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Macrophage SUCLA2 coupled glutaminolysis
manipulates obesity through AMPK

Chang Peng 1,2,3,11, Haowen Jiang 1,11 , Liya Jing1,4, Wenhua Yang1,5,
Xiaotong Guan2,3, Hanlin Wang 1, Sike Yu2,3, Yutang Cao6,7, Min Wang1,
Huan Ma1,3, Zan Lv1,8, Hongyu Gu1,5, Chunmei Xia1, Xiaozhen Guo6, Bin Sun 9,10,
Aili Wang9,10, Cen Xie 6, Wenbiao Wu1,2,3, Luyiyi Lu2,3, Jiayi Song2,3, Saifei Lei2,
Rui Wu2,3, Yi Zang 4, Erjiang Tang 9,10 & Jia Li 1,2,3

Obesity is regarded as a chronic inflammatory disease involving adipose tissue
macrophages (ATM), but whether immunometabolic reprogramming of ATM
affects obesity remains unclarified. Herewe show that in ATMglutaminolysis is
the fundamental metabolic flux providing energy and substrate, bridging with
AMP-activated protein kinase (AMPK) activity, succinate-induced interleukin-
1β (IL-1β) production, and obesity. Abrogation of AMPKα in myeloid cells
promotes proinflammatory ATM, impairs thermogenesis and energy expen-
diture, and aggravates obesity inmice fedwith high-fat diet (HFD). Conversely,
IL-1β neutralization or myeloid IL-1β abrogation prevents obesity caused by
AMPKα deficiency. Mechanistically, ATP generated from glutaminolysis sup-
presses AMPK to decrease phosphorylation of the β subunit of succinyl-CoA
synthetase (SUCLA2), thereby resulting in the activation of succinyl-CoA syn-
thetase and the overproduction of succinate and IL-1β; by contrast, siRNA-
mediated SUCLA2 knockdown reduces obesity induced byHFD inmice. Lastly,
phosphorylated SUCLA2 in ATM correlates negatively with obesity in humans.
Our results thus implicate a glutaminolysis/AMPK/SUCLA2/IL-1β axis of
inflammation and obesity regulation in ATM.

Obesity is a major risk factor for metabolic disease and is becoming a
global health threat. However, effective clinical therapy is limited1,2.
Obesity is regarded as a chronic inflammatory disease characterizedby
inflammatory infiltration in adipose tissue3. In the process of obesity,
adipose tissue creates a proinflammatorymicroenvironment to recruit
and activate macrophages for proinflammatory factor production,

resulting in the exacerbation of obesity and the occurrence of related
metabolic diseases4–7. Emerging evidence reveals that inflammatory
factors, such as chemokines and cytokines, play indispensable effects
on adipose tissue inflammation associated obesity3. However, the
effectiveness of improving obesity by regulating the production of
inflammatory factors in macrophages remains unclear.
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The emerging field of immunometabolism highlights the impor-
tance of cellular metabolism for the maintenance and activity of
macrophages, as it contributes to pathologies such as insulin resis-
tance, diabetes, and obesity8. Glutaminolysis provides a vital energy
substrate for maintaining optimal macrophage functionality in adi-
pose tissue and is closely linked with the tricarboxylic acid cycle (TCA
cycle), which includes the conversion of glutamine to α-ketoglutarate
by glutaminase and glutamate dehydrogenase9,10. Succinate is con-
verted from α-ketoglutarate by α-ketoglutarate dehydrogenase and
succinyl-CoA synthetase (SCS) in the TCA cycle and is crucial for
macrophage activation11–13. Succinate promotes the expression of
interleukin-1β (IL-1β) through stabilizing hypoxia-inducible factor-1α
(HIF-1α) in proinflammatory macrophages14. It has been reported that
the inhibition of glutaminolysis reduces proinflammatory cytokine
secretion in macrophages15. However, many questions remain unan-
swered regarding the associations among glutaminolysis, IL-1βderived
from succinate accumulation in adipose tissue, and obesity. The reg-
ulation of glutaminolysis, the origin of succinate, and whether the
inhibition of macrophage IL-1β production prevents obesity remains
elusive.

AMP-activated protein kinase (AMPK) is awidely expressed classic
serine/threonine protein kinase that maintains cellular energy home-
ostasis by regulating catabolism and anabolism16,17. It has been repor-
ted that the loss of AMPKβ1 in hematopoietic cells aggravates adipose
tissue inflammation and insulin resistance following a high-fat diet
(HFD)18. AMPK activity is decreased in proinflammatory
macrophages17. In contrast, AMPK activated by berberine, AICAR, or
metformin effectively mitigates inflammation in macrophages, pro-
viding further evidence that AMPK is essential for the proinflammatory
macrophages17,19,20. However, the underlying mechanism by which
AMPK activity is decreased under a proinflammatory state and how
AMPK modulates inflammation in macrophages remains elusive.

In our study, we clarify the immunometabolic reprogramming
effects of adipose tissue macrophages (ATM) on obesity. Glutamino-
lysis in ATM downregulates AMPK activity through adenosine tripho-
sphate (ATP) generation. This reduction leads to activating SCS via the
decrease in the phosphorylation of β subunit of SCS (SUCLA2) by
AMPK, thereby resulting in promoting the inflammatory ATM. Fur-
thermore, SUCLA2 knockdown via siRNA delivery into macrophages
effectively mitigates ATM-related obesity. Thus, our study determines
that SUCLA2, as an AMPK substrate, is essential for proinflammatory
ATM via immunometabolic reprogramming and may be a promising
therapeutic target for obesity treatment.

Results
Glutaminolysis couples IL-1β in macrophages and obesity
development
To explore the effects of glutaminolysis on the regulation of IL-1β in
macrophages, the [U-13C]-glutamine tracer was utilized. Under proin-
flammatory macrophage activation, we found that 95% of intracellular
glutamine originated from the extracellular environment, and direct
glutamine-derived contributions account for 75% of glutamate, 61% of
α-ketoglutarate, 70%of succinate, 62%of fumarate, 69%ofmalate, 42%
of citrate and 43% of cis-Aconitic acid, suggesting that glutaminolysis
was an essential metabolic pathway for macrophages activation
(Supplementary Fig. 1a, b). After glutaminolysis was inhibited through
glutamine deprivation, the expression of HIF-1α and IL-1βwas reduced
in proinflammatorymacrophages (Supplementary Fig. 1c). Meanwhile,
we found that no secreted IL-1β was detected upon the stimulation of
lipopolysaccharide (LPS), indicating that glutaminolysis affected the
production rather than the secretion of IL-1β (Supplementary Fig. 1d).
Consistent with these findings, glutaminolysis was inhibited by potent
inhibitors, such asGPNA (glutamine transporter inhibitor), CB-839 and
BPTES (glutaminase inhibitors), and R-162 (glutamate dehydrogenase
inhibitor) (Supplementary Fig. 1e), and a decrease in IL-1β expression

was also observed in proinflammatory macrophages, validating the
crucial role of glutaminolysis in regulating IL-1β (Supplementary
Fig. 1f-1i).

Glutaminolysis-derived succinate promoted IL-1β through HIF-1α
in proinflammatory macrophages, however, LPS-induced inflamma-
tory macrophage activation increased the levels of other mitochon-
drial metabolites such as fumarate and malate14, thus we wondered
about the effects of glutaminolysis derived TCA cycle metabolites on
the IL-1β expression. The [U-13C]-glutamine tracer found that glutami-
nolysis contributed to a significant accumulation of glutamine-linked
TCA cycle metabolites, such as M5-α-ketoglutarate, M4-succinate, and
M4-fumarate, in proinflammatory macrophages (Supplementary
Fig. 1j–m). There was a slight increase in the glutamine-derived M4-
malate, without an increase in glutamine-derived metabolites, such as
M4-citrate and M4-cis-aconitic acid (Supplementary Fig. 1n–p). The
inhibitory effect of α-ketoglutarate and fumarate on IL-1β, along with
the promoting effect of succinate on IL-1β, indicated that different
metabolites exerted diverse regulation on macrophage activation14,21.
We observed that succinate and its upstream metabolite α-ketogluta-
rate, but not its downstream metabolite fumarate, could abolish the
decreased expression of HIF-1α and IL-1β in proinflammatory macro-
phages when glutaminolysis was inhibited via glutamine deprivation,
suggesting that the metabolic flux from glutamine to succinate was
responsible for HIF-1α and IL-1β expression (Supplementary Fig. 1q–t).

Then, the associations between glutaminolysis and obesity were
examined using the collected subcutaneous white adipose tissue
(ScWAT) from human subjects categorized by bodymass index (BMI).
We investigated the levels of α-ketoglutarate, succinate, fumarate, and
glutamine in human adipose tissue (Supplementary Table 1), and
observed a significant increase in the ratio of α-ketoglutarate to glu-
tamine, succinate to glutamine, and fumarate to glutamine in adipose
tissue among overweight individuals (Fig. 1a, c, e). Additionally, the
succinate/glutamine ratio and fumarate/glutamine ratio in adipose
tissue were positively correlated with BMI (Fig. 1b, d, f). We also per-
formed a reanalysis of the glutamine-related proteins in the obese
cohort of the JacksonHeart Study (JHS, n = 1985) based on a previously
published study investigating protein-metabolite associations in
human plasma22, and Gene Ontology analysis revealed significant
enrichment in the inflammatory response and interleukin-1 response
among glutamine-related proteins (Fig. 1g, Supplementary Table 2).
Moreover, among these glutamine-related proteins, IL-1β was identi-
fied as a central protein in the protein-protein interaction analysis,
suggesting that glutamine may be involved in the pathogenesis of
obesity-related inflammation through IL-1β (Fig. 1h). Therefore, gluta-
minolysis coordinatedwith the expressionof IL-1β inmacrophages and
might be involved in the development of obesity.

AMPK is an adaptor that governs glutaminolysis and IL-1β in
macrophages
Although the importance of glutaminolysis for the expression of IL-1β
in macrophages was well established, the specific regulatory
mechanisms remain elusive. Glutaminolysis in macrophages leads to
the generation of two distinct byproducts involved in the regulation of
IL-1β: succinate accumulation and ATP production14,23 (Supplementary
Fig. 2a). To elucidate the regulatory mechanism of glutaminolysis on
IL-1β, we investigated the regulatory effects of energy on IL-1β
expression. We found that glutamine increased the energy demand,
as evidenced by the reduction in ATP levels induced by glutamine
deprivation in proinflammatory macrophages (Supplementary
Fig. 2b). AMPK functions as a sensor of cellular energy status and can
be activatedbyenergy deficiency16. In response to the decreaseof ATP,
an increase in AMPK activity, as indicated by increased phosphoryla-
tion at Thr172 of AMPKα, was observed in proinflammatory macro-
phages under glutamine deprivation accompanied by the reduction in
IL-1β (Supplementary Fig. 2c). These findings suggested that AMPK
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activity was regulated by ATP derived from glutaminolysis and might
be associated with IL-1β expression in proinflammatory macrophages.
We subsequently explored the regulatory effect of AMPK on IL-1β, and
decreased protein expression of HIF-1α and IL-1β was observed fol-
lowing treatment with the AMPK activator A-769662 (Supplementary
Fig. 2d). We also found that AMPK activation by A-769662 did not
affect HIF-1α gene expression, which suggested that AMPK regulated
HIF-1α through post-translational modification (Supplemen-
tary Fig. 2e).

