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Impaired BCAA catabolism in adipose 
tissues promotes age-associated metabolic 
derangement
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Hang-Rae Kim    6,7,8,10, Myeong Hee Moon    5, Jong Kyoung Kim    3,4 , 
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Adipose tissues are central in controlling metabolic homeostasis and failure 
in their preservation is associated with age-related metabolic disorders. 
The exact role of mature adipocytes in this phenomenon remains elusive. 
Here we describe the role of adipose branched-chain amino acid (BCAA) 
catabolism in this process. We found that adipocyte-specific Crtc2 knockout 
protected mice from age-associated metabolic decline. Multiomics analysis 
revealed that BCAA catabolism was impaired in aged visceral adipose 
tissues, leading to the activation of mechanistic target of rapamycin 
complex (mTORC1) signaling and the resultant cellular senescence, which 
was restored by Crtc2 knockout in adipocytes. Using single-cell RNA 
sequencing analysis, we found that age-associated decline in adipogenic 
potential of visceral adipose tissues was reinstated by Crtc2 knockout, 
via the reduction of BCAA–mTORC1 senescence-associated secretory 
phenotype axis. Collectively, we propose that perturbation of BCAA 
catabolism by CRTC2 is critical in instigating age-associated remodeling of 
adipose tissue and the resultant metabolic decline in vivo.

Age-associated metabolic derangement is detrimental in prolonging 
healthspan. Adipose tissues are critical in regulating whole-body energy 
metabolism and the impairment of their function during the aging 
process could be one of the main causes for the dysregulation of energy 
homeostasis1–3. The predominant parenchymal cells in adipose tissues 
are adipocytes in white adipose tissue (WAT), especially in visceral white 
adipose tissue (VAT), which are mainly responsible for the storage of 

triacylglycerols (TAGs), whereas adipocytes in brown adipose tissue 
(BAT) and beige adipocytes in subcutaneous WAT (SAT) are critical in 
maintaining energy balance by functioning as major players for adap-
tive thermogenesis4. Age-dependent increases in visceral adiposity 
could lead to chronic inflammation and resultant insulin resistance, 
leading to the progression of metabolic disorders that deteriorate 
the overall health of individuals, leading to reduced life expectancy.
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Results
Deleting adipose Crtc2 averts age-related metabolic disorder
To explore the potential role of CRTC2 in age-associated metabolic 
decline of adipose tissues, we first attempted to determine the relative 
CRTC2 expression in adipose tissues. Notably, we observed that CRTC2 
expression is more than tenfold enriched in WAT compared to BAT 
(Extended Data Fig. 1a). Among WAT, expression of CRTC2 is slightly 
higher in VAT than in SAT. Furthermore, we observed a significant 
increase in CRTC2 protein levels in response to aging in mature adi-
pocytes from VAT but not from SAT. We were not able to detect CRTC2 
expression in mature adipocytes from BAT. These data prompted us 
to generate adipocyte-specific Crtc2 knockout (Crtc2 AKO) mice and 
look for the potential role of CRTC2 mainly in VAT in response to aging 
(Extended Data Fig. 1b). We confirmed that Crtc2 AKO mice showed 
reduced expression of CRTC2 in adipose tissues, but not in other  
tissues (Extended Data Fig. 1c,d).

