte deletion of peroxisome proliferator-activated receptor G increased the
serum branched-chain amino acid levels and glucose intolerance and also reduced
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branched-chain amino acid incorporation into triglycerides and mRNA expression levels
of Bcat2 and Bckdh in mice inguinal white and brown adipose tissues (Blanchard et al.
2018). Conversely, the rosiglitazone treatment reduced serum branched-chain amino
acids and activated branched-chain aminotransferase and branched-chain alpha-keto
acid dehydrogenase in rat inguinal white and brown adipose tissues, which were related
to a decrease in the serine phosphorylation of mechanistic target of rapamycin kinase
Cl-dependent inhibitory insulin receptor substrate 1 in skeletal muscle and systematic
insulin resistance (Blanchard et al. 2018). The accumulation of the branched-chain
amino acids and/or their metabolites in the extracellular microenvironment of macro-
phages in this study was probably due to abnormal branched-chain amino acid catabol-
ism, which suggested potential risks for metabolic diseases.

Significantly increased levels of extracellular glycerol, glycerol-3-phosphate and fatty
acids, including myristate and oleate, were observed in the microenvironment of oleate-
treated macrophages. Although the increase in the level of extracellular glycerol may be
abolished by pioglitazone, increased concentrations of extracellular myristate and oleate
were not effectively eliminated either by resveratrol or pioglitazone. Saturated fatty
acids, such as myristate, increased levels of triglycerides, reactive oxygen species, C-C
motif chemokine 2 expression, and nuclear factor kappa-B translocation (Han
et al. 2010).

In addition, oleate decreased glucose-stimulated insulin secretion accompanied by
increased levels of oxidative stress in vivo and in vitro (Mason et al. 1999; Oprescu
et al. 2007). Moreover, high levels of oleate are associated with higher risk of cancer
(Arous, Naimi, and Van Obberghen 2011; Shen et al. 2017). Oleate may promote head
and neck squamous cell carcinoma metastasis by activating the angiopoietin-like 4/fibro-
nectin signaling axes (Shen et al. 2017).

In addition, oleate triggered the proliferation of hepatocarcinoma cells through the
activation of phospholipase D-mediated mechanistic target of rapamycin kinase expres-
sion (Arous, Naimi, and Van Obberghen 2011). Notably, pioglitazone treatment
enhanced oleate clearance during physiological hyperinsulinaemia in insulin-resistant
and non-diabetic adults (Shadid and Jensen 2006). In this study, excess myristate and
oleate in the extracellular microenvironment of macrophages suggested potential risks
for metabolic diseases.

Conclusion

A GC-MS based metabolomics approach was conducted to characterize metabolic dis-
turbances in the extracellular microenvironment of oleate-treated macrophages and the
intervention effects of resveratrol and pioglitazone. Extracellular metabolic profiles of
oleate-treated macrophages were significantly altered that were responsive to both
resveratrol and pioglitazone intervention. Of note, the levels of most saccharides and
lactate were increased in the extracellular microenvironment of oleate-treated macro-
phages and enhanced extracellular concentrations of fructose and lactate were abolished
by resveratrol and/or pioglitazone treatment.

Additionally, the levels of isoleucine, branched-chain amino acid-derived metabolites
and ornithine were significantly increased in the extracellular microenvironment of the
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oleate-treated macrophages. These effects were significantly attenuated or abolished by
both resveratrol and pioglitazone treatments. Moreover, myristate and oleate accumu-
lated in the extracellular microenvironment of oleate-treated macrophages, but these
effects were not be effectively alleviated or abolished by either resveratrol or
pioglitazone.

The accumulation of saccharides, lactate, isoleucine, branched-chain amino acid-
derived metabolites, ornithine and fatty acids in the extracellular microenvironment of
oleate-treated macrophages suggested carbohydrate metabolism, glycolysis, branched-
chain amino acid metabolism, argine and proline metabolism and lipid metabolism as
potential therapeutic targets for treating metabolic diseases and the intervention effects
of resveratrol and pioglitazone. As far as we know, this study is the first to reveal the
accumulation of saccharides, lactate, isoleucine and branched-chain amino acid-derived
metabolites in the extracellular microenvironment of macrophages.
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