Based on these findings, two processes were observed during
glutaminolysis: the inhibition of AMPKbyATP and the accumulation of
succinate from glutamine. Both of these processes could enhance the
expression of IL-1β. The previous research indicated that succinate is a
classical metabolite in stabilizing HIF-1α through post-translational
modification in proinflammatory macrophages14, and the observation
that AMPK regulated HIF-1α through post-translational modification

(Supplementary Fig. 2d, 2e), led us to speculate that alterations in
AMPK activity might affect succinate production. As anticipated,
treatment of proinflammatory macrophages with A-769662 led to a
reduction in cellular succinate content and the HIF-1α protein
expression, with no effect on the HIF-1α gene expression (Supple-
mentary Fig. 2f–h). Inversely, the knockdown of AMPK via siRNA
resulted in elevated cellular succinate content and HIF-1α protein
expression without change in gene expression of HIF-1α in proin-
flammatory macrophages (Supplementary Fig. 2i–k). These results
suggested that AMPK linked the succinate metabolism in proin-
flammatory macrophages.

To investigate whether AMPK regulates succinate derived from
glutamine, a [U-13C]-glutamine tracer was utilized through the manip-
ulation of AMPK by siRNA (Supplementary Fig. 2l). An increase in
[U-13C]-glutamine-derived M4-succinate, along with its downstream
metabolites M4-fumarate and M4-malate was observed in
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Fig. 1 | Glutaminolysis in adipose tissue correlates with obesity and IL-1β.
a–fMetabolite detection and correlation analysis of white adipose tissue of human
subjects. The ratio of α-ketoglutarate to glutamine (a), succinate to glutamine (c),
fumarate to glutamine (e) in subcutaneous white adipose tissue, and correlation
analysis between the ratio of α-ketoglutarate to glutamine (b), succinate to gluta-
mine (d), fumarate to glutamine (f) in subcutaneous white adipose tissue and BMI
value (n (BMI < 25) = 12 research objects, n (BMI > 25) = 10 research objects).
g Reanalysis of the proteins correlated with glutamine in the obese cohort of the
JacksonHeart Study from a published study22, a total of 58 proteins (screen criteria:
p value < 0.05 and p value adjusted for BMI > 0.05 in Table S4 of this study) were
identified as potential contributors to obesity development. Gene Ontology ana-
lysis revealed significant enrichment in the inflammatory response and Interleukin-

1 response among glutamine-correlated proteins. h Protein-protein Interaction
analysis of the networkof glutamine-related proteins in Fig. 1g throughSTRING, the
red globules represent proteins associated with the inflammatory response. Data
are presented as themean± SEM, and groups were compared by the unpaired two-
tailed Student’s t test (a, c, e). linear regression analysis to assess the relationship
between the variables, the significance of the regression models was evaluated
using F-tests, these tests were conducted as two-sided tests to determine whether
there were any significant differences or associations between the variables, a
limited numberof regression analyseswasperformed, and thus, no adjustments for
multiple comparisons were deemed necessary (b, d, f). P < 0.05 was considered to
be statistically significant.
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proinflammatory macrophages with AMPKα knocked down (Supple-
mentary Fig. 2m–p), suggesting that the altered AMPK activity
impacted glutaminolysis-derived succinate metabolism and conse-
quently affected HIF-1α and IL-1β expression.

To further investigate the modulatory effect of AMPK on IL-1β in
macrophages, a mouse model with AMPK deficiency in myeloid cells
was established (Supplementary Fig. 3a, 3b), and bone marrow-derived
macrophages (BMDMs) with AMPK deficiency were obtained (Supple-
mentary Fig. 3c). RNA-sequencing was used to analyze the regulation of
gene expression by AMPK in AMPKαfl/fl and LysM-Cre, AMPKαfl/fl BMDMs
in the presence or absence of LPS stimulation (Supplementary Fig. 4a).
Gene expression was analyzed in AMPKαfl/fl BMDMs following stimula-
tion with LPS to investigate the response to inflammatory stimulation.
Gene Ontology analysis revealed that these upregulated genes were
significantly enriched in biological processes related to the inflamma-
tory response (Supplementary Fig. 4b, 4c), and GSEA also revealed sig-
nificant upregulation of pathways associated with the inflammatory
response, hypoxia and IL-1 after LPS stimulation (Supplementary
Fig. 4d–f). These findings were consistent with the finding that obesity
promoted proinflammatory activation of macrophage in adipose
tissue24. Next, the changes in the gene expression by AMPK were ana-
lyzed in AMPKαfl/fl BMDMs and LysM-Cre, AMPKαfl/fl BMDMs following
LPS treatment. A volcano plot was generated, which showed that AMPK
deficiency significantly downregulated the gene expression of AMPKα1
and upregulated the gene expression of IL-1β (Supplementary Fig. 5a).
Moreover, the differentially expressed genes were subjected to Gene
Ontology analysis, which revealed that AMPK deficiency significantly
altered the expression of genes associated with the inflammatory
response in the presence of LPS (Supplementary Fig. 5b). Analysis of the
interaction networks between inflammatory response-related genes via
STRING revealed that AMPK deficiency significantly impacted the
expression of genes associated with interleukin-1 (IL-1) and chemokine
activity, and IL-1β was identified as a central player among these altered
genes, highlighting the crucial role of IL-1β in the AMPK-regulated
inflammatory response in macrophages (Supplementary Fig. 5c). Fur-
thermore, GSEA also revealed significant upregulation of inflammation-
related, hypoxia-related, and interleukin-1-related enrichment in LysM-
Cre, AMPKαfl/fl BMDMs (Supplementary Fig. 5d–g). Notably, significantly
elevated protein expression of HIF-1α was observed in LysM-Cre,
AMPKαfl/fl BMDMs, however, there was no discernible difference in the
gene expression of HIF-1α (Supplementary Fig. 5h, 5i), which is con-
sistent with the upregulation of HIF-1α by succinate-derived post-
translational modification14,25. We also detected that AMPK deficiency
upregulated the expression of IL-1β through glutaminolysis and HIF-1α,
as evidenced by the glutaminase inhibitors (BPTES and CB-839) and the
HIF-1α inhibitor (BAY 87-2243) (Supplementary Fig. 5j–l). Taken toge-
ther, these results indicated that AMPK served as a pivotal adaptor in
regulating glutaminolysis and IL-1β of proinflammatory macrophages.

Myeloid AMPK deficiency exacerbates HFD-induced obesity
Next, we investigated whether macrophage AMPK affects obesity
development. We found that the ScWAT of mice fed an HFD exhibited
a characteristic crown-like structure in which macrophages accumu-
late and form a distinct architecture for efficient clearance of dead
adipocytes and cellular debris26 (Supplementary Fig. 6a). These chan-
ges were accompanied by decreased AMPKα phosphorylation at
Thr172 and increased IL-1β expression in macrophages (Supplemen-
tary Fig. 6a), indicating that the association between macrophage
AMPK and IL-1β was involved in obesity in vivo.

We utilized AMPKαfl/fl mice and LysM-Cre, AMPKαfl/fl mice, in which
AMPK knockdown occurred solely in F4/80+ Stromal Vascular Fraction
(SVF) cells rather than F4/80- SVF cells andmature adipocytes in adipose
tissue (Supplementary Fig. 7a–j), to elucidate our hypothesis.

First, phenotypic differences in these mice fed with chow diet
were investigated (Supplementary Fig. 8a). We found that AMPK

deficiency in myeloid cells did not affect obesity-related metabolic
characteristics, as there were no significant differences in body weight
gain (Supplementary Fig. 8b, c), body fat and lean mass (Supplemen-
tary Fig. 8d), weight of metabolic organs (Supplementary Fig. 8e–h) or
insulin sensitivity (Supplementary Fig. 8i) between AMPKαfl/fl and
LysM-Cre, AMPKαfl/fl mice. Moreover, we also conducted a compara-
tive analysis of gene expression between AMPKαfl/fl and LysM-Cre,
AMPKαfl/fl BMDMs without LPS stimulation, indicating that AMPK
deficiency did not influence the expression of genes associated with
inflammation (Supplementary Fig. 8j, k), which might partially explain
the mechanism that myeloid AMPK deficiency exhibited no effect on
whole-body metabolism in response to a chow diet.

Next, we investigated inmice fed with HFD (Fig. 2a). We observed
that themonocyte-macrophage population primarily responds toHFD
rather than a standard chow diet in LysM-Cre, AMPKαfl/fl mice through
flow cytometry (Supplementary Fig. 9a–h), indicating that macro-
phage AMPK has an essential effect on HFD-induced obesity. AMPK
deficiency in myeloid cells exacerbated the development of obesity,
evidenced by the increase in body weight (Fig. 2b, c), body fat mass
(Fig. 2d), the weight of metabolic organs, such as the liver, brown
adipose tissue (BAT) and ScWAT but not epididymal white adipose
tissue (EpWAT) (Fig. 2e–h, Supplementary Fig. 10a, 10b), and increased
infiltration of lipids, as indicated by increased vacuolation area in the
liver and enlarged adipocyte size in BAT and ScWAT stained with
Hematoxylin and Eosin (H&E) staining (Fig. 2i) in LysM-Cre, AMPKαfl/fl

mice compared with AMPKαfl/fl mice. Additionally, the expression of
genes related to adipocyte differentiation was reduced in the EpWAT
of LysM-Cre, AMPKαfl/fl mice compared with AMPKαfl/fl mice, indicating
that AMPK deficiency in myeloid cells leads to inhibited EpWAT
hyperplasia (Supplementary Fig. 10c). Moreover, when subjected to
the insulin tolerance test, LysM-Cre, AMPKαfl/fl mice exhibited a
diminished insulin response, resulting in increased blood glucose
levels compared with AMPKαfl/fl mice (Fig. 2j), suggesting that AMPK
deficiency in myeloid cells exacerbates insulin resistance. We also
investigated the energy metabolism of the mice at room temperature
and revealed that LysM-Cre, AMPKαfl/fl mice exhibited decreased
energy expenditure comparedwith AMPKαfl/flmice through regression
analysis of CalR27 (Fig. 2k–m). Additionally, impaired thermogenesis
was observed in LysM-Cre, AMPKαfl/fl mice compared with AMPKαfl/fl

mice, as evidenced by a decreased rectal temperature during cold
exposure (Fig. 2n). Moreover, a reduction in UCP-1 expression was
observed in BAT both at room temperature and during cold exposure
(Fig. 2o, Supplementary Fig. 10d), and this changewas accompaniedby
decreased lipid mobilization, as indicated by an increase in the adi-
pocyte size of ScWAT following cold exposure in LysM-Cre, AMPKαfl/fl

mice compared with AMPKαfl/fl mice (Fig. 2p, Supplementary Fig. 10e).
ATM-derived inflammation causes the development of insulin

resistance and diabetes28; therefore, we also assessed the inflammatory
status in adipose tissue. Consistent with the in vitro findings that mac-
rophages with AMPKdeficiency exhibited increased expression of genes
associated with inflammation and chemotaxis (Supplementary Fig. 5b),
the white adipose tissue (WAT) of LysM-Cre, AMPKαfl/fl mice exhibited
elevated expression of proinflammatory and chemotaxis-related genes
compared with AMPKαfl/fl mice (Fig. 2q, Supplementary Fig. 10f). This
was accompanied by increased infiltration ofmacrophages intoWAT, as
indicated by the increased gene expression of macrophage marker
genes, such as F4/80 (Fig. 2q), and the increased protein expression of
F4/80 in adipose tissue of LysM-Cre, AMPKαfl/fl mice compared with
AMPKαfl/fl mice (Fig. 2r). Thus, AMPK deficiency in myeloid cells exa-
cerbated the development of obesity and metabolic disorders.

