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Figure 7. Loss of cPLA2 impairs pyruvate-mediated inflammation and adipogenesis in vitro. (A-D) Bone marrow cells from cPLA2

WT and KO mice from different experimental groups differentiated into macrophages. These BMM¢ were treated with TNFa with/
without low (2 mmol/L) and high concentrations (4 mmol/L) of pyruvate. (A and B) The mRNA expression of IL-1f and IL-6 was tested
by qPCR. (B-D) The secretory level of IL-13 and IL-6 was detected by ELISA. (E) Representative images of Oil Red O (ORO) stained lipid
droplets in preadipocytes induced with adipogenic differentiation with or without pyruvate for 8 days, from cPLA2 WT and KO mice.
(F) Quantification for adipocyte number in WT and KO groups with or without pyruvate. (G) Lipid accumulation measured by the
colorimetric quantification of the ORO release from indicated groups. (H) Microphotographs of lipid droplets of in vitro differentiated
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to hypertrophy and hyperplasia of the WAT at the end-
point of HFD feeding (Avtanski et al., 2019). The results
of our study demonstrated that pyruvate was effective
in attenuating the dysmetabolic state in part because
visceral adiposity is strongly correlated with this phe-
notypic state (Després et al., 2008). Of note, the results
showed that upon HFD feeding, females accumulated
comparable VWAT and sWAT fat depots, unlike male
mice where VWAT was significantly higher than sWAT in
both CD- and HFD-fed conditions. These sex-dependent
findings w.r.t WAT were consistent with previous reports
(Medrikova et al., 2012). However, despite the precise
anatomic location of these depots that differ in mice
from humans, these mice depots impact metabolism
similar to human vWAT (Gabriely and Barzilai, 2003).
Furthermore, the mice fed with HFD also showed the
presence of chronic inflammation evidenced by elevated
basal levels of circulating pro-inflammatory cytokines.
Nevertheless, pyruvate administration reduced the
diet-induced weight gain and alleviated the inflamma-
tory status in obesity by reducing circulating inflamma-
tory molecules.

Obesity is a condition referring to increased WAT
mass. Besides serving as an energy reservoir, WAT is
recognized as a key regulator of metabolic pathways
including inflammation, which has been associated with
obesity and adipose tissue dysfunction (Weisberg et al.,
2003). In our experiments, obese mice displayed WAT
inflammation, which was evident by a greater incidence
of adipocyte death and the recruitment of macrophages
characterized by crown-like structures as apparent
from histology. These CLS are a prominent characteris-
tic of low-grade inflammation in WAT, and their density
corresponds with the degree of obesity (Cancello et al.,
2005). The results indicated that pyruvate supplemen-
tation significantly reduced adipose tissue macrophages
(ATMs) and subsequent CLS formation compared to the
obese WAT, recuperating in the direction of optimal WAT
function.

During obesity, ATMs are known to experience dra-
matic variations in both humans and rodents (Weisberg
et al.,, 2003) and secrete a number of pro-inflammatory
cytokines that result in both local and systemic inflam-
mation (Reilly and Saltiel, 2017). Therefore, ATMs are
recognized as viable targets for treating chronic inflam-
mation and obesity-related metabolic disorders. But as of
this point, the pharmaceutical agents that target ATMs

to treat obesity are inadequate (Wang et al., 2021). In this
study, we observed predominantly anti-inflammatory
M2 macrophage subpopulations in CD-fed lean mice,
whereas HFD-induced obese mice showed an elevated
infiltration of pro-inflammatory M1 macrophages which
resulted in the release of inflammatory cytokines such
as IL-6 and IL-1f (Lumeng et al., 2007b). The administra-
tion of pyruvate was able to reverse the increased M1 to
M2 ratio by driving macrophage polarization toward M2.
It is crucial to acknowledge that macrophage heteroge-
neity is not limited to differences between tissue types;
it can also be observed within a single tissue. While adi-
pose tissue macrophages (ATMs) have been traditionally
categorized across M1-like to M2 polarization states,
recent evidence suggests that tissue macrophages likely
operate along a continuum between these states in vivo
(Lietal., 2010).