To explore the potential role of adipose CRTC2 in response to 
aging, we chose specific age groups for the study. For C57BL/6 mice, 
the aged group is considered to be at the age of 18–24 months (human 
age equivalents to 56–69 years), whereas the mature adult group falls 
within 3–6 months in age (human age equivalents to 20–30 years)24. 
Thus, we chose 18–21-month-old mice as the aged group, while selecting 
3–5-month-old mice as their younger counterparts. As expected, aged 
WT mice displayed pronounced age-associated metabolic anomalies, 
including glucose and insulin intolerance, increased fat body mass and 
an increased lipid accumulation in liver and adipose tissues compared 
to the younger counterparts (Fig. 1a–g). Of note, aged Crtc2 AKO mice 
showed a resistance to the age-associated metabolic decline, as shown 
by the reduced adiposity and the improved glucose homeostasis that 
were comparable to the younger WT mice (Fig. 1a–g and Extended Data 
Fig. 1e). On the other hand, we did not observe the effect of adipocyte-
specific depletion of Crtc2 on metabolism in the 3-month-old group, 
except a slight reduction of overnight-fasting blood glucose levels 
(Supplementary Fig. 1). These data suggest that adipose CRTC2 may 
play more prominent roles in older age groups. Age-associated decline 
in SAT:VAT ratio is often correlated with the metabolic disorder. Indeed, 
we observed that SAT:VAT ratio was dramatically reduced by aging, 
which was partially recovered by adipocyte-specific depletion of Crtc2 
(Fig. 1h). Although the age-associated decrease in energy expendi-
ture was not recovered by adipose Crtc2 knockout (Supplementary  
Fig. 2), peripheral insulin signaling was improved in aged Crtc2 AKO 
mice compared to the aged WT controls (Extended Data Fig. 2a,b), 
which is in line with the results of the insulin tolerance test (Fig. 1b). 
Again, adipocyte-specific depletion of Crtc2 in young mice did not 
show differences in insulin signaling (Extended Data Fig. 2c,d). These 
data suggest that adipocyte-specific depletion of Crtc2 could reverse 
the age-associated metabolic disorders mainly by changing yet-to-be-
specified aspects of signaling cascades in VAT.

Aged Crtc2 AKO mice display improved lipid homeostasis
Having seen a dramatic effect of aging on adiposity, we then wanted to 
further elaborate the effect of aging and Crtc2 knockout in lipid metabo-
lism. We mainly focused on liver and VAT, which are major organs for 
controlling lipid homeostasis in mammals.

Hepatic lipid contents were increased in aged WT mice compared 
to young WT controls, in line with the increased adiposity caused by 
aging (Fig. 1d,g). Adipocyte-specific depletion of Crtc2 reduced lipid 
accumulation in liver that was induced by aging, showing a systemic 
anti-aging effect by adipocyte-specific depletion of Crtc2. To further 
assess the effect of aging and/or adipocyte-specific depletion of Crtc2 
on hepatic lipid metabolism, we performed lipidomics analysis.

A principal component analysis (PCA) showed differences in 
quantified hepatic lipid profiles (P < 0.05) among the three groups 
(young WT mice, aged WT mice and aged Crtc2 AKO mice), although the  
difference between young WT mice and aged WT mice might be more 

Adipose tissues are composed of multiple cell types, including 
mature adipocytes, adipogenic progenitor (AP) cells, endothelial 
cells and various types of immune cells5. At the cellular level, age-
associated decline in functional adipose tissues can be instigated 
by cellular senescence. Specifically, cellular senescence of AP cells 
has been extensively studied. Obesity-induced metabolic dysfunc-
tion was associated with the increased cellular senescence of AP 
cells in WAT, via senescence-associated secretory phenotype (SASP) 
factor-mediated inhibition of adipogenesis and accumulation of 
macrophages6. Indeed, clearance of senescent AP cells improved 
metabolic disorders in obese mice, suggesting that senescence-
associated metabolic complications can be reversed. Similarly, age-
dependent accumulation of senescent AP cells in adipose tissues led 
to the increased expression of SASP factors, including activin A, which 
promotes the formation of dysfunctional adipose tissues7–9. These 
data suggest that secretion of SASP from senescent cells in adipose 
tissues is critical in the instigation of age-associated metabolic decline 
of adipose tissues via an autocrine and/or paracrine manner. Given 
the potential crosstalk between the multiple cell types in adipose 
tissues, the exact mechanism by which distinct cells influence age-
associated progression of dysfunctional adipose tissues needs to be  
delineated.

cAMP-response element-binding protein (CREB) regulated tran-
scription coactivator (CRTC) 2 is involved in the regulation of metabolic 
homeostasis10. We and others showed that CRTC2 regulates hepatic 
gluconeogenesis by co-activating basic leucine zipper (bZIP) transcrip-
tion factors such as CREB, CREBH and activating transcription factor 6 
(refs. 11–13). Furthermore, CRTC2 regulates hepatic lipid metabolism 
by counteracting the actions of Sterol regulatory element-binding 
proteins (SREBPs)14,15. Recently, we have shown that CRTC2 transcrip-
tionally induces hepatic expression of miR-34a under diet-induced 
obesity, resulting in the progression of fatty liver and insulin resist-
ance16,17. In addition, CRTC2 also regulates the production of endocrine 
hormones in pancreatic β-cells and intestinal L cells18,19. Although 
the role of CRTC3 in adipose tissues has been delineated recently20,21,  
the exact function of adipose CRTC2 has yet to be tested by using 
tissue-specific knockout mice.