IL-1β neutralizing prevents HFD-induced obesity caused by
myeloid AMPK deficiency
To investigate whether macrophage AMPK regulates obesity through
IL-1β, we employed IL-1β neutralizing antibody in AMPKαfl/fl and LysM-
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Cre, AMPKαfl/fl mice to assess the progression of obesity (Fig. 3a). First,
the blocking efficiency of the neutralizing antibody was assessed by
immunofluorescence staining, which revealed a reduction in the IL-1β
expression in adipose tissueof bothAMPKαfl/fl andLysM-Cre, AMPKαfl/fl

mice (Fig. 3b). Subsequently, an analysis of obesity-related phenotypes
was conducted. An increase in body weight, which was promoted by

myeloid AMPK deficiency from LysM-Cre, AMPKαfl/fl mice after HFD
feeding, was significantly inhibited by the IL-1β neutralizing antibody
(Fig. 3c). Fat mass was reduced, lean mass was increased (Fig. 3d), the
weight of metabolic organs was reduced (Fig. 3e–g), the vacuolation
area in the liver was reduced, the adipocyte size in BAT and ScAWAT
was decreased (Fig. 3h) and the insulin sensitivity was increased
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(Fig. 3i) in LysM-Cre, AMPKαfl/fl mice following IL-1β neutralizing anti-
body treatment compared with LysM-Cre, AMPKαfl/fl mice not receiv-
ing the IL-1β neutralizing antibody. Moreover, enhanced
thermogenesis was also observed, as evidencedby an increase in rectal
temperature following cold exposure (Fig. 3j, k) and elevated protein
expression of UCP-1 in BAT (Fig. 3l), after treatment with an IL-1β
neutralizing antibody in the LysM-Cre, AMPKαfl/fl mice compared with
LysM-Cre, AMPKαfl/fl mice without an IL-1β neutralizing antibody.
These findings indicated that the functionality of adipose tissue
improved after IL-1β blockade. Also, a reduction in inflammation was
demonstrated by the downregulation of proinflammatory genes, such
as Il1b, Tnfa, and Ccl2 (Fig. 3m), as well as decreased macrophage
infiltration in adipose tissue due to the decreased expression of the
macrophage marker F4/80 at both the gene (Fig. 3m) and protein
levels in the adipose tissue (Fig. 3n) of LysM-Cre, AMPKαfl/fl mice fol-
lowing treatment with the IL-1β neutralizing antibody. Taken together,
these findings suggested that the blockade of IL-1β through neu-
tralizing antibodies was sufficient to mitigate the exacerbation of
obesity caused by myeloid AMPK deficiency.

MacrophageAMPKregulates obesity in IL-1βdependentmanner
IL-1β is secreted from several secretory cells, such as macrophages,
dendritic cells, and adipocytes29,30, and wewondered whether the anti-
obesity effects of macrophage AMPK resulted frommacrophage IL-1β.
We generated the mice deficient in IL-1β (LysM-Cre, IL-1βfl/fl) and the
mice deficient in both IL-1β and AMPK (LysM-Cre, IL-1βfl/fl, AMPKαfl/fl)
specifically in myeloid cells (Supplementary Fig. 11a). After verifying
the knockout efficiency in BMDMs (Supplementary Fig. 11b), we
examined the progression of obesity in response to HFD (Supple-
mentary Fig. 11c). Our results indicated that there was no significant
difference in obesity-related phenotypes between LysM-Cre, IL-1βfl/fl

mice and LysM-Cre, IL-1βfl/fl, AMPKαfl/fl mice, including body weight
(Fig. 4a–c), fat and lean mass (Fig. 4d), metabolic organ weight
(Fig. 4e–h), hepatic vacuolation area, adipocyte size in brown BAT and
ScAWAT (Fig. 4i), insulin sensitivity (Fig. 4j), rectal temperature fol-
lowing cold exposure as an indicatorof thermogenesis (Fig. 4k, l), UCP-
1 protein expression in BAT (Fig. 4m), proinflammatory gene expres-
sion of Il1b, Il6, Tnfa, Nos2, and Ccl2 (Fig. 4n–r), and macrophage
content in adipose tissue (Fig. 4s, t), and these obesity-related phe-
notypes can be exacerbated by myeloid AMPK knockout in IL-1β nor-
mal mice (LysM-Cre, AMPKαfl/fl mice compared with AMPKαfl/fl mice
and IL-1βfl/fl mice) (Fig. 4a–t). Furthermore, compared with AMPKαfl/fl

and IL-1βfl/fl mice, myeloid IL-1β knockout (LysM-Cre, IL-1βfl/fl mice and
LysM-Cre, IL-1βfl/fl, AMPKαfl/fl mice) exhibited an anti-obesity effect,
suggesting that IL-1β plays a crucial role in obesity development and
that its regulation is a key mechanism for controlling obesity. Collec-
tively, these findings indicated that macrophage AMPK regulated
obesity development in a macrophage IL-1β-dependent manner.

Macrophage IL-1β is affected by AMPK phosphorylated SUCLA2
The knockdown of AMPK in macrophages enhanced glutaminolysis in
mitochondria, as evidenced by increased levels of succinate, fumarate,
and malate but not α-ketoglutarate derived from glutamine through

the use of [U-13C]-glutamine tracer (Supplementary Fig. 2m–p). These
findings suggested that AMPK may influence the conversion of α-
ketoglutarate to succinate. The conversion of α-ketoglutarate to suc-
cinate involves two steps. The initial step entails the catalysis of α-
ketoglutarate dehydrogenase, which converts α-ketoglutarate to suc-
cinyl-CoA; subsequently, SCS catalyzes the transformation of succinyl-
CoA to succinate23. Through a yeast two-hybrid experiment utilizing
AMPKβ1 as the bait protein, potential substrates of AMPK were iden-
tified by our previous research31,32. SUCLA2, which is the β subunit of
the SCS thatdirectlymediates the formation of succinate,was found to
interact with AMPK, suggesting that AMPK might regulate
glutaminolysis-dependent IL-1β expression through SUCLA2 (Fig. 5a).
Through mitochondrial separation, we found that AMPKα levels were
comparable in the cytoplasm and mitochondria, while SUCLA2 was
more highly expressed in the mitochondria of macrophages (Supple-
mentary Fig. 12a, b). Although SUCLA2 was identified as a potential
substrate of AMPK through a yeast two-hybrid experiment in which
AMPKβ1 was used as the bait protein, we found that SUCLA2 also
interacted with AMPKα1 and AMPKα2 in addition to AMPKβ1 and
AMPKβ2 in 293 T cells by exogenously overexpressing both the AMPK
subunits and SUCLA2 (Supplementary Fig. 12c–f). Moreover, the
endogenous interaction between AMPKα and SUCLA2 was also
investigated in macrophages, and AMPKα was shown to interact with
SUCLA2 (Fig. 5b) but not with another β subunit of SCS, SUCLG2
(Fig. 5c). SUCLA2 knockdown through siRNA significantly attenuated
the expression of HIF-1α and IL-1β in macrophages in the presence of
LPS (Fig. 5d), and SUCLA2 knockdown inhibited the upregulation of
HIF-1α and IL-1β in macrophages with AMPK deficiency, indicating that
AMPK regulated IL-1β through a SUCLA2-dependent mechan-
ism (Fig. 5e).

We subsequently examined how AMPK regulates SUCLA2. There
were no significant changes in the protein expression of α subunit of
SCS (SUCLG1) or SUCLA2 after AMPKα knockdown (Fig. 5f). However,
the increased enzymatic activity of SUCLA2 (from succinyl-CoA to
succinate) was observed in proinflammatory macrophages (Fig. 5g),
suggesting that AMPK might regulate SUCLA2 activity through post-
translational modification directly. As expected, phosphorylated
SUCLA2 was detected when the AMPKα1/β1/γ1 complex activated by
CAMKKβ and the SUCLG1/SUCLA2 complex were mixed in vitro
(Fig. 5h), suggesting that AMPK can phosphorylate SUCLA2 directly.
Subsequent mass spectrometry analysis via in vitro kinase assay
combined with bioinformatic phosphorylation site prediction via the
HPRD database and GPS5.0 software revealed that AMPK is capable of
phosphorylating SUCLA2 at the highly conserved residue Ser60 that
exists across various species (Fig. 5i, j, Supplementary Fig. 12g–i).
Moreover, this phosphorylation of SUCLA2 at Ser60 by AMPK was
completely abolished when the S60A mutation was introduced into
SUCLA2, providing further evidence that AMPK phosphorylates
SUCLA2 at Ser60 (Fig. 5k). Except for the in vitro observation, we also
observed a consistent increase in the phosphorylation levels of AMPKα
at Thr172 and SUCLA2 at Ser60 following treatment with A-769662 in
macrophages, suggestingAMPKmediatedphosphorylationof SUCLA2
at Ser60 existed in macrophages (Fig. 5l). To further validate the

Fig. 2 | AMPKα deficiency in myeloid cells aggravates HFD-induced obesity.
a Schematic diagram of mice feeding and this image was created in BioRender.
Zang, Y. (2025) https://BioRender.com/e16k510b–rMale AMPKαfl/flmice and LysM-
Cre, AMPKαfl/fl mice with C57BL/6 background at the age of 6 weeks were fed HFD
to explore the obesity and related phenotype. Body weight gain (b, n = 12 mice),
representative mice image (c), relative fat and lean mass (d, n = 12 mice), the
representative images of liver, BAT and ScWAT (e), the organ weight of liver
(f, n = 12mice), BAT (g, n = 12mice) and ScWAT (h, n = 12mice), representative H&E
staining of the liver, BAT and ScWAT (i), insulin tolerance test (j, n = 11 mice in
AMPKαfl/fl group and n = 12 mice in LysM-Cre, AMPKαfl/fl group), regression-based
analysis of absolute metabolic rate against body mass of metabolic cage for light

time (k, n = 6 mice), dark time (l, n = 6 mice) and a total day (m, n = 6 mice), the
rectal temperature in cold exposure at 4 °C for different times (n, n = 9 mice),
immunohistochemical staining of UCP-1 of BAT (o) and ScWAT (p) at room tem-
perature (22 °C) and cold exposure (10 °C for 48 h), the proinflammatory genes of
ScWAT (q, Ilb, Il6, Nos2 and Ccl2: n = 12 mice, Tnfa: n = 12 mice in AMPKαfl/fl group
and n = 11 mice in LysM-Cre, AMPKαfl/fl group, F4/80: n = 10 mice) and immuno-
histochemical staining of F4/80 in BAT and ScWAT (r). Data are presented as the
mean ± SEM, groups were compared by the unpaired two-tailed Student’s t test
(d, f, g, h, j, n, q) or two-way ANOVA followed by Fisher’s LSD test (b). P < 0.05 was
considered to be statistically significant.
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specific phosphorylation of SUCLA2 byAMPKonly at Ser60, an in vitro
kinase assay was conducted to investigate the overall phosphorylation
of SUCLA2 after incubation with AMPK. The results demonstrated that
the S60A mutation abolished the overall phosphorylation of SUCLA2
by AMPK, thereby ruling out the possibility of multiple sites phos-
phorylated by AMPK (Fig. 5m).

To investigate the potential role of AMPK in regulating IL-1β
through the phosphorylation of SUCLA2 at Ser60, the S60A and S60D
mutations were introduced into SUCLA2 as phosphorylation blockade
mutation and phosphomimetic mutation, respectively. We observed
that active AMPK suppressed the activity of WT-SUCLA2 (Fig. 5n), but
not the S60A-SUCLA2 (Fig. 5o) in the purified protein, indicating that
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the regulation of SUCLA2 activity by AMPK is dependent on Ser60 of
SUCLA2.We also found that the S60Dmutation in the purified protein,
as anticipated, significantly attenuated the enzymatic activity of
SUCLA2, thereby implying that phosphorylation at position Ser60 of
SUCLA2 could directly regulate the levels of succinate (Fig. 5p). There
was no difference in enzymatic activity between purified WT-SUCLA2
and S60A-SUCLA2 (Fig. 5p), which might result from the low phos-
phorylation of purified WT-SUCLA2 at Ser60 without AMPK incuba-
tion (Fig. 5k).