NF-kB signaling unites inflammatory and metabolic
responses and hence is widely recognized as a crucial
factor contributing to obesity and associated metabolic
diseases (Catrysse and van Loo, 2017). Considering its
pivotal role in all inflammatory processes related to
obesity and metabolic disorders, the NF-xB signaling
pathway has become another potential target for phar-
macological intervention. As it is established that HFD
increases NF-kB signaling in mice (Carlsen et al., 2009),
we employed an in vivo non-invasive imaging technique
in reporter mice for analyzing the NF-kB signaling in
obese mice administered with pyruvate, and revealed
that pyruvate administration substantially mitigated the
NF-xB signaling in comparison to the untreated obese
mice.

Based on our findings, pyruvate suppressed the TNFa
induced nuclear translocation of p65. It was reported
that NF-xB directly promotes adipogenesis (Lee et al.,,
2022), hence, the attenuation of p65 translocation and
following NF-xB signaling also explains the inhibition
of adipogenic differentiation of preadipocytes as well
as the decreases in the expression of adipogenic genes,
including PPARy and CEBPa, in adipose SVF cells by pyru-
vate. This is also in agreement with a report showing
that pharmacological restriction of the NF-kB pathway
attenuated the differentiation of 3T3-L1 preadipocytes
and human adipose stem cells into adipocytes in vitro
(Helsley et al., 2016).

The extensive use of HFD-fed mice has undoubt-
edly helped us to gain a deeper understanding of the

preadipocytes for indicated groups stained (green) with fluorescent lipid dye. (I) Droplets were measured and divided into four size
groups: 10-20, 20-30, 3040, and >50 pm. The size and distribution of lipid droplets were measured by Image J software. (J) Expression
of PPARy, C/EBPa, and Fabp4 genes by real-time qRT-PCR in differentiating preadipocyte cells from cPLA2 WT and KO mice, untreated
or treated with pyruvate. All values were normalized with respect to p-actin. (K-P) Immunoblot analysis of homogenate from in
vitro differentiated preadipocytes on Day 8, for the indicated groups. f-actin was used as a loading control. (K) PPARy protein level.
(L) Quantification of panel (K). (M) C/EBPa protein level. (N) Quantification of panel (M). (O) Fabp4 protein level. (P) Quantification of

panel (O).
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mechanisms that regulate glycemic control in obe-
sity (Winzell and Ahren, 2004). Accumulating evidence
suggested that metabolic low-grade inflammation in
WAT might play an essential role in the development
of obesity-related glucose dysfunction, resulting in an
increase in total serum cholesterol and LDL-C concentra-
tions, and is associated with dyslipidemia (Lumeng and
Saltiel, 2011). Additionally, pro-inflammatory cytokines
are also known to regulate cholesterol metabolism which
may in turn alter lipid metabolism (He et al., 2020). In
our results, clearly as compared to the lower blood glu-
cose levels in lean mice, HFD mice showed elevated glu-
cose levels resulting from dysregulation in the glucose
metabolism and displayed dyslipidemia with an elevated
lipid profile. Pyruvate, however, was able to regulate this
glucose instability in parts and mitigated the overall pic-
ture of dyslipidemia.