Notably, CRTC-1, an ortholog of CRTCs found in Caenorhabdi-
tis elegans, was shown to be associated with aging and aging-related 
disorders. AMP-activated protein kinase (AMPK) inhibits CRTC-1 
activity to increase lifespan of C. elegans, suggesting that inhibition 
of CRTC-1 could be beneficial in combating aging-related disorders22. 
Indeed, deletion of CRTC-1 enhanced lifespan of this organism by 
improving mitochondrial function22,23; however, the role of CRTCs in 
mammals in aging or age-associated metabolic disorders has not been  
delineated.

Here we investigated the role of adipose CRTC2 in age-associ-
ated metabolic dysregulation. We found that expression of adipose 
CRTC2 was elevated upon aging in VAT. Age-mediated increases in 
adiposity were substantially reduced in adipocyte-specific Crtc2 
knockout (Crtc2 AKO) mice compared to the control, leading to the 
protection from age-associated metabolic disorders. Mechanisti-
cally, depletion of Crtc2 in adipocytes enhanced the sirtuin (SIRT)  
1/AMPK pathway and reduced mechanistic target of rapamycin 
complex (mTORC) 1 pathway via the regulation of BCAA catabo-
lism, leading to the preservation of mitochondria and the reduc-
tion in cellular senescence in VAT. Using single-cell RNA sequencing 
(scRNA-seq), we found that age-mediated remodeling of adipose 
tissue architecture was prevented upon Crtc2 knockout in adipo-
cytes, in part via the reduction of SASP factors. Indeed, adipogenic 
potential of AP cells from the aged Crtc2 AKO mice is comparable 
to those from young wild-type (WT) mice. These data suggest that 
CRTC2 in mature adipocytes is critical in the progression of age-asso-
ciated metabolic decline in VAT by promoting cellular senescence in  
mammals.
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Fig. 1 | Adipocyte-specific depletion of Crtc2 suppresses the age-onset 
metabolic disorder in mice. The metabolic phenotypes of male young Crtc2 f/f 
mice (3 months old), aged Crtc2 f/f mice (18 months old) and aged Crtc2 AKO mice 
(18 months old) were assessed. a, A glucose tolerance test (GTT) was performed 
on mice. Blood glucose levels at the designated time points are shown (left). The 
area under the curve (AUC) was calculated for the glucose tolerance test for each 
mouse (right). Data represent mean ± s.d. (n = 7 for young Crtc2 f/f mice; n = 8 for 
aged Crtc2 f/f mice; and n = 5 for aged Crtc2 AKO mice). b, An insulin tolerance 
test (ITT) was performed on mice. Blood glucose levels at the designated time 
points are shown (left). The area under the curve was calculated for the insulin 
tolerance test for each mouse (right). Data represent mean ± s.d. (n = 7 for young 
Crtc2 f/f mice; n = 8 for aged Crtc2 f/f mice; and n = 7 for aged Crtc2 AKO mice). 
c,d, Body weight (c) and body composition analysis (d) on young Crtc2 f/f mice 