We further investigated the role of Ser60 of SUCLA2 in regulating
IL-1β in proinflammatory macrophages. Compared to WT-SUCLA2
overexpressed macrophages, S60A-SUCLA2 overexpression exhibited
increased expression of IL-1β, while S60D-SUCLA2 overexpression had
the opposite effect under replete glutamine conditions (Fig. 5q).
However, the regulation of Ser60 of SUCLA2 on IL-1β was abolished
under conditions of glutamine deprivation, suggesting that the reg-
ulation of IL-1β by Ser60 of SUCLA2 was dependent on glutamine
(Fig. 5r). Finally, we also observed that compared with WT-SUCLA2
overexpressed macrophages, the overexpression of S60A-SUCLA2
impaired the inhibitory effect of AMPK activation on IL-1β (Fig. 5s),
while the overexpression of S60D-SUCLA2 impaired the stimulatory
effect of LPS on IL-1β (Fig. 5t). Altogether, the phosphorylation at
Ser60 of SUCLA2 exhibited a crucial role in regulating IL-1β in proin-
flammatory macrophages, and the regulation of IL-1β by AMPK was
dependent on the phosphorylation of SUCLA2 at Ser60.

Knockdown macrophage SUCLA2 combats HFD-induced
obesity
We subsequently investigated the translational significance of our
findings that the AMPK-SUCLA2 axis orchestrates inflammation to
drive the pathogenesis of obesity. We found that proinflammatory
macrophages exhibited a decreased phosphorylation at Ser60 in
SUCLA2 (Fig. 6a) and increased enzymatic activity of SUCLA2 (Fig. 6b),
similar to the findings that obeseWAThas reduced phosphorylation of
SUCLA2 at Ser60 in macrophages (Fig. 6c), indicating a close asso-
ciation between macrophage SUCLA2 activity and obesity.

Then, we constructed a mouse model of macrophage SUCLA2
deficiency. A biocompatible cationic amphipathic peptide (p5RHH)
that could form a 55-nmnanoparticle with siRNA and be phagocytosed
by macrophages within inflammatory organs such as inflamed joints
and WAT33–36 was used to deliver siRNA (Fig. 6d). p5RHH-coated
SUCLA2 siRNA was utilized to achieve a significant reduction in the
gene expression of SUCLA2 in macrophages, thereby confirming the
efficient transfection and successful gene knockdown in macrophages
using p5RHH-siRNA (Fig. 6e). Meanwhile, we detected that the
knockdown of SUCLA2 mediated by p5RHH was limited in F4/80+ SVF
cells compared to mature adipocytes and F4/80- SVF cells in HFD-
induced mice (Supplementary Fig. 13a–d). Additionally, the p5RHH-
mediated knockdown of SUCLA2 also resulted in a reduction in IL-1β
expression in F4/80+ SVF cells (Supplementary Fig. 13e), indicating that
targeting macrophage SUCLA2 could be a potential therapeutic
approach for inflammation-related diseases.

To investigate the impact of p5RHH-coated SUCLA2 siRNA on
obesity, mice fed an HFD for two weeks were administered p5RHH
which coats control or SUCLA2 siRNA (Fig. 6f), following a previously

published study35. Comparedwith those in the control group, themice
injected with the p5RHH-SUCLA2 siRNA complex exhibited a reduc-
tion in bodyweight gain induced byHFD (Fig. 6g, h), accompaniedby a
decrease in fat mass (Fig. 6i) and metabolic organ weight (Fig. 6j, k).
Moreover, we also observed improvements in insulin sensitivity using
the insulin resistance test (Fig. 6l), an enhanced capacity for thermo-
genesis opon exposed to cold (Fig. 6m), and decreased inflammation
in WAT (Fig. 6n, o) in the p5RHH-SUCLA2 siRNA-treated mice com-
pared with the control mice. Thus, our data suggested that interven-
tion with SUCLA2 in macrophages could ameliorate obesity.

The AMPK-SUCLA2 pathway is involved in obese human ATM
Also, we explored the AMPK-SUCLA2-IL-1β pathway in macrophages
from human adipose tissue. In line with the inhibitory effect of obesity
on AMPK activity in mouse macrophages (Supplementary Fig. 6a), we
observed downregulated phosphorylation of AMPKα at Thr172 in
macrophages from adipose tissue samples of obese individuals com-
paredwith thoseof lean individuals, indicating thatmacrophageAMPK
was influenced by obesity in humans (Fig. 7a). Moreover, we observed
decreased phosphorylation of SUCLA2 at Ser60 and increased
expression of IL-1β in macrophages from adipose tissue samples of
obese individuals compared with those from lean individuals, sug-
gesting that SUCLA2-mediated IL-1β signaling may be involved in the
pathogenesis of obesity in humans (Fig. 7a). Based on these findings,
AMPK-SUCLA2-IL-1β-mediated inflammation in human adipose tissue
might contribute to thepathogenesis of obesity, and targeting this axis
may be a promising treatment for obesity-related disorders.

Discussion
Emerging evidence shows that immune cells in adipose tissue integrate
metabolic and immunological functions and constitute a pivotal
pathogenic link between obesity and its metabolic sequelae37. Macro-
phages are a class of innate immune cells that are found in adipose
tissue, and they are implicated in angiogenesis, the proliferation and
differentiation of adipocyte precursors, and the secretion of inflam-
matory cytokines in the obesity process38–40. However, whether the
intervention of ATM ameliorates obesity remains undetermined. Our
study indicates that inhibiting the proinflammatory activation of ATM
prevents obesity through decreased IL-1β production from macro-
phages and the promotion of energy expenditure by increasing the
thermogenic capacity of both WAT and BAT. Our research provides
experimental evidence that targetingATMcan alleviate obesity. IL-1β is
the product of several cell types, such asmacrophages, dendritic cells,
and adipocytes29,30. Therefore, we use mice with myeloid IL-1β defi-
ciency to examine the effects of these agents on obesity. Like obese
mice treated with an IL-1β neutralizing antibody, mice withmyeloid IL-
1β deficiency can resist HFD-induced obesity. IL-1β also recruits
immune cells and promotes inflammatory cytokine secretion in adi-
pose tissue. However, the effects of other immune cells recruited by IL-
1β or other inflammatory cytokines on adipose tissue inflammation
need further investigation.

For decades, immunometabolism has been the focus of research
on different macrophage subtypes and functions8. Importantly,
immunometabolic pathways not only provide energy, such as ATP but
also signalingmolecules, such as succinate, to regulate the phenotypes

Fig. 3 | IL-1β neutralizing antibody alleviates the aggravated obesity by AMPK
deficiency in myeloid cells. a Schematic diagram of mice feeding and this image
was created in BioRender. Zang, Y. (2025) https://BioRender.com/e16k510. b–n
Male AMPKαfl/flmice and LysM-Cre, AMPKαfl/flmicewith C57BL/6background at the
age of 6 weeks were fed HFD with or without IL-1β neutralizing antibody (1mg/kg,
twice one week) to explore the obesity development. Immunofluorescent staining
of IL-1β in BAT and ScWAT (b), bodyweight gain (c, n = 5mice), relative fat and lean
mass (d, n = 5 mice), the weight of Liver (e, n = 5 mice), BAT (f, n = 5 mice), and
ScWAT (g, n = 5mice), representative H&E staining of the liver, BAT and ScWAT (h),

insulin tolerance test (i, n = 5mice), the rectal temperature in cold exposure at 4 °C
for different times (j, k, n = 5mice), immunohistochemical staining of UCP-1 in BAT
(l), the proinflammatory genes of ScWAT (m, Il1b, Tnfa, Nos2, Ccl2 and F4/80: n = 5
mice in each group, Il6: n = 4 mice in LysM-Cre, AMPKαfl/fl + IL-1β mAb group and
n = 5 mice in other group), and the immunohistochemical staining of F4/80 in BAT
and ScWAT (n). Data are presented as the mean ± SEM, groups were compared by
two-way ANOVA followed by Fisher’s LSD test (c–g, i–k, m). P < 0.05 was con-
sidered to be statistically significant.
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and functions of macrophages41. In individuals with obesity, the
proinflammatory profile of inflammatory macrophages in adipose
tissue plays a pivotal role in the development of adipose inflammation
and the aggravation of obesity4. Altered amino acid metabolism, such
as the process of converting arginine into nitric oxide, is one of thefirst
characteristics employed to define macrophage subsets42.

Additionally, glutaminolysis is reported to regulate innate immunity
via fumarate accumulation-derived epigenetic modifications43. Con-
sistent with these findings, our findings indicate that glutaminolysis is
an extremely important metabolic pathway for the regulation of ATM.
In obese humans, we find an increase in the ratio of succinate to glu-
tamine in adipose tissue, suggesting that glutaminolysis is induced in
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Fig. 4 | Myeloid IL-1β deficiency alleviates the aggravated obesity by myeloid
AMPK deficiency. a–t Male LysM-Cre, IL-1βfl/fl mice, LysM-Cre, IL-1βfl/fl, AMPKαfl/fl

mice, AMPKαfl/fl mice, IL-1βfl/fl mice, and LysM-Cre, AMPKαfl/fl mice with C57BL/6
background at the age of 8 weeks were fed HFD to explore the obesity and related
phenotype. Body weight change (a, n = 8 mice), body weight gain (b, n = 8 mice),
representative mice image (c), relative fat and lean mass (d, n = 8 mice), the
representative image of liver, BAT and ScWAT (e), the metabolic organ weight of
liver (f, n = 8 mice), BAT (g, n = 8 mice) and ScWAT (h, n = 8 mice), representative

H&E staining of liver, BAT and ScWAT (i), insulin tolerance test (j, n = 8 mice), the
rectal temperature in cold exposure at 4 °C for different times (k, l, n = 8 mice),
immunohistochemical staining of UCP-1 in BAT (m), the proinflammatory genes of
ScWAT (n–s, n = 8 mice) and immunohistochemical staining of F4/80 in BAT and
ScWAT (t). Data are presented as the mean ± SEM, groups were compared by one-
way ANOVA followed by Fisher’s LSD test (b, d, f–h, right of j, l, n–s) or two-way
ANOVA followed by Fisher’s LSD test (a). P < 0.05 was considered to be statistically
significant.
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the adipose tissue of obese humans. Furthermore, glutaminolysis
provides ATP energy to inhibit AMPK activity, promoting SCS activity
and serving as a metabolic substrate for succinate accumulation. This
leads to the proinflammatory activation of ATM, which further
demonstrates that the dual functions of energy application and sig-
naling molecule production in amino acid metabolism are involved in
the regulation of macrophages.

AMPK is a ubiquitously expressed serine/threonine protein kinase
that exerts its regulatory effect on cellular metabolism by phosphor-
ylating multiple substrates16. However, studies on the role of AMPK in
immunometabolism are rare. Previous research shows that AMPK
regulates macrophage functions through the inhibition of the NF-κB
pathway by upregulating the expression of SIRT1 and CREB or upre-
gulating the expression of STAT6 and PPARγ44. Our study demon-
strates that AMPK inhibits proinflammatory macrophages through
decreased SCS activity via the phosphorylation of SUCLA2, thereby
resulting in reduced succinate accumulation and IL-1β production.
SUCLA2 is a rate-limiting enzyme in the TCA cycle, but AMPK is dis-
tributed primarily in the cytoplasm and nucleus45. It has been reported
that the presence of AMPK in the mitochondrial matrix, where it
phosphorylates mitochondrial proteins in 293 T cells, implies that
AMPK can directly regulate mitochondrial metabolism by targeting
key metabolic enzymes within the mitochondria46. We also observe
abundant expression of AMPK in the mitochondria compared to the
cytoplasm inmacrophages, and SUCLA2, a novel substrate, served as a
bridge between AMPK and immunometabolism. In our study, we
observe the inhibition of AMPK activity via ATP from glutaminolysis.
Glycolysis and fatty acid metabolism are also affected by AMPK
activity, which regulates the proinflammatory macrophages18,47–49. In
our research, we examine the association between macrophage func-
tion and both AMPK and glutamine-derived succinate production.
Additionally, the effects of glycolysis and fatty acid metabolism regu-
lated by AMPK on macrophages need to be further examined.