There is a widespread upregulation of pro-inflammatory
signaling cascades in obesity including mediators like
IL-6 and TNFa (Wellen and Hotamisligil, 2003). A study
from Kolak et al. (2007) confirmed that obese patients
with inflamed WAT have more liver fat than subjects
without WAT inflammation. As mentioned above, the
mediators participate in well-orchestrated and strictly
regulated signaling cascades and their disruption may
account for systemic low-grade inflammation-mediated
interaction between obesity and NAFLD. NAFLD is mani-
fested by excessive hepatic fat deposition caused by car-
bohydrate and/or lipid intake. In our study, the HFD-fed
group presented higher fat accumulation (steatosis) in
the liver tissue with elevated hepatic lipids as compared
to the lean mice, which is consistent with other studies
(Jang et al., 2018). Pyruvate showed significantly allevi-
ated fat deposition in the liver as well as reduced chronic
lipid overload as compared to HFD mice, thereby con-
trolling dyslipidemia. But the mRNA expression of dif-
ferent hepatic genes asserted that the inhibition in the
overall NAFLD by pyruvate was not due to the decreased
expression of lipogenic genes including SREBP-1c, FASN,
and SCD-1 but due to the attenuation of the inflamma-
tory markers including the secretory level of IL-1f and
IL-6. It is also noteworthy that unlike orlistat which
functions by inhibiting lipid absorption, pyruvate did not
affect fecal lipid content, indicating that pyruvate oper-
ates through a distinct mechanism (targeting cPLA2),
rather than influencing lipid absorption.

Combined use of several approaches, including
DARTS, proteomics, CETSA, and ITDR, led to the iso-
lation of cPLA2a as a previously unidentified target of
pyruvate. After identifying cPLA2 (o type) as the target
of pyruvate, we established the HFD obesity model in
cPLA2 WT and KO mice. As shown in C57BL/6 mice, pyru-
vate replicated its protective effects by effectively pre-
venting obesity and metabolic syndrome in response to
a high-fat diet in a cPLA2 WT mice manner. We further

conducted a loss-of-function analysis to confirm that
cPLA2 is the molecular target of pyruvate, by ablating
CPLA2 globally in mice and inducing HFD obesity. The
results revealed that the deletion of cPLA2 abrogated
the protective effects of pyruvate on obesity. Hence,
confirming that pyruvate targets cPLA2 to mediate the
regulation of metabolic syndrome including adiposity,
meta-inflammation, and NAFLD in HFD-induced obesity.
Nonetheless, it’s noteworthy that Orlistat managed to
significantly mitigate obesity-related parameters in the
KO-HFD groups (data not shown), suggesting a potential
avenue for therapeutic intervention. On the contrary, the
ineffectiveness of pyruvate features its mechanism of
action, implying that it functions via targeting cPLA2.

Intriguingly, cPLA2-mediated production of AA is also
known to activate NF-kB signaling in different tissues
and plays a role in the pathogenesis of inflammatory
diseases (Uozumi et al., 1997). However, it should be
noted that the contribution of cPLA2, being a canonical
regulator of AA metabolism, to eicosanoid synthesis pro-
ducing a variety of lipid mediators, is relatively insignif-
icant in WAT (Sato et al., 2020). This may explain why
pyruvate selectively mitigated the mRNA expressions
of inflammatory genes in WAT, but not lipogenic genes.
Based on these findings, it can be concluded that pyru-
vate functions in a cPLA2-dependent manner and that
its mechanism of action is primarily dependent on the
CcPLA2-AA-NF-kB axis in attenuating meta-inflammation,
obesity, and other obesity-mediated complications
(Petersen et al., 2003).

Furthermore, we also conducted a study to assess the
therapeutic potential of pyruvate in obesity and associ-
ated metabolic disorders (data not shown). In this model,
we employed weight-matched control-fed high-fat diet
mice for 10 weeks and then treated them with pyru-
vate. In this investigation, we observed that pyruvate
was not able to decrease weight/or reverse the obese
state once attained and only works in a preventative
approach. Hence, pyruvate could not ameliorate most
of the obesity-induced metabolic dysregulation signifi-
cantly, viz., glucose tolerance, serum lipids, and hepatic
lipids but it did exhibit efficacy in mitigating inflamma-
tion. Since pyruvate could not significantly reduce most
of the obesity-induced metabolic dysregulation, this
features the concept that the mechanism of pyruvate
primarily revolves around the maintenance of healthy
body weight, thereby mitigating downstream effects
rather than directly impacting variations in glucose tol-
erance or dyslipidemia etc. In a way, it further validated
our results that cPLA?2 is a molecular target of pyruvate.
Given its recognized role in early adipogenesis, it rein-
forces the preventative role of pyruvate. As, once adipo-
genesis progresses beyond the early stages where cPLA2
involvement diminishes, the effectiveness of pyruvate
diminishes accordingly. The restricted functionality of
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pyruvate, operating solely in a preventive capacity, can
be considered a limitation.