(n = 5), aged Crtc2 f/f mice (n = 9) and aged Crtc2 AKO mice (n = 9) are shown. Data 
represent mean ± s.e.m. e, A representative image showing the effect of aging 
and adipocyte-specific depletion of Crtc2 on organ size. f, The effect of aging 
and adipocyte-specific depletion of Crtc2 on the organ weight of liver, VAT, SAT 
and BAT. Data represent mean ± s.e.m. (n = 5 for young Crtc2 f/f mice; n = 4 for 
aged Crtc2 f/f mice; and n = 4 for aged Crtc2 AKO mice). g, A representative image 
showing hematoxylin-eosin staining of liver and adipose tissues from young 
Crtc2 f/f mice, aged Crtc2 f/f mice and aged Crtc2 AKO mice. A representative 
image is shown (scale bars, 100 μm). h, Effects of aging and Crtc2 depletion on 
SAT:VAT ratio. Data represent mean ± s.e.m. (n = 6 for young Crtc2 f/f mice; n = 3 
for young Crtc2 AKO mice; n = 6 for aged Crtc2 f/f mice; and n = 5 for aged Crtc2 
AKO mice). P values were determined using one-way analysis of variance (ANOVA) 
with Tukey’s multiple comparisons test (a–d,f,h).
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pronounced as peaks between young WT mice and aged WT mice did 
not overlap and, at least in the first principal component, peaks from 
aged Crtc2 AKO mice were moving toward those from young control 
mice (Supplementary Fig. 3a). In accordance with the histological 
analysis of liver (Supplementary Fig. 1f), the PCA showed no differ-
ences in hepatic lipid profiles between young WT mice and young Crtc2 
AKO mice (Supplementary Fig. 3b). In general, we observed a dramatic 
increase in most classes of hepatic lipids in aged WT mice compared 
to the younger counterparts (Supplementary Fig. 3c). Of note, we 
observed a specific decrease in a subset of lipids, including choles-
terol esters, diacylglycerols (DAGs) and TAGs in the livers of Crtc2 AKO 
mice compared to aged WT mice (Supplementary Fig. 3c). We did not 
observe noticeable changes in hepatic lipids between young WT mice 
and young Crtc2 AKO mice (Supplementary Fig. 3d). While we observed 
only a modest change in hepatic expression of genes responsible for 
lipogenesis (for example SREBP1c, SCD1 and FAS) in response to aging 
or by Crtc2 AKO, we found a specific increase in hepatic expression 
of genes responsible for fatty acid uptake or lipid droplet formation 
(such as CD36, Cidec, FABP4 and PPARγ2) by aging, which was reduced 
upon adipocyte-specific depletion of Crtc2 (Supplementary Fig. 3e). 

We did not observe changes in expression of genes involved in fatty 
acid β-oxidation by aging in both genotypes (Supplementary Fig. 3f). 
These data suggest that age-dependent accumulation of hepatic lipids 
is largely due to the increased potential for fatty acid uptake, presum-
ably by the dysregulation of lipid metabolism in adipose tissues and is 
corrected by adipocyte-specific deletion of Crtc2 in VAT.

Similar to our hepatic lipid remodeling, recovery patterns of lipid 
species in VAT also seem to be attributed to Crtc2 AKO. We performed 
permutation tests to detect statistically significant up–down or down–
up changes, recapturing the species’ level by Crtc2 AKO (Extended Data 
Fig. 3a). As was the case for liver, age-induced increase in TAG and DAG 
levels came close to that of young controls in aged Crtc2 AKO mice  
(Fig. 2a,b and Extended Data Fig. 3a). On the other hand, a large number 
of phospholipids, especially phosphatidylcholine (PC), in VAT were 
decreased in aged control mice compared to young control mice and 
adipocyte-specific depletion of Crtc2 restored it to levels seen in young 
controls (Fig. 2c and Extended Data Fig. 3a). Notably, a recent report 
suggested that accelerated PC turnover is responsible for the inflam-
mation of adipose tissues in obesity25, hinting that aging could simi-
larly perturb PC homeostasis in VAT. Additionally, we observed lipid 
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Fig. 2 | CRTC2 is linked to the age-associated changes in lipid profiling of VAT. 
Lipid profiling analysis was performed using male young Crtc2 f/f mice (3 months 
old), young Crtc2 AKO mice (3-month-old), aged Crtc2 f/f mice (18 months old) 
and aged Crtc2 AKO mice (18 months old). a, Volcano plot of lipid metabolites 
from lipid-profiling analysis of mouse VAT in vivo. Fold change was defined as a 
square root of multiplication of mean fold change (aged control versus young 
control) and the inverse of mean fold change (aged AKO versus aged control). 
q values were estimated based on permuted P values. b, Quantification of 

DAGs and TAGs, common forms of glycerides, from mouse VAT in vivo. Only 
metabolites with the lowest q value from the permutation analysis are shown. 
c, Quantification of PC, a common form of phospholipids, from mouse VAT in 
vivo. Only metabolites with the lowest q value from the permutation analysis are 
shown. Data in b and c represent mean ± s.e.m. (n = 7 for young Crtc2 f/f mice; 
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Crtc2 AKO mice). P values were determined using one-way ANOVA with Tukey’s 
multiple comparisons test (b,c).
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metabolism rewiring in Crtc2 KO primary adipocytes from VAT. The 
m+5 fractional labeling of citrate derived from [U-13C] glutamine was 
reduced in Crtc2 KO adipocytes compared to that in controls (Extended 
Data Fig. 3b). The labeled carbons in citrate m+5 were from the reduc-
tive glutamine flux, one of the major carbon sources of lipid synthesis26.