SUCLA2 functions as the β subunit of the SCS which is a hetero-
dimer composed of two subunits: the α subunit, encoded by SUCLG1,
and the β subunit, encoded by either SUCLG2 or SUCLA2. SCS cata-
lyzes the conversion of succinyl-CoA to succinate within the TCA
cycle50. The tissue-specific gene expression patterns of SUCLA2 and
SUCLG2 exhibit differences. The heart and brain display a greater
abundance of ATP-specific SUCLA2, whereas the kidney and liver
predominantly express GTP-specific SUCLG251. Compared to patients
without disease-causingmutations in SUCLG2, patientswithmutations
in SUCLA2 typically exhibit progressively developing

encephalomyopathy characterized by sensorineural deafness, dysto-
nia, and hypotonia52. Some SUCLA2 mutations cause a less complete
disease course due to impairment of the enzymatic function of
SUCLA2, indicating that alterations in the enzymatic activity of
SUCLA2might impact cellular function53. Our research reveals that the
SUCLA2 phosphorylation site at Ser60 affects SCS activity. Addition-
ally, a decrease in SUCLA2 phosphorylated at Ser60 is detected in the
ATM of obese humans, suggesting that SUCLA2 may be a hallmark of
adipose tissue inflammation caused by obesity. Once SUCLA2 is
depleted in macrophages, inflammation and obesity are blocked,
suggesting that macrophage SUCLA2 may be a potential target for
obesity therapy.

In summary, our findings demonstrate that AMPK acts as a
metabolic sensor of glutaminolysis to regulate succinate accumulation
and IL-1β production in proinflammatory macrophages through the
phosphorylation of SUCLA2 (Fig. 7b). The involvement ofmacrophage
AMPK in the development of obesity occurs in an IL-1β-dependent
manner, and suppression of macrophage SUCLA2 impedes obesity
progression. Therefore, targeting macrophage SUCLA2 might be a
promising strategy for treating obesity.

Methods
Human tissue sample collection and metabolite detection
The ScWAT from human subjects was investigated in this study. The
studies on human adipose tissue were approved by the Medical Ethics
Committee of Shanghai YangpuDistrict CentralHospital (Approval no.
LL-2022-SCI-008). Only the subjects who provided informed written
consent were included in the study, and all subjects underwent med-
ical history inquiries before hospitalization. Human adipose tissue
samples were collected from the preperitoneal fat layer of patients
who underwent surgery with appendicitis, gallstone, sebaceous cyst,
or lipomyoma at Shanghai Yangpu Hospital during 2022–2024, and
gender was not considered in this study because of the limited sample
number. All the samples were dissected and immediately frozen in
liquid nitrogen for metabolite detection.

Sample preparation was performed based on the previous report
with minor modification54. Briefly, adipose tissue was homogenized
andderivatizedwith 200mM3-NPH in 75%methanol and 100mMEDC
in 75% methanol containing 1.5% pyridine at 30 °C for 60min. After
derivatization, 50%methanol solutionwas added. After centrifugation,
the supernatants were injected into the LC-MS system for analysis. The
Acquity UPLC I-Class system (Waters, Milford, MA, USA) was coupled
with a quadrupole-time of flight mass spectrometer (Waters, Milford,

Fig. 5 | Macrophage AMPK regulates IL-1β by phosphorylating SUCLA2.
a Schematic representation of the potential substrate of AMPK in succinate for-
mation, and this image was created in BioRender. Zang, Y. (2025) https://
BioRender.com/e16k510. Co-immunoprecipitation analysis of the interaction of
AMPKα with SUCLA2 (b) or SUCLG2 (c) in RAW 264.7 cells. d Immunoblot analysis
of indicated proteins in BMDMs that are transfected with siRNA for 30h followed
by stimulation with 100 ng/mL LPS for an additional 12 h. e Immunoblot analysis of
indicated proteins in AMPKαfl/fl BMDMs (Flox) and LysM-Cre, AMPKαfl/fl BMDMs
(MKO) that are transfectedwith siRNA for 18 h followedby stimulationwith 100 ng/
mL LPS for an additional 12 h. f Immunoblot analysis of the expression of SUCLG1
and SUCLA2 after AMPKαwas knocked down by siRNA for 48h in RAW 264.7 cells.
g The relative enzymatic activity of SUCLA2 (the direction from succinyl-CoA to
succinate) was detected after AMPKα was knocked down by siRNA for 36h fol-
lowed by stimulation with 100ng/mL LPS for an additional 12 h in RAW264.7 cells
(n = 3 biological replicates). h In vitro phosphorylation analysis was performed by
mixing purified His-CAMKKβ, His-AMPKα1β1γ1 and His-SUCLA2 in the presence of
ATP-g-S, and immunoblot analysis of indicated proteins with indicated antibodies.
iVenn diagramwas used to integrate the phosphorylation site thatwas detected by
mass spectrometry and predicted by GPS 5.0 (http://gps.biocuckoo.cn/) or HPRD.
jProtein sequence alignment indicated the conservationof SUCLA2at Ser60 across
multiple species. k Immunoblot analysis of indicated proteins in the in vitro kinase
assay thatmixed the purified His-CAMKKβ, His-AMPKα1β1γ1 with His-SUCLA2 (WT)

or His-SUCLA2 (S60A). l Immunoblot analysis of indicated proteins in BMDMs after
incubation with 200 µM A-769662 for 3 h. m In vitro phosphorylation analysis was
performed bymixing purifiedHis-CAMKKβ, His-AMPKα1β1γ1 andHis-SUCLA2 (WT)
or His-SUCLA2 (S60A) in the presence of ATP-g-S, and immunoblot analysis of
indicated proteins with indicated antibodies. The enzymatic activity (the direction
from succinyl-CoA to succinate) of purified WT-SUCLA2 (n) or S60A-SUCLA2 (o)
after incubation with AMPK in vitro (n = 3 biological replicates). p The enzymatic
activity (the direction from succinyl-CoA to succinate) of purified WT-SUCLA2,
S60A-SUCLA2, and S60D-SUCLA2 in the same protein content (n = 4 biological
replicates). q–r The relative gene expression of IL-1β in RAW264.7 cells that over-
express human WT-SUCLA2, S60A-SUCLA2 and S60D-SUCLA2 through lentivirus
infection for 48h followed the treatment by 100 ng/mL LPS for 6 h in the condition
of glutamine replete (q) or deprived (r) condition (n = 4 biological replicates). The
relative gene expression of IL-1β in RAW264.7 cells that overexpress human WT-
SUCLA2with S60A-SUCLA2 (s) or S60D-SUCLA2 (t) through lentivirus infection for
48h, the cells were treated with 200 µM A-769662 for 3 h in advance followed by
100ng/mL LPS for 6 h (n = 4 biological replicates). Data are presented as the
mean ± SEM, groups were compared by the unpaired two-tailed Student’s t test (g)
or one-way ANOVA followed by Bonferroni’s multiple-comparisons test (q, r) or
two-way ANOVA followed by Bonferroni’s multiple-comparisons test (n, o, p, s, t),
representative data are shown from one of the three independent experiments
(b–f, h, k–m). P < 0.05 was considered to be statistically significant.
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MA, USA). The chromatographic separation was carried out on an
Acquity UPLC HSS T3 (2.1 × 100mm,1.8 μm, Waters) with column
temperature set at 40 °C. The gradient elution was constructed with
0.1% aqueous formic acid (A) and acetonitrile: isopropanol (B, 90:10, v/
v) at a flow rate of 0.4mL/minute. Following gradient: 0–1min, 5% B;
1–12min, 5–95% B; 12–14min, 95–100% B, held at 100% for 2min, then
returned to 5% within 0.1min and held at 5% for 2min to re-equilibrate
the column pressure. The mass spectrometer was operated with the
electrospray ionization source (ESI). The capillary voltages were set at
2.5 and 3 kV in negative and positive mode, respectively, and sampling
cone voltage at 40kV. The temperatures of ESI chamber and

desolvation gas were at 120 °C and 450 °C, respectively. The flow rates
of con gas and desolvation gas were maintained at 50 and 800 L/hour,
respectively, and the nebulizing gas pressure was set at 6.5 bar. The
acquisition mode was full scan with fragmentation. Q/TOF mass ana-
lyzer was operated at 21,000 mass resolution, and the scan range
covered m/z 50–1,500.

Animals study
All animal experiments and protocols were approved by the Animal
Ethics Committee of the Shanghai Institute ofMateriaMedica. All mice
were housed in isolated ventilated cages with 3 to 5 mice in each cage
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in an animal barrier facility (specific pathogen-free/SPF) at the
Shanghai Institute of Materia Medica (Shanghai, China). All mice were
housed in a temperature (22 ± 2 °C) and humidity (50%) controlled
room on a 12/12 h light/dark cycle. All mice with access to sterile pellet
food andwater ad libitum andmalemice aged 6-8weeks were used for
the respective experiments. Wild-type C57BL/6 (#202) mice were
purchased from Shanghai Shengchang Biotechnology Co., LTD
(China). AMPKα1-floxed mice (#014141, Prkaa1fl), AMPKα2-floxed mice
(#014142, Prkaa2fl), and LysM-Cre mice (#004781, LysM-cre) were
purchased from Jackson Laboratory (Bar Harbor, Maine, USA). IL-1β-
floxed mice (#T007839) were purchased from GemPharmatech Co.,
Ltd (Nanjing, China). To obtain myeloid AMPKα-knockout mice,
AMPKα1/α2-floxed homozygous mice were first generated by mating
homozygous AMPKα1-floxed mice with AMPKα2-floxed mice. Then,
LysM-Cre, AMPKα1/α2-floxed mice were obtained by mating homo-
zygous AMPKα1/α2-floxed mice with LysM-Cre mice. To obtain mice
with IL-1β knockout in myeloid cells, LysM-Cre mice were mated with
IL-1β-floxed mice. To obtain mice with AMPKα and IL-1β double
knockout in myeloid cells, LysM-Cre, AMPKα1/α2-floxed mice were
mated with IL-1β-floxed mice. For the mice experiment, the control
mice and experimental micewere co-housed in the same experimental
environment. Normal chow diet (Shanghai Shilin Biotechnology Co.,
LTD, China) was used tomaintain the growth ofmice, and high-fat diet
containing 60% kcal fat (#D12492, Research Diets) was used to induce
obesity. The bodyweight and food intakewere recordedweekly. At the
end of the animal experiment, the mice were euthanasia with CO2

using an SMQ-I type asphyxiation chamber for laboratory animals
(Shanghai Tianhuan Science Develop Co., LTD, China).

p5RHH-siRNA nanoparticle preparation
The p5RHH peptide (VLTTGLPALISWIRRRHRRHC) was synthesized by
Genscript and was dissolved at 10mM in the distilled water without
DNase, RNase, and protease, and was kept at –80 °C in 10μL aliquots
before use. The scrambled siRNA (target sequence, UUCUCCGAACGU-
GUCACGUTT) and SUCLA2 siRNA (target sequence, GCCU-
CAAAGGAGGAGUGAATT)were purchased fromGenePharma, dissolved
at 100μMinDEPCwater andwerekept at–80 °C in 10μLaliquotsbefore
use. The p5RHH-siRNA nanoparticles were prepared by mixing equal
volumesofp5RHHpeptideandsiRNAat apeptide/siRNAratioof 100:1 in
200μLHBSS (#14025076, Gibco) and incubated on ice for 10min. Then,
the prepared p5RHH-siRNA nanoparticles were diluted with saline at
0.05mg/mL, and the diluted p5RHH-siRNAwere subjected tomice with
10mL/kg saline solution through intravenous injection twice aweek. For
in vitro experiments, 40nM siRNA was mixed with p5RHH at a peptide/
siRNA ratio of 100:1 in HBSS and incubated at 37 °C for 40min before
being added into the cultural medium of macrophages.