In conclusion, this study is the first to provide molec-
ular insights into the mechanisms through which
pyruvate alleviates high-fat diet-induced obesity and
accompanying metabolic syndrome. It identified cPLA2
as a novel target of pyruvate, providing a comprehensive
mechanistic insight into the role of pyruvate in obesity.
Moreover, it provides the groundwork for further inves-
tigations into pyruvate/cPLA2 interaction. As pyruvate
functions as a potent antagonist of cPLA2, it can be used
to potentially treat a variety of cPLA2-driven diseases.
Accordingly, these findings could have implications for
the development of novel dietary supplementations and/
or therapeutics to benefit a complex disease like obesity,
extending the therapeutic role of pyruvate beyond its
use as an over-the-counter energy supplement (OTC).

Supplementary data

The online version contains supplementary material
available at https://doi.org/10.1093/procel/pwae014.

Acknowledgments

We are thankful to Proteomics Laboratory for protein-
related mass spectrometry analysis and the preclin-
ical Imaging Laboratory at NYU Grossman School of
Medicine.

Author contributions

S.H. and CJ.L. conceived, designed, and directed the
study. S.H. performed most of the experiment with the
assistance of N.G. (blinded observer for all histology scor-
ings). X.Z. (blood collection from C57BL/6 mice); J.G. (H&E
of colons). A-H, HLW, JL. (dissections, embedding for
histology) S.H., N.G., and CJ.L. wrote the manuscript with
input from all authors.

Conflict of interest

The authors declare no competing interests related to
this article.

Funding

This work was partially supported by National
Institutes of Health (NIH) research grants ROIAR062207,
RO1AR061484, RO1AR076900, RO1AR078035 and
ROINS070328.

Ethics approval

All animal procedures were carried out in accord-
ance with institutional guidelines and approved by the

Institutional Animal Care and Use Committee (IACUC) of
New York University.

Data availability

The datasets generated during and/or analyzed during
the current study are available in the supplementary
files accompanying this manuscript.

References

Abbott Mj, Tang T, Sul HS. The role of phospholipase A(2)-
derived mediators in obesity. Drug Discov Today Dis Mech
2010;7:e213-e218.

Avtanski D, Pavlov VA, Tracey KJ et al. Characterization of
inflammation and insulin resistance in high-fat diet-
induced male C57BL/6] mouse model of obesity. Animal
Model Exp Med 2019;2:252-258.

Baker RG, Hayden MS, Ghosh S. NF-xB, inflammation, and
metabolic disease. Cell Metab 2011;13:11-22.

Cancello R, Henegar C, Viguerie N et al. Reduction of mac-
rophage infiltration and chemoattractant gene expres-
sion changes in white adipose tissue of morbidly obese
subjects after surgery-induced weight loss. Diabetes
2005;54:2277-2286.

Carlsen H, Haugen F, Zadelaar S et al. Diet-induced obesity
increases NF-kappaB signaling in reporter mice. Genes
Nutr 2009;4:215-222.

Catrysse L, Van Loo G. Inflammation and the metabolic syn-
drome: the tissue-specific functions of NF-kB. Trends Cell
Biol 2017;27:417-429.

ChangI, Cho N, Koh JY et al. Pyruvate inhibits zinc-mediated
pancreatic islet cell death and diabetes. Diabetologia
2003;46:1220-1227.