These data suggest that age-dependent changes in lipid compo-
sition in liver and VAT were partially prevented by adipocyte-specific 
depletion of Crtc2, indicating that age-dependent changes in systemic 
lipid metabolism could be controlled by CRTC2-mediated signaling 
pathway in VAT.

BCAA is associated with elevated CRTC2–Hes-1 axis in VAT
We then turned our attention to the metabolomics analysis of VAT. 
Metabolites with recovery patterns were detected based on permuta-
tion analysis and their residing pathways were explored to find meta-
bolic signatures. The pathways with more than two hits were: BCAA 
metabolism, cysteine and methionine metabolism, citrate cycle, nucle-
otide sugar metabolism, purine metabolism and pyrimidine metabo-
lism (Extended Data Fig. 4). Furthermore, we color-coded metabolic 
pathways using RNA sequencing (RNA-seq) data and metabolomics 
data to visually inspect metabolic signatures from integrated data 
(Fig. 3a). We found the concordant changes in RNA expression and 
the concentration of metabolites in BCAA catabolism. Expression of 
genes encoding enzymes for BCAA catabolism was generally reduced 
in VAT of aged WT mice compared to their young counterparts in RNA-
seq analysis (Extended Data Fig. 5a–e), which was confirmed by qPCR  
(Fig. 3b). At the protein level, both BCKDHB and BCAT2 but not BCK-
DHA were reduced in VAT by aging (Extended Data Fig. 6a). Expression 
of BCAA catabolic genes and proteins were recovered upon deple-
tion of Crtc2 both in VAT and differentiated adipocytes (Fig. 3b and 
Extended Data Fig. 6a,b). We observed a specific decrease in BCAA 
catabolites in VAT of aged WT mice compared to their young counter-
parts, which was restored in VAT of aged Crtc2 AKO mice from global 
metabolomic profile analysis (Fig. 3c and Extended Data Fig. 4). In 
particular, the hydroxy-methyl-butyrate (HMB) level was reduced 
by aging, which was restored by adipocyte-specific depletion of 
Crtc2 in VAT. The 3-hydroxy-3-methylglutaric acid (3-HMG) level also 
tended to be reduced by aging and was also elevated in VAT of aged 
Crtc2 AKO mice in comparison to aged WT mice (Fig. 3d). The levels 
of BCAA catabolites in VAT were not different between WT and Crtc2 
AKO mice of a young age (Extended Data Fig. 4). These data suggested 
that age-dependent reduction of BCAA catabolism was restored in 
Crtc2-depleted VAT, via the regulation of the BCKDH complex and 
BCAT2. Isotope-tracing experiments confirmed the increased leucine 
catabolic flux toward downstream metabolites in the Crtc2 AKO model. 
When primary adipocytes were fed with [U-13C] leucine, five carbons 
in HMB and 3-HMG were 13C labeled (Fig. 3e). As intracellular concen-
tration of 3-HMG in adipocyte was lower than the analytical limit, we 

quantified isotopomer distribution of HMB via targeted metabolite 
analysis. The amount of five-carbon-labeled HMB was significantly 
increased in both differentiated adipocytes and pre-adipocytes from 
Crtc2 AKO mice after a 4-day culture (Fig. 3f). Moreover, we observed 
an increase in secreted extracellular five-carbon-labeled HMB in both 
differentiated adipocytes and pre-adipocytes from Crtc2 AKO mice 
(Fig. 3g). Conversely, plasma BCAA levels were elevated in aged WT 
mice compared to young controls, which were significantly reduced in 
aged Crtc2 AKO mice (Fig. 3h). This finding is notable as the increased 
plasma level of BCAA has been shown to be closely associated with 
insulin resistance and type 2 diabetes not only in rodents but also in 
humans27–30. Furthermore, a strong negative correlation was reported 
between the expression levels of BCAA metabolic genes in mouse 
adipose tissue with fasting insulin levels and IR (HOMA-IR)31. Of note, 
recent studies have shown that increased BCAAs in the diet also 
reduced lifespan in rodents32,33, suggesting that plasma BCAA levels 
could be positively associated with aging or age-associated meta-
bolic disorders. Therefore, increased systemic BCAA levels could be 
attributed to BCAA dysmetabolism, especially in adipose tissues34,35.