Insulin tolerance test
The mice were given 0.75 U/kg recombinant human insulin (Novolin,
Novo Nordisk) by intraperitoneal injection after 4 h of fasting with

water freely, and the blood glucose level was measured from the tail
before insulin administration by intraperitoneal injection and 15, 30,
60, 90, and 120min after insulin administration using a glucometer
(ACUU-CHEK, Roche).

Cold exposure
The cold exposure experiment was carried out in the incubators with
constant temperature and humidity (#BD-HWS-250; Nanjing Beidi
experimental instrument Co., LTD, China). The water and cages were
cooled to a preset temperature overnight before the experiment. For
cold exposure, mice were housed individually at 4 °C for 8 h, and the
water was available ad libitum but without food. The rectal tem-
perature was measured every two hours by the BAT-12 microprobe
digital thermometer and RET-3 mouse rectal probe (Physitemp
Instruments).

Metabolic analysis
The locomotor activity and oxygen consumption of mice were mea-
sured through the sixteen-chamber indirect calorimeter (TSE Pheno-
Master, TSE system) according to the manufacturer’s instructions.
Mice were housed individually in the chamber andwere acclimated for
24 h before themeasurements began, then the metabolic data of mice
were collected for 48 h and analyzed. The food and water were fed ad
libitum and the light kept the same 12/12 h light/dark cycle that is
consistent in the home cages. Finally, the raw data was analyzed
through a free-to-use online tool (CalR, https://calrapp.org).

Body mass analysis
Whole-body lean mass, fat mass, and fluid were measured using 1H-
nuclear magnetic resonance spectroscopy (Minispec LF90 II, Bruker)
according to the manufacturer’s instructions.

Histologic analysis and immunohistochemistry
Liver and adipose tissue were fixed in 4% neutral formalin for at least
48 h at 4 °C and the formalin was changedwith 70% ethanol for at least
48 h, then the fixed tissue was desiccated and embedded in paraffin
followed by being cut into 5-µm sections and stained with hematoxylin
and eosin (H&E) or analyzed by immunohistochemistry (IHC). For IHC,
the adipose tissue sections were heated at 95 °C in citric acid solution
(#P0081, Beyotime) to extract epitopes after dewaxing. Then, endo-
genous peroxidases were quenched with 3% H2O2 (Hebei Jianning
Pharmaceutical Co., LTD, China) followed by the blocking with 5% BSA
(#B2064-100G, Sigma) in PBS for 1 h. Then the sectionswere incubated
with anti-UCP1 antibody (#ab234430, Abcam) or anti-F4/80 antibody
(#70076 s, CST) at 4 °C overnight. The next day, an HRP-conjugated
secondary antibody (#GK500705, Gene Tech) was used and the sec-
tions were stained with a DAB staining kit (#P0202, Beyotime)
according to themanufacturer’s instructions. Finally, the sectionswere
visualized through teksqray SQS-600P (tissue slice in Fig.4) or Perki-
nElmer Vectra 3 (except for the tissue slice sections in Fig. 4).

Fig. 6 | Dowregulated macrophage SUCLA2 by siRNA delivering system com-
batsHFD-inducedobesity. a Immunoblot analysis of indicatedproteins in BMDMs
after incubation with 100ng/mL LPS for 3 h. b The enzymatic activity of SUCLA2 in
BMDMs after incubation with 100ng/mL LPS for 3 h (n = 3 biological replicates).
c Immunofluorescent staining of F4/80 and pS60-SUCLA2 in the subcutaneous
adipose tissue from lean or HFD-induced obese mice. d Schematic representation
of the nanoparticle formationwith p5RHHand siRNA, and this imagewas created in
BioRender. Zang, Y. (2025) https://BioRender.com/e16k510. e The relative gene
expression of SUCLA2 in BMDMs thatwere transfectedwith p5RHH-siRNAcomplex
for 48h (n = 4 biological replicates). f Schematic diagram of mice feeding and
injection of p5RHH-siRNAcomplex, and this imagewas created inBioRender. Zang,
Y. (2025) https://BioRender.com/e16k510. g–o Male C57BL/6 mice at the age of
8 weeks were fed HFD and received p5RHH-siCtrl or p5RHH-siSUCLA2 complex
injection to explore the metabolic-related phenotype. Body weight gain (g, n = 10

mice),mice image (h), relative fat and leanmass (i, n = 10mice), the organweight of
liver, EpWAT, ScWAT and BAT (j, n = 10 mice), the image of liver, EpWAT, ScWAT
and BAT (k), insulin tolerance test (l, n = 10 mice in p5RHH+siCtrl group, and n = 9
mice in p5RHH+siSUCLA2 group), the rectal temperature in cold exposure at 4 °C
for different times (m, n = 9 mice), and the proinflammatory genes of ScWAT
(n, Il1b, Il6, Ccl2 and F4/80: n = 10 mice, Tnfa: n = 8 mice, Nos2: n = 10 mice in
p5RHH+siCtrl group, and n = 9 mice in p5RHH+siSUCLA2 group) and EpWAT
(o, Il1b, Il6, Nos2,Ccl2 andF4/80: n = 9mice inp5RHH+siCtrl group, andn = 10mice
in p5RHH+siSUCLA2 group, Tnfa:n = 9 mice in each group). Data are presented as
themean ± SEM, groups were compared by the unpaired two-tailed Student’s t test
(e, i, j, l, m, n, o), two-way ANOVA followed by Bonferroni’s multiple-comparisons
test (b) and two-way ANOVA followed by Fisher’s LSD test (g), representative data
are shown from one of the three independent experiments (a, c). P < 0.05 was
considered to be statistically significant.
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Obtain bone marrow-derived macrophages (BMDMs)
The femurs and tibiae were collected from mice at the age of 6-8
weeks. Then, the ends of the bone were cut off using a surgical scissor

and bone marrow was flushed out by PBS (9 g NaCl, 0.144 g KH2PO4,

0.421 g Na2HPO4 dissolved in 1 L of distilled water, pH 7.4) using a 1mL
syringe. The cell suspension was made using the pipette blowing the
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Fig. 7 | Macrophage AMPK-SUCLA2-IL-1β pathway of adipose tissue is involved
in human obesity. a Immunofluorescent staining of CD68, pT172-AMPK, pS60-
SUCLA2 and IL-1β in the subcutaneous adipose tissue from lean (BMI = 21.5),
overweight (BMI = 25.7) or obese (BMI = 32.0) subjects, representative data are

shown from one of the three independent experiments. b Model of how macro-
phage AMPK responds to glutaminolysis and regulates glutaminolysis-coupled IL-
1β expression, and this image was created in BioRender. Zang, Y. (2025) https://
BioRender.com/e16k510.
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bone marrow repeatedly and the cell suspension was centrifuged at
500 × g for 5min to remove PBS. Then, 1mL of red blood cell lysis
buffer (#B541001; Sangon Biotech (Shanghai) Co., Ltd, China) was
added to the cell pellet for 5min, and the red blood cell lysis bufferwas
removed by centrifuge at 500 g for 5min to get the bonemarrow cells
without red blood. Finally, the bonemarrow cells were resuspended in
the differential medium [DMEM (#12800082, Gibco) containing 10%
fetal bovine serum (#10091-148, Gibco), 100 units/mL penicillin and
100 µg/mL streptomycin (#15140-122, Gibco), and 20 ng/mL M-CSF
(#416-ML-010, R&D)], and the cells were seed in cell culture plate and
cultured in a humidified incubator at 37 °C with 5% CO2. The differ-
ential medium was refreshed every 2 or 3 days and mature BMDMs
were obtained after culturing for 7 days.

Stromal vascular fraction (SVF) separation
The adipose tissue from C57BL/6 mice was dissected using surgical
scissors and then enzymatically digested in a PBS buffer containing
2mg/mL Collagenase D (#11088882001, Roche), 2.4mg/mL Dispase Il
(#4942078001, Roche), and 10mM CaCl2 for 1 h at 37 °C. After the
digestion process was halted by adding DMEM-F12 (#12500-039,
Gibco) supplemented with 10% fetal bovine serum (#10091-148,
Gibco), the resulting cell suspension was filtered through a 70-µm fil-
ter. Finally, the filtered cell suspension was centrifuged at 500 × g for
10min to collect the floatingmature adipocytes and SVF at the bottom
of the centrifuge tube.

Magnetic beads separation
The F4/80 positive cells of SVF were isolated using a magnetic beads-
based separation system. Briefly, after isolating SVF from adipose tis-
sue, the cell numberwasdetermined and followed by centrifugation at
300 × g for 10min. Subsequently, the SVF cells were resuspended in
90 µL buffer (#130-091-221-1, Miltenyi) containing 10 µL anti-F4/80
microbeads (#130-110-443, Miltenyi) every 107 total cells and incu-
bated at 4 °C for 15min. After washing the incubated cells with 1mL
buffer and resuspending them in 500 µL buffer, the F4/80 positive or
negative cells of SVF were separated using MACS columns and MACS
separators (Miltenyi).

Flow cytometry analysis
The SVF separated from adipose tissue was washed once with DPBS
(#554656, BD Pharmingen). Subsequently, 1 µL of viability stain
(#564406, BD Pharmingen) was added to the cells suspended in 500 µL
of DPBS for a 30-min incubation at 4 °C. The cells were then centrifuged
at 500× g for 5min to remove the viability stain, followedby awashwith
DPBS. After another centrifugation at 500× g for 5min to remove the
DPBS, 100 µL of DPBS containing 2 µL Fc Block (#553142, BD Pharmin-
gen) was added to the cells, which were then incubated at 4 °C for an
additional 15min. Next, cells containing Fc Block were mixed with an
extra 100 µL of DPBS containing 2 µL antibody and incubated at 4 °C for
30min. Finally, the cells were washed twice and resuspended in 500 µL
DPBS before flow cytometry analysis (#CytoFLEX S, Beckman Coulter).

Macrophage activation
In total, 100 ng/mL lipopolysaccharide(LPS) (#L2630, Sigma) was
utilized to stimulate the proinflammatory activation of macro-
phages at different times for the detection of intracellular genes and
proteins. To trigger the activation of the inflammasome and detect
secreted IL-1β, macrophages were exposed to 2mM ATP (#HY-
B2176, MCE) for 30min after the incubation with 100 ng/mL LPS,
and the secreted IL-1β was detected by mouse IL-1β Elisa kit
(#abs520001, Absin).

Western blot analysis
The cells were washed twice using PBS, and the protein samples were
harvested using SDS loading [20mL 0.5M Tris-HCl (pH 6.8), 4 g SDS,

200mg bromophenol blue, 20mL glycerin, and 3.08 g DTT dissolved
in 200mL of distilled water] following by boiling at 100 °C for 10min
to denature. Then, the protein samples were separated by SDS-PAGE
gels (SDS-polyacrylamidegel electrophoresis) using the runningbuffer
(14.4 g glycine, 3.02 g Tris-base and 1 g SDS dissolved in 1 L of distilled
water), and the separatedproteinwas transferred to theNCmembrane
using the transfer buffer (14.4 g glycine, 3.02 g Tris-base and 200mL
methanol dissolved in 1 L of distilled water). Next, the NC membrane
was blocked with 5% skim milk at room temperature for 1 h to reduce
the nonspecific background. After blocking, the 5% skim milk was
removed and the NCmembrane was incubated with primary antibody
at 4 °Covernight. Thenext day, theprimaryantibodywas removed and
the NC membrane was washed with TBST (2.42 g Tris-base, 8 g NaCl
and 1.6mLHCl, and 1mL tween20dissolved in 1 Lofdistilledwater, pH
7.6) three times with each time for 10min at room temperature fol-
lowing by the incubated with secondary antibody for 1 h at room
temperature. Finally, the NC membrane was stained with ECL detec-
tion buffer (#1705061, Bio-Rad) and was photographed by the Che-
miDoc system.