Choe SS, Huh JY, Hwang IJ et al. Adipose tissue remodeling:
its role in energy metabolism and metabolic disorders.
Front Endocrinol (Lausanne) 2016;7:30.

Coulis G, Jaime D, Guerrero-juarez C et al. Single-cell and
spatial transcriptomics identify a macrophage popu-
lation associated with skeletal muscle fibrosis. Sci Adv
2023;9:eadd9984.

Das UN. Pyruvate is an endogenous anti-inflammatory
and anti-oxidant molecule. Med Sci Monit 2006;12:
RA79-RA84.

Després JP, Lemieux I, Bergeron ] et al. Abdominal obe-
sity and the metabolic syndrome: contribution to
global cardiometabolic risk. Arterioscler Thromb Vasc Biol
2008;28:1039-1049.

Gabriely I, Barzilai N. Surgical removal of visceral adi-
pose tissue: effects on insulin action. Curr Diab Rep
2003;3:201-206.

Godoy-Matos AF, Silva Junior WS, Valerio CM. NAFLD as a
continuum: from obesity to metabolic syndrome and
diabetes. Diabetol Metab Syndr 2020;12:60.

Gonzalez-Muniesa P, Garcia-Gerique L, Quintero P et al.
Effects of hyperoxia on oxygen-related inflamma-
tion with a focus on obesity. Oxid Med Cell Longev
2015;2015:8957827.

—]
(]
O
oJ
c
or=i
(]
=
()
ey
(a



https://doi.org/10.1093/procel/pwae014

=]
()
O
]
c
or=i
(O]
s}
(@)
]
(a W

684 | Hasanetal

Gou W, Wei H, Swaby L et al. Deletion of spinophilin pro-
motes white adipocyte browning. Pharmaceuticals (Basel)
2023;16:91.

Hasan ST, Zingg JM, Kwan P et al. Curcumin modulation
of high fat diet-induced atherosclerosis and steato-
hepatosis in LDL receptor deficient mice. Atherosclerosis
2014;232:40-51.

He M-Q, Wang J-Y, Wang Y et al. High-fat diet-induced
adipose tissue expansion occurs prior to insulin
resistance in C57BL/6] mice. Chronic Dis Transl Med
2020;6:198-207.

Helsley RN, Sui, Park SH et al. Targeting IkB kinase f§ in adi-
pocyte lineage cells for treatment of obesity and meta-
bolic dysfunctions. Stem Cells 2016;34:1883-1895.

HeoY, Kim H, Lim J et al. Adipocyte differentiation between
obese and lean conditions depends on changes in
miRNA expression. Sci Rep 2022;12:11543.

Hirabayashi T, Murayama T, Shimizu T. Regulatory mecha-
nism and physiological role of cytosolic phospholipase
A, Biol Pharm Bull 2004;27:1168-1173.

Hotamisligil GS. Foundations of immunometabolism and
implications for metabolic health and disease. Immunity
2017;47:406-420.

Hou J, Jiang S, Zhao ] et al. N-Myc-interacting protein neg-
atively regulates TNF-a-induced NF-xB transcriptional
activity by sequestering NF-xB/p65 in the cytoplasm. Sci
Rep 2017;7:14579.

Li H, Yokoyama N, Yoshida S et al. Alleviation of high-fat
diet-induced fatty liver damage in group IVA phospholi-
pase A2-knockout mice. PLoS One 2009;4:e8089.

Jang JW, Lim DW, Chang JU et al. The combination of Ephedrae
herba and Coicis semen in gambihwan attenuates obe-
sity and metabolic syndrome in high-fat diet-induced
obese mice. Evid Based Complement Alternat Med 2018,
2018:5614091.

Jeffery E, Wing A, Holtrup B et al. The adipose tissue microen-
vironment regulates depot-specific adipogenesis in obe-
sity. Cell Metab 2016;24:142-150.

Kalman D, Colker CM, Wilets I et al. The effects of pyruvate
supplementation on body composition in overweight
individuals. Nutrition 1999;15:337-340.