To explore a potential mechanism for the increased gene expres-
sion associated with BCAA catabolism in Crtc2-depleted VAT, we meas-
ured the relative expression of two transcription factors that were 
shown to control BCAA catabolism. Kruppel-like factor 15 (KLF15) is 
a known master regulator for glucose and amino acid metabolism, 
including BCAA36. While we observed that KLF15 expression was 
reduced in response to aging in VAT, no specific changes in KLF15 
expression were detected upon adipocyte-specific depletion of Crtc2 
in VAT, showing that KLF15 might not be involved in the changes in gene 
expression responsible for BCAA catabolism by CRTC2 (Fig. 3b). On the 
other hand, expression of PPARγ, a major regulator of adipogenesis 
and amino acid catabolism37, was significantly reduced in VAT from 
aged WT mice compared to their younger counterparts, which was 
restored by adipocyte-specific depletion of Crtc2 (Fig. 3b). Previous 
studies revealed that CREB was shown to down-regulate expression of 
PPARγ in the liver by transcriptional activation of HES1, a transcriptional 
inhibitor for PPARγ38. As CRTC2 functions as a coactivator for CREB, we 
suspected that Hes1 expression could be altered in response to aging 
or depletion of Crtc2 in VAT. Indeed, we were able to show that Hes1 
expression was elevated by aging and was reduced by adipocyte-spe-
cific depletion of Crtc2 in VAT (Fig. 3b), corroborating our hypothesis 
that the elevated CRTC2–HES1 axis and the resultant downregulation 
of PPARγ could be responsible for the BCAA dysmetabolism in VAT in 
aged mice compared to their younger counterparts (Supplementary 
Fig. 4a). Indeed, knockdown of Hes1 in differentiated adipocytes led to 
the increased expression of PPARγ and BCAA catabolic enzymes such 
as BCKDHA and BCKDHB, corroborating our hypothesis that regula-
tion of Hes1 expression was crucial in the control of BCAA catabolism 
(Supplementary Fig. 4b).

Fig. 3 | CRTC2–Hes-1 axis is critical in age-associated increase in plasma BCAA 
levels. RNA-seq and metabolomics analysis were performed using male young 
Crtc2 f/f mice (3 months old), young Crtc2 AKO mice (3 months old), aged Crtc2 
f/f mice (18 months old) and aged Crtc2 AKO mice (18 months old). a, Schematic 
diagram showing the flow of RNA-seq (top). Volcano plot of FPKM from RNA-seq 
(n = 3 mice per group, bottom). The 45 genes annotated to mmu00280, BCAA 
degradation, in the KEGG pathway are colored in red. The fold change was 
calculated as square root of multiplication of fold change between aged controls 
versus young controls and the inverse of fold change between aged AKO and 
aged controls. q values were estimated based on P values from the permutation 
analysis to quantify the extremeness of observed recovery patterns. P value from 
the chi-squared test for independence (d.f. of 1) between significant genes with 
q value with <0.05 and BCAA pathway; P value from the same test between genes 
with decreasing fold change and BCAA pathway was <0.0001. FPKM, fragments 
per kilobase of transcript per million mapped reads. b, qPCR analysis on genes in 
BCAA catabolism in mature adipocytes (n = 4 mice per group). c, Volcano plot of 