RNA isolation and quantitative real-time polymerase chain
reaction
Cells or tissues were lyzed on ice using 300 µL TRIzol reagent
(#15596018, Invitrogen) for 15min. 60 µL chloroform (#10006818;
Sinopharm Chemical Reagent Co., Ltd, China) was added into the
TRIzol reagent and vortex for 10 seconds followed by centrifuging at
12,000 × g for 15min and collecting the supernatant containing
mRNA. Then, 150 µL isopropanol (#80109218; Sinopharm Chemical
Reagent Co., Ltd, China) was added to the supernatant and the mix
was kept at -20 °C overnight after vortex for 10 seconds. The next
day, the sample was centrifuged at 12,000 × g for 15min to get the
mRNA, and the mRNA was washed using 70% ethanol (#10009218;
Sinopharm Chemical Reagent Co., Ltd, China) two times and cen-
trifuged at 7500× g for 10min to obtain mRNA with less impurity.
20 µL RNAse-free water was used to dissolve mRNA and the con-
centration was measured using Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific). Next, 1 µg of mRNA was reverse-
transcribed using ABScript III RT Master Mix for qPCR (#RK20408,
ABclonal) using a 20 µL system to get cDNA. Finally, 180 µL RNAse-
free water was used to dilute the cDNA.

For quantitative real-time polymerase chain reaction, a 10 µL sys-
tem was used: 4 µL cDNA, 1 µL primer, and 5 µL 2X Universal SYBR
Green Fast qPCR Mix (#RK21203, ABclonal). The thermal cycling con-
ditions were 95 °C for 5min followed by 40 cycles of 95 °C for
30 seconds and 60 °C for 30 seconds using a QuantStudio system
(Thermo Fisher Scientific). Following the reactions, the raw data were
analyzed using QuantStudio Software. The data were then normalized
to housekeeping gene (β-actin for cells, and 36b4 for adipose tissue)
expression.

siRNA-mediated knockdown assay
The target sequences (5′ to 3′) for successful mouse siRNAs were as
follows: siNC: UUCUCCGAACGUGUCACGUTT; siAMPKα1: UUUGAAA-
GACCAAAGUCGGCU; siAMPKα2: AUCUAAACUGCGAAUCUUCUG;
siSUCLA2#1: GCCUCAAAGGAGGAGUGAATT; siSUCLA2#2: GCAG-
CUAAUGCAGAUAUUATT. To knock down the AMPKα in RAW 264.7
cells, RAW 264.7 cells were seeded in cell culture plate overnight to
70% density before transfection. Mixing the 20 nM siRNA of AMPKα1
and 20nM siRNA of AMPKα2, and transfect the siRNA to cells with
Lipofectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. To knock down the SUCLA2 in BMDMs,
mature BMDMs were harvested from bone marrow cells after culture
for 7 days. 40 nM siRNA of SUCLA2 was transfected to cells with
Lipofectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions.
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Stable isotope-assisted tracing
To investigate the mitochondrial anaplerosis from glutamine in
inflammatorymacrophage, 200 × 104 RAW264.7 cells were seeded in a
6-cmdishovernight inDMEM(#12800082,Gibco) containing 10% fetal
bovine serum (#10091-148, Gibco), 100 units/mLpenicillin and 100 µg/
mL streptomycin (#15140-122, Gibco). Then, the mediumwas changed
with DMEM (#A1443001, Thermo Fisher Scientific) containing 10%
fetal bovine serum (#30067334, Thermo Fisher Scientific), 100 units/
mL penicillin and 100 µg/mL streptomycin (#15140-122, Gibco), 25mM
glucose (#63005518; Sinopharm Chemical Reagent Co., Ltd, China)
and 10mM [U-13C] glutamine (#CLM-1822-H-PK, Cambridge Isotope
Laboratories, Inc.). Compared with the control group, the medium of
the LPS group contained an extra 100 ng/mL LPS (#L2630, Sigma) to
induce proinflammatory activation, and the cells were collected after
the medium was changed for 12 h.

To investigate the regulation of AMPK on the mitochondrial
anaplerosis from glutamine in inflammatory macrophage, 120 × 104

RAW 264.7 cells were seeded in a 6-cm dish overnight in DMEM
(#12800082, Gibco) containing 10% fetal bovine serum (#10091-148,
Gibco), 100 units/mL penicillin and 100 µg/mL streptomycin (#15140-
122, Gibco), then, the siRNA of AMPKα1 (20 nM) and AMPKα2
(20 nM) was transfected into cells with Lipofectamine 3000 (Thermo
Fisher Scientific) for 24 h according to the manufacturer’s instruc-
tions. Next, the medium was changed with DMEM (#A1443001,
Thermo Fisher Scientific) containing 10% fetal bovine serum
(#30067334, Thermo Fisher Scientific), 100 units/mL penicillin and
100 µg/mL streptomycin (#15140-122, Gibco), 25mM glucose
(#63005518, Sinopharm Chemical Reagent Co., Ltd), 10mM [U-13C]
glutamine (#CLM-1822-H-PK, Cambridge Isotope Laboratories, Inc.)
and 100 ng/mL LPS (#L2630, Sigma). The cells were collected after
the medium was changed for 12 h.

The content of TCA cycle metabolites was subjected to com-
mercial metabolic flux analysis (Shanghai Profleader Biotech Co., Ltd,
China). The cell samples were added 500μL of 80% methanol and the
mixture was processed by 5 cycles of 1min ultra-sonication and 1min
interval in an ice-water bath. Then stood for 30min at –40 °C and
10min at 4 °C. After centrifugation at 15,000× g and 4 °C for 15min.
The supernatant was evaporated to dryness under mild nitrogen and
reconstituted in 20 μL of 50% acetonitrile (including 1μg/mL
phenylalanine-d5 internal standard) before performing UHPLC-HRMS/
MS analysis. Quality control (QC) samplewasobtained by isometrically
pooling all the prepared samples. Chromatographic separation was
performed on a ThermoFisher Ultimate 3000 UHPLC system with a
Waters BEH Amide column (2.1mm × 100mm, 1.7 μm). The injection
volume was 2μL and the flow rate was 0.25mL/minute. The column
temperature was 15 °C. The mobile phases consisted of water with
0.01% formic acid and 2mM ammonium formate (phase A) and acet-
onitrile (phase B). Linear gradient elution was performed with the
following program: 0min, 90% B; 4min, 85% B; 11min, 75% B; 14min,
70% B, 14.5min, 50% B and held to 17min; 17.1min, 90% B and held to
20.01min. The eluents were analyzed on a ThermoFisher Q Exactive™
Hybrid Quadrupole-Orbitrap™ Mass Spectrometry (QE) in Heated
Electrospray Ionization Negative (HESI-) mode, separately. Spray vol-
tage was set to 4,000V. Capillary and Probe Heater Temperature was
separately 320 °C and 320 °C. The sheath gas flow rate was 35 (Arb,
arbitrary unit), and the Aux gas flow rate was 10 (Arb). S-Lens RF Level
was 50 (Arb). The full scan was operated at a high resolution of 70,000
FWHM (m/z = 200) at a range of 70–1050m/z with AGC Target setting
at 3×106. Finally, the analysis software, Xcalibur (version 4.0.27.19), of
Thermo Fisher Company, was used to view the spectrum and integrate
the target metabolites. Meanwhile, manual inspection was assisted to
ensure the accuracy of the integral area of each target object. Data
were derived to obtain the original integral area. The original datawere
then corrected for natural isotopes with reference to the literature
method (Bioinformatics, 2019,1–4.).

Glutamine deprivation
To deprive the glutamine in the medium, the medium was changed
with DMEM (#A1443001, Thermo Fisher Scientific) without glucose
and glutamine. For the control group, the medium was added 25mM
glucose (#63005518; Sinopharm Chemical Reagent Co., Ltd, China)
and 4mM glutamine (#G3126, Sigma). For the glutamine deprivation
group, themediumwas added 25mMglucose (#63005518; Sinopharm
Chemical Reagent Co., Ltd, China) and distilled water with the same
volume of glutamine in the control group.

ATP measurement
The content of ATP in cells wasmeasuredwith anATP test kit (#S0027,
Beyotime) according to the manufacturer’s instructions. Briefly, the
mediumwas removed and 200 µL lysatewas added to the cell plate per
well lysate cells. After cracking, the centrifuge was at 12,000× g for
5min, and the supernatant was taken for subsequent determination.
Prepare an appropriate amount of ATP test solution at a ratio of 100 µL
per sample or standard, and theATP test solutionwas added to the test
hole or test tube, then 40 µL sample or standard was added into the
test hole or tube and the RLU was measured with a luminometer.

Intercellular succinate measurement
In total, 600× 104 cells were combined with 100μL of ice-cold 80%
methanol/water and incubated on wet ice for 15min. 25μL of standard
curves and cell lysis solution were mixed with 50μL of 1 M
O-Benzylhydroxylamine (#B-22984-5g, Sigma) and 50μL of 1M 3-(ethy-
liminomethy lideneamino)-N,N-dimethylpropan-1-amine (#39391-10mL,
Sigma) in pyridine buffer. After 60min at room temperature, 300μL of
ethyl acetate was added and the plates were shaken for 20min cen-
trifuged at 300× g for 5min, and then 100μL of the organic layer was
taken into a 96-well plate. Then the aqueous layer was dried using a
stream of nitrogen at 40 °C and reconstituted in 150μL of methanol/
water (50: 50, v/v). The samples were analyzed by LC-MS/MS.

RNA sequencing and bioinformatics analysis
Mature BMDMs were differentiated from bone marrow cells of
AMPKαfl/fl mice (n = 3) or LysM-Cre, AMPKαfl/fl mice (n = 3) for 7 days in
10-cm dish. To induce inflammatory activation, BMDMs were incu-
bated with LPS (#L2630, Sigma) for 12 h. 1mL TRIzol reagent
(#15596018, Life Technologies) was added into the 10-cm dish and the
lysate was transferred to a 1.5mL tube after the cell was washed by PBS
twice and stored at −80 °C.

The RNA lysate was subjected to commercial RNA-seq analysis
(Majorbio). Total RNA was extracted using TRIzol Reagent according
to the manufacturer’s instructions. Then RNA quality was determined
by 5300 Bioanalyser (Agilent) and quantified using the ND-2000
(NanoDrop Technologies). Only high-quality RNA sample (OD260/
280 = 1.8–2.2, OD260/230 ≥ 2.0, RQN ≥ 6.5, 28S:18S ≥ 1.0, total RNA >
1μg) was used to construct sequencing library. RNA purification,
reverse transcription, library construction, and sequencing were per-
formed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd.
(Shanghai, China) according to the manufacturer’s instructions. The
RNA-seq transcriptome library was prepared following Illumina
StrandedmRNA Prep, Ligation (San Diego, CA) using 1μg of total RNA.
Shortly, messenger RNA was isolated according to polyA selection
method by oligo(dT) beads and then fragmented by fragmentation
buffer firstly. Secondly double-stranded cDNAwas synthesized using a
SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA) with
random hexamer primers. Then the synthesized cDNA was subjected
to end-repair, phosphorylation and adapter addition according to the
library construction protocol. Libraries were size selected for cDNA
target fragments of 300bp on 2% Low Range Ultra Agarose followed
by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR
cycles. After quantified by Qubit 4.0, the sequencing library was per-
formed on NovaSeq X Plus platform (PE150) using NovaSeq Reagent
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Kit. OR the sequencing library was performed on DNBSEQ-T7 plat-
form(PE150) using DNBSEQ-T7RS Reagent Kit (FCL PE150) version 3.0.
The rawpaired end readswere trimmed andquality controlled by fastp
with default parameters. Then clean reads were separately aligned to
reference genome with orientation mode using HISAT2 software. The
mapped reads of each sample were assembled by StringTie in a
reference-based approach.