Kawai T, Autieri MV, Scalia R. Adipose tissue inflammation
and metabolic dysfunction in obesity. Am ] Physiol Cell
Physiol 2021;320:C375-C391.

Kolak M, Westerbacka J, Velagapudi VR et al. Adipose tissue
inflammation and increased ceramide content charac-
terize subjects with high liver fat content independent
of obesity. Diabetes 2007;56:1960-1968.

Lee D-K, Kim T, Byeon ] et al. REDD1 promotes obesity-
induced metabolic dysfunction via atypical NF-kB acti-
vation. Nat Commun 2022;13:6303.

Li P, Lu M, Nguyen MTA et al. Functional heterogeneity of
CD11c-positive adipose tissue macrophages in diet-
induced obese mice. J Biol Chem 2010;285:15333-15345.

LiY, RongY, Bao L et al. Suppression of adipocyte differentia-
tion and lipid accumulation by stearidonic acid (SDA) in
3T3-L1 cells. Lipids Health Dis 2017;16:181.

Li C, Xu MM, Wang K et al. Macrophage polarization and
meta-inflammation. Transl Rese 2018;191:29-44.

LiangW,QiY,YiHetal. Theroles of adipose tissue macrophages
in human disease. Front Immunol 2022;13:908749.

Linkous A, Yazlovitskaya E. Cytosolic phospholipase A2
as a mediator of disease pathogenesis. Cell Microbiol
2010;12:1369-1377.

Liu R, ChenY, Fu W et al. Fexofenadine inhibits TNF signaling
through targeting to cytosolic phospholipase A2 and is
therapeutic against inflammatory arthritis. Ann Rheum
Dis 2019;78:1524-1535.

Lumeng CN, Saltiel AR. Inflammatory links between obesity
and metabolic disease. J Clin Invest 2011;121:2111-2117.

Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a pheno-
typic switch in adipose tissue macrophage polarization.
J Clin Invest 2007a;117:175-184.

Lumeng CN, Deyoung SM, BodzinJL etal. Increased inflamma-
tory properties of adipose tissue macrophages recruited
during diet-induced obesity. Diabetes 2007b;56:16-23.

Medrikova D, Jilkova ZM, Bardova K et al. Sex differences dur-
ing the course of diet-induced obesity in mice: adipose
tissue expandability and glycemic control. Int J Obes
(Lond) 2012;36:262-272.

Moseti D, Regassa A, Kim WK. Molecular regulation of adi-
pogenesis and potential anti-adipogenic bioactive mole-
cules. IntJ Mol Sci 2016;17:124.

Murray PJ, Allen JE, Biswas SK et al. Macrophage activation
and polarization: nomenclature and experimental
guidelines. Immunity 2014;41:14-20.

Onakpoya I, Hunt K, Wider B et al. Pyruvate supplemen-
tation for weight loss: a systematic review and meta-
analysis of randomized clinical trials. Crit Rev Food Sci
Nutr 2014;54:17-23.

Palmer BF, Clegg DJ. The sexual dimorphism of obesity. Mol
Cell Endocrinol 2015;402:113-119.

Parhofer KG. Interaction between glucose and lipid metab-
olism: more than diabetic dyslipidemia. Diabetes Metab ]
2015;39:353-362.

Pefia L, Meana C, Astudillo AM et al. Critical role for cyto-
solic group IVA phospholipase A2 in early adipo-
cyte differentiation and obesity. Biochim Biophys Acta
2016;1861:1083-1095.

Petersen RK, Jgrgensen C, Rustan AC et al. Arachidonic
acid-dependent inhibition of adipocyte differenti-
ation requires PKA activity and is associated with
sustained expression of cyclooxygenases. J Lipid Res
2003;44:2320-2330.

Pulathan Z, Altun G, Hemsinli D et al. Role of ethyl pyruvate
in systemic inflammatory response and lung injury in
an experimental model of ruptured abdominal aortic
aneurysm. Biomed Res Int 2014;2014:8571009.