aqueous metabolites from metabolic profiling analysis of VAT (n = 7 young Crtc2 
f/f mice; n = 6 aged Crtc2 f/f mice; and n = 6 aged Crtc2 AKO mice). Fold change is 
defined as the square root of multiplication of mean fold change (aged controls 
versus young controls) and the inverse of mean fold change (aged AKO  
versus aged controls). q values were estimated based on P values from the 
permutation analysis. d, Quantification of HMB and 3-HMG from VAT (n = 7  
young Crtc2 f/f mice; n = 6 aged Crtc2 f/f mice; and n = 5 aged Crtc2 AKO mice).  
e, Schematic illustration of the transformation of leucine carbon to 
intermediates in BCAA catabolism. f,g, Quantification of intracellular (f) or 
extracellular (g) HMB isotopomer distribution from [6-U-13C] leucine labeling 
of differentiated adipocytes (left) and pre-adipocytes (right) (n = 3 biological 
replicates per group). h, Plasma BCAA concentration mice (n = 7 young Crtc2 
f/f mice; n = 3 young Crtc2 AKO mice; n = 8 aged Crtc2 f/f mice; and n = 6 aged 
Crtc2 AKO mice). Data represent mean ± s.e.m. P values were determined using 
one-way ANOVA with Dunnet’s multiple comparison test (b) or Tukey’s multiple 
comparisons test (d,f–h).
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Crtc2 AKO mice displays reduced mTORC1-mediated 
senescence
Age-associated decline in the metabolic function is instigated by cellu-
lar senescence. Indeed, we were able to observe an increased expression 
of markers for the cellular senescence (p16, p19 and p21) in the VAT of 
aged WT mice compared to the younger controls (Fig. 4a). In compli-
ance with improved metabolic phenotypes, expression of senescence 
marker genes was dramatically reduced in VAT of aged Crtc2 AKO mice 
compared to the aged control mice, suggesting that the age-initiated 
senescence in VAT was delayed with adipocyte-specific depletion of 

Crtc2. In line with this result, we found that cellular senescence was 
less pronounced in Crtc2-depleted VAT compared to the controls in 
aged mice, but not in young mice, as evidenced by the measurement 
of SA-β galactosidase as well as the immunohistochemical assessment 
and western blot analysis of γ-H2AX and p21 levels (Fig. 4b–d and Sup-
plementary Fig. 5a,b).

Recent studies revealed that the age-stimulated decrease in SIRT1/
AMPK pathway and the reciprocal increase in mTORC1 pathway could 
be causal to the cellular senescence as well as various metabolic dis-
orders39–43. Previously, we have shown that depletion of Crtc2 in liver 
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Fig. 4 | Adipocyte-specific Crtc2 knockout reduced cellular senescence in 
adipose tissues. a, qPCR analysis of senescence-associated genes in VAT of mice. 
Data represent mean ± s.e.m. (n = 6 for young Crtc2 f/f mice (3 months old); n = 5 
for young Crtc2 AKO mice (3 months old); n = 5 for aged Crtc2 f/f mice (18 months 
old); and n = 4 for aged Crtc2 AKO mice (18 months old)). b, Representative 
SA-β-gal staining to detect cellular senescence of VAT from young Crtc2 f/f 
mice (3 months old), young Crtc2 AKO mice (3 months old), aged Crtc2 f/f mice 
(21 months old) and aged Crtc2 AKO mice (21 months old). c, Representative 
immunohistochemical staining showing effects of aging and adipocyte-specific 
depletion of Crtc2 on cellular senescence in VAT of young Crtc2 f/f mice (3 
months old), aged Crtc2 f/f mice (19 months old) and aged Crtc2 AKO mice 
(19 months old) (scale bars, 20 μm). Quantitation of p21 and γH2AX are also 
shown. Data represent mean ± s.e.m. (n = 8 biological replicates per group for 
p21 and n = 9 biological replicates per group for γH2AX). DAPI,4,6-diamidino-2-
phenylindole. d, A representative western blot analysis showing effects of aging 
and adipocyte-specific depletion of Crtc2 on proteins involved in senescence 