The enrichment of differential gene expressionwas performed on
online enrichment (metascape, https://metascape.org/), gene set
enrichment analysis (GSEA) was performed with the software
GSEA_4.1.0 (https://www.gsea-msigdb.org/), and network analysis was
performed on online analysis (STRING, https://cn.string-db.org/).

Immunofluorescence of adipose tissue
The expression of pT172-AMPKα, pS60-SUCLA2, and IL-1β in adipose
tissue macrophage was detected by immunofluorescence with a
multiple-color multifluorescent immunohistochemical staining kit
(#D110071, WiSee Biotechnology) based on the principle of tyramine
signal amplification technology according to the manufacturer’s
instructions using the immunohistochemical antibodies as the primary
antibody. Finally, the sections were visualized through teksqray SQS-
120PRO (Fig. 6c and Fig. 7a) or PerkinElmer Vectra 3 (Fig. 3b and
Supplementary Fig. 6a).

Co-immunoprecipitation
In total, 500 µL western and IP cell lysis buffer (#P0013, Beyotime)
containingprotease inhibitor cocktail (#HY-K0010,MCE)was added to
the 10-cm dish to lyse cells after cells were washed with PBS twice.
Then, the whole cell lysis was harvested by centrifugation at 9400× g
at 4 °C for 10min and IgG or indicated antibodies were added followed
by rotation at 4 °C overnight. The next day, themixture was incubated
with 50 µL protein A agarose (#P3476, Sigma) at 4 °C for 2 h. Next, the
supernatant was removed, and the precipitates (bead-antibody-pro-
tein complex) werewashed at 400 × g, 4 °Cfive timeswith ice-cold PBS
buffer. Finally, the final precipitation was harvested by SDS-loading
and detected by Western blot.

Mitochondria isolation
The mitochondria were isolated from the cell through the mitochon-
dria Isolation kit (#C3601, Beyotime) according to the manufacturer’s
instructions. Briefly, 1mL of mitochondrial separation reagent was
added into 20-50 million cells, gently suspending cells on ice for
15min. Then, transfer the cell suspension to a glass homogenizer of
appropriate size, and the cells were homogenized about 10–30 times
followed by centrifuging at 600× g at 4 °C for 10min. Next, transfer
the supernatant to another centrifuge tube and centrifuge at
11,000 × g for 10min at 4 °C. Finally, the mitochondria were harvested
after the supernatant was removed.

Measurement of succinyl-CoA synthetase activity
The succinyl-CoA synthetase activity activity was measured in the
directionof the succinyl-CoA to succinate reaction.Only the enzymatic
activity inRAW264.7 cells (Fig. 5g)wasdeterminedby a commercial kit
(#MAK217, Sigma) because the kit is discontinued for sale. The sub-
sequent SUCLA2 activity of BMDMs or purified proteins was deter-
mined by the reaction in vitro. For BMDMs (Fig. 6b), 300 µL assay
buffer (#MAK217A, Sigma) was added into a well in a 12-well cell plate
to lyse cells after the treatment of BMDMs, and the lytic cells were
transferred to the 1.5mL tubes and kept on ice for 10min following the
centrifugation at 12,000 × g for 10min to remove cell debris. Then,
30 µL cell lysis was added to the enzyme activity detection system in
the well of the 96-well cell plate. For the purified SUCLG1-SUCLA2
complex (Fig. 5n–p), 30 µL purified protein was added to the enzyme
activity detection system in the well of the 96-well cell plate. The
complete assaymixture, with a volume of 100 µL, comprised of 50mM

potassium phosphate (pH 7.2), 0.2mM succinyl-CoA, 2mM ADP,
10mM MgCl2, and 0.2mM DTNB. The reactions were initiated by the
rapid addition of DTNB and succinyl-CoA. After brief incubation with
DTNB, the CoA-SH released from succinyl-CoA was measured spec-
trophotometrically at 415 nm using a microwell plate reader. The
control values were subtracted to correct for nonspecific hydrolysis of
the CoA derivatives in the absence of cell lysis.

In vitro kinase assay
The in vitro kinase assay contains two steps: AMPK pre-
phosphorylation and substrate phosphorylation. For AMPK pre-phos-
phorylation, 40 nM CAMKKβ and 400nM AMPKα1β1γ1 complex were
added to kinase assay buffer (#PV3189, Thermo Fisher Scientific)
containing 50mM HEPES (pH 7.5), 10mM MgCl2, 1mM EGTA, and
0.01% Brij-35, 8 µM ATP (#HY-B2176, MCE) and incubated at 37 °C for
4 h. For substrate phosphorylation, 200nM pre-phosphorylated
AMPKα1β1γ1 complex and 200 nM SUCLG1-SUCLA2 complex were
added to kinase assay buffer (#PV3189, Thermo Fisher Scientific)
containing 50mM HEPES (pH 7.5), 10mM MgCl2, 1mM EGTA, and
0.01%Brij-35, 50 µMATP-g-S (#ab138911, Abcam) incubated at 37 °C for
4 h. Then, the samples were alkylated with 1mM PNBM (#ab138910,
Abcam) and incubated for 1 h at room temperature, and then sub-
jected to SDS-PAGE and western blot. The phosphorylation of SUCLA2
by AMPK was detected using an anti-thiophosphate ester antibody
(#ab92570, Abcam).

Purification of recombinant proteins
Escherichia coli BL21 cells containing indicated Pet28b plasmids
including His-CAMKKβ, AMPKα1β1γ1 complex (α1 subunit contains
His-tag) and PETDeut-1 plasmid containing SUCLG1-SUCLA2 complex
(SUCLG1 subunit contains His-tag) were cultured in LB medium (10 g
NaCl, 10 g tryptone and 5 g yeast extract dissolved in 1 L of distilled
water) and rotated at a 37 °C, 250 rpm until the OD595 of the medium
reached 0.4 to 0.6. Next, 100μM IPTG (#HY-15921, MCE) was added to
the LBmedium to induce protein expression at 16 °C, 180 rpm for 16 h.
Then, the bacterial medium was centrifuged at 5280g for 15min and
the precipitation was resuspended in buffer A (500mM NaCl, 50mM
Tris-HCl (pH 7.4), 10mM imidazole, 1mM β-mercaptoethanol, 10%
glycerol, 0.1mM PMSF) followed by ultrasound for indicate time and
power. Next, the pellets were removed by centrifugation at 14,500 × g
for 40min and the supernatant was added to Ni Sepharose 6 Fast Flow
(#100012, Yelibio. Company,) for incubation with gentle rotation at 4
°C for 2 h. Then, the globin mixture was harvested in the separation
tube and washed with buffer B (500mM NaCl, 50mM Tris-HCl (pH
7.4), 50mM imidazole, 1mM β-mercaptoethanol, 10 % glycerol) to
wash out the impurities. The protein was then eluted in buffer C
(500mM NaCl, 50mM Tris-HCl (pH 7.4), 100mM imidazole, 1mM β-
mercaptoethanol, 10 % glycerol). Finally, the protein sample was dia-
lyzed in buffer solution D (150mM NaCl, 50mM Tris-HCl (pH 7.4),
1mM β-mercaptoethanol, 10% glycerol, 1mM EDTA) at 4 °C overnight,
and the collected protein was kept at –80 °C before use.

Peptide phosphorylation detection
To identify the site of SUCLA2 phosphorylated by AMPK, 400 nM pre-
phosphorylated AMPKα1β1γ1 complex and 1 µM SUCLG1-SUCLA2
complex were added to kinase assay buffer (#PV3189, Thermo Fisher
Scientific) containing 50mM HEPES (pH 7.5), 10mM MgCl2, 1mM
EGTA, and 0.01 % Brij-35, 50 µM ATP (#HY-B2176, MCE) incubated at
37 °C overnight and the SUCLG1-SUCLA2 complex without AMPK
incubation was taken as control. Then, the protein sample was sub-
jected to commercial protein and phosphorylated site analysis
(Applied Protein Technology, China). The analysis process is as fol-
lows: 1. Enzymatic hydrolysis of protein sample: After reduction and
alkylation treatment, the appropriate amount of enzyme (mass ratio
1:50) was added to the sample, and incubated at 37 °C for 20 h. The
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enzymatic hydrolysis products were freeze-dried after desalting and
redissolved in 0.1% FA solution and saved at −20 °C later use. 2. Mass
spectrometry: Liquid A is an aqueous solution of 0.1% formic acid, and
liquid B is an aqueous solution of 0.1% formic acid acetonitrile (84%
acetonitrile). After the column is balanced with 95% liquid A, the
sample is loaded into the trap column by the automatic sampler, and
the samples were separated by chromatography and analyzed bymass
spectrometer—the detection mode is a positive ion, parent ion scan-
ning range is 300–1,800m/z, primary mass spectrometry resolution is
70,000 at 200m/z, automatic gain control target is 1e6,maximum IT is
50ms, and dynamic exclusion time is 30.0 s. The mass charge ratio of
polypeptides and polypeptide fragments is as follows methods: 20
fragment maps (MS2 scan) were collected after each full scan, MS2
activation type is HCD, isolation window is 2m/z, secondary mass
spectrometry resolution is 17500 at 200m/z, normalized collision
energy is 27 eV, underfill is 0.1%. 3. Data analysis: the identified protein
result was obtained after the raw file was searched from Max-
Quant 1.6.14.

Construction of plasmids and viral transfection
To overexpress SUCLA2 and AMPK in 293 T cells, the CDS sequence of
human SUCLA2 (HA-tag is on the C-terminal), human AMPKα1 (myc-
tag is on the C-terminal), AMPKα2 (myc-tag is on the C-terminal),
human AMPKβ1 (myc-tag is on the C-terminal), and AMPKβ2 (myc-tag
is on theC-terminal)were separately cloned intopcDNA3.1 plasmid. To
obtain purified protein, the CDS sequence of human CAMKKβ (His-tag
is on the C-terminal), human AMPKα1β1γ1 complex (only
AMPKα1 subunit has His-tag on the C-terminal, and AMPKα1, β1,
γ1 share the same promoter) were separately cloned into Pet28b
plasmid, and human SUCLG1-SUCLA2 complex without mitochondrial
localization peptide (only SUCLG1 subunit has His-tag on the
C-terminal and SUCLG1 and SUCLA2 have their own promoters) were
cloned into PETduet-1 double promoter plasmid.

To overexpress SUCLA2 in RAW 264.7 cells, human SUCLA2 (WT,
S60A and S60D) were separately cloned into pLVX-IRES-Puro plasmid.
To obtain viral particles, 4.8μg of lentiviral construct, 3.6μg of
pSPAX2, and2.4μgof VSV-Gwere cotransfected into lenti-293T cells in
a 6-cm dish using Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions. After transfection for
48 h and 72 h, the virus supernatants were collected and filtered
through a 0.45-μm membrane (Millipore) followed by transfection on
RAW 264.7 cells.

Statistical analysis
All results in this study are presented as mean± SEM, and data were
analyzedwith unpaired two-tailed Student’s t test between twogroups,
and one-way ANOVA or two-way ANOVA amongmultiple groups using
GraphPad Prism 8 software. P < 0.05 was considered to be statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw data of gene expression in the RNA Sequencing of AMPKfl/fl

BMDMsandLysM-Cre, AMPKfl/flBMDMshavebeenuploaded toGenome
SequenceArchive (GSA) under accession codeCRA014991. The rawdata
of flow cytometry analysis in this study have been uploaded to Flow-
Repository under accession code FR-FCM-Z8TP [https://flowrepository.
org/id/RvFr7AJU9R6SxhRmCELfQSD6Tm5ahLpmOlWPQIaHENE6RMoU
2ZbSansN398SkYbW]. Source data are providedwith this paper. All data
are included in the Supplementary Information or available from the
authors, as are unique reagents used in this Article. The rawnumbers for

charts and graphs are available in the Source Data file whenever possi-
ble. Source data are provided with this paper.
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