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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 BMMϕ were treated with TNFα with/
without low (2 mmol/L) and high concentrations (4 mmol/L) of pyruvate. (A and B) The mRNA expression of IL-1β and IL-6 was tested 
by qPCR. (B–D) The secretory level of IL-1β 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-1β (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 
(Li et al., 2010).

NF-κB 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-κB signaling 
pathway has become another potential target for phar-
macological intervention. As it is established that HFD 
increases NF-κB signaling in mice (Carlsen et al., 2009), 
we employed an in vivo non-invasive imaging technique 
in reporter mice for analyzing the NF-κB signaling in 
obese mice administered with pyruvate, and revealed 
that pyruvate administration substantially mitigated the 
NF-κB signaling in comparison to the untreated obese 
mice.

Based on our findings, pyruvate suppressed the TNFα 
induced nuclear translocation of p65. It was reported 
that NF-κB directly promotes adipogenesis (Lee et al., 
2022), hence, the attenuation of p65 translocation and 
following NF-κB signaling also explains the inhibition 
of adipogenic differentiation of preadipocytes as well 
as the decreases in the expression of adipogenic genes, 
including PPARγ and CEBPα, in adipose SVF cells by pyru-
vate. This is also in agreement with a report showing 
that pharmacological restriction of the NF-κB 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, 30–40, and >50 µm. The size and distribution of lipid droplets were measured by Image J software. (J) Expression 
of PPARγ, C/EBPα, 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 β-actin. (K–P) Immunoblot analysis of homogenate from in 
vitro differentiated preadipocytes on Day 8, for the indicated groups. β-actin was used as a loading control. (K) PPARγ protein level. 
(L) Quantification of panel (K). (M) C/EBPα 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 TNFα (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-1β 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 cPLA2α as a previously unidentified target of 
pyruvate. After identifying cPLA2 (α 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-ĸB 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 
cPLA2-AA-NF-ĸB 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 cPLA2 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 

https://www.sciencedirect.com/topics/medicine-and-dentistry/dyslipidemia
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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).
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