from VAT of young Crtc2 f/f mice (3 months old), aged Crtc2 f/f mice (18 months 
old) and aged Crtc2 AKO mice (18 months old). Quantitation of p21 bands was 
also shown. Data represent mean ± s.e.m. (n = 4 biological replicates per group). 
e, A representative western blot analysis showing effects of aging and adipocyte-
specific depletion of Crtc2 on proteins involved in senescence, AMPK pathway 
and mTORC1 signaling in VAT of young Crtc2 f/f mice (3 months old), aged Crtc2 
f/f mice (18 months old) and aged Crtc2 AKO mice (18 months old). Relative values 
for p-S6K/S6K, p-AMPK/AMPK, p-CREB/CREB and SIRT1/HSP90 are shown. Data 
represent mean ± s.e.m. (n = 4 biological replicates per group). f, A representative 
PDH staining showing effects of aging and adipocyte-specific depletion of Crtc2 
on mitochondria in VAT of young Crtc2 f/f mice (3 months old), aged Crtc2 f/f mice 
(19 months old) and aged Crtc2 AKO mice (19 months old) (scale bars, 50 μm). 
Percentage of PDH stained area is also shown. Data represent mean ± s.e.m. (n = 7 
biological replicates per group). PDH, pyruvate dehydrogenase. P values were 
determined using one-way ANOVA with Tukey’s multiple comparisons  
test (a,c–f).
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led to the decreased expression of miR-34a, a known inhibitor of SIRT1, 
resulting in the increased fatty acid β-oxidation as well as plasma FGF21 
levels16. We found that miR-34a, miR-146b and miR-132 were signifi-
cantly induced in response to aging in mature adipocytes from VAT 
(Supplementary Fig. 5c), each of which has been previously shown 
to target SIRT1 (refs. 44–46). Among the three miRNAs, miR-34a and 
miR-132 were demonstrated to be transcriptionally controlled by CREB 
and/or CRTC2, suggesting that age-dependent regulation of these 
miRNAs might be mediated by the CREB/CRTC2 pathway16,47. Notably, 
expression of miR-34a, but not of miR-132, was significantly downregu-
lated by adipocyte-specific depletion of Crtc2 in mature adipocytes 
from VAT of aged mice (Supplementary Fig. 5c), demonstrating that 
age-associated increase in miR-34a might affect SIRT1-dependent 
signaling in a CRTC2-dependent manner. Indeed, expression of SIRT1 
was significantly decreased in VAT from aged WT mice compared to 
their younger counterparts (Fig. 4e). In addition, p-AMPK levels were 
similarly altered in response to aging. Previous report suggested that 
BCAA, especially leucine, can enhance mTORC1 pathway, thus inhibit-
ing insulin signaling pathway48. In line with age-associated changes in 
the BCAA catabolic pathway, we were able to observe an increase in 
mTORC1 pathway in response to aging, as evidenced by the increased 
p-S6K1 levels in aged WT mice compared to the controls (Fig. 4e). Of 
note, adipocyte-specific depletion of Crtc2 dramatically reverted age-
mediated changes in cellular signaling, as shown by the restoration of 
the SIRT1/AMPK pathway and the inhibition of the mTORC1 pathway 
in VAT compared to WT counterparts (Fig. 4e and Supplementary  
Fig. 6a). Restoration of cellular signaling was also pronounced in aged 
Crtc2-depleted SAT but only mildly shown in BAT, further supporting 
our hypothesis that the function of CRTC2 is more pronounced in WAT 
than in BAT (Supplementary Figs. 6b,c and 7).

To verify further the importance of CRTC2 in mTORC1-mediated 
cellular senescence, we differentiated AP cells from Crtc2 f/f mice and 
Crtc2 AKO mice in vitro in the presence of senescence-inducing agents, 
with or without mTORC1 inhibitor rapamycin. As was the case in vivo, 
Crtc2 depletion showed reduced p-S6K1 levels and cellular senescence 
as shown by p21 levels and SA-β-gal staining in differentiated adipo-
cytes, underscoring the importance of the CRTC2–mTORC1 axis in 
cellular senescence (Supplementary Fig. 8). Rapamycin treatment 
effectively blunted senescence-inducing-agent-associated increases in 
cellular senescence and this effect was further enhanced in Crtc2-defi-
cient adipocytes, likely due to the elimination of the residual mTORC1 
activity that may have been partially active upon Crtc2 depletion.

The balance between AMPK signaling and the mTORC1 pathway is 
closely associated with the maintenance of mitochondrial function49. As 
expected, functional mitochondrial contents were reduced in response 
to aging in VAT, as shown by immunohistochemical staining of pyruvate 
dehydrogenase (Fig. 4f). Adipocyte-specific depletion of Crtc2 partially 
restored the age-associated decline in functional mitochondria in 
VAT. No specific differences in mitochondria from VAT of young WT 
mice and young Crtc2 AKO mice (Supplementary Fig. 9) were seen. 
These data suggest that adipocyte-specific depletion of Crtc2 protects 

adipose tissues from age-associated decline in mitochondria, in part 
by a reciprocal modulation of the AMPK–mTORC1 axis.

Crtc2