Reilly SM, Saltiel AR. Adapting to obesity with adipose tissue
inflammation. Nat Rev Endocrinol 2017;13:633-643.

Rosen ED, Spiegelman BM. What we talk about when we talk
about fat. Cell 2014;156:20-44.

Rosen ED, Walkey CJ, Puigserver P et al. Transcriptional regu-
lation of adipogenesis. Genes Dev 2000;14:1293-1307.



Pyruvate attenuated obesity and associated metabolic syndrome | 685

Sato H, Taketomi Y, Miki Y et al. Secreted phospholipase
PLA2G2D contributes to metabolic health by mobi-
lizing w3 polyunsaturated fatty acids in WAT. Cell Rep
2020;31:107579.

Sun 'Y, Ge X, Li X et al. High-fat diet promotes renal injury
by inducing oxidative stress and mitochondrial dysfunc-
tion. Cell Death Dis 2020;11:914.

Surmi B, Hasty A. Macrophage infiltration into adipose tis-
sue: initiation, propagation and remodeling. Future
Lipidol 2008a;3:545-556.

The Lancet, G. & Hepatology. Obesity: another ongoing pan-
demic. Lancet Gastroenterol Hepatol 2021;6:411.

Thyagarajan B, Foster MT. Beiging of white adipose tissue as
a therapeutic strategy for weight loss in humans. Horm
Mol Biol Clin Investig 2017;31.

Tian X, Yan C, Liu M et al. CREG1 heterozygous mice are
susceptible to high fat diet-induced obesity and insulin
resistance. PLoS One 2017;12:e0176873.

Titos E, Rius B, Gonzéalez-Périz A et al. Resolvin D1 and its
precursor docosahexaenoic acid promote resolution of
adipose tissue inflammation by eliciting macrophage
polarization toward an M2-like phenotype. J Immunol
2011;187:5408-5418.

Tsuru H, OSAKA M, Hiraoka Y et al. HFD-induced hepatic
lipid accumulation and inflammation are decreased in
Factor D deficient mouse. Sci Rep 2020;10:17593.

Uozumi N, Kume X, Nagase T et al. Role of cytosolic phos-
pholipase A2 in allergic response and parturition. Nature
1997;390:618-622.

Wang L, Zhao RP, Song XY et al. Targeting ERf in mac-
rophage reduces crown-like structures in adipose
tissue by inhibiting osteopontin and HIF-la. Sci Rep
2019;9:15762.

Wang Y, Tang B, Long L et al. Improvement of obesity-
associated disorders by a small-molecule drug target-
ing mitochondria of adipose tissue macrophages. Nat
Commun 2021;12:102.

Weisberg SP, Mccann D, Desai M et al. Obesity is associated
with macrophage accumulation in adipose tissue. J Clin
Invest, 2003;112, 1796-1808.

Wellen KE, Hotamisligil GS. Obesity-induced inflam-
matory changes in adipose tissue. J Clin Invest
2003;112:1785-1788.

Whitehead A, Krause FN, Moran A et al. Brown and beige
adipose tissue regulate systemic metabolism through
a metabolite interorgan signaling axis. Nat Commun
2021;12:1905.

Winzell M, Ahren B. The high-fat diet-fed mouse:
a model for studying mechanisms and treat-
ment of impaired glucose tolerance and type 2
diabetes. Diabetes 2004;53:5215-5219.

Wynn TA, Chawla A, Pollard JW. Macrophage biology
in development, homeostasis and disease. Nature
2013;496:445-455.

Zhong W, Ma M, Xie ] et al. Adipose-specific deletion of the
cation channel TRPM7 inhibits TAK1 kinase-dependent
inflammation and obesity in male mice. Nat Commun
2023:14:491.

—]
(]
O
oJ
c
or=i
(]
=
()
ey
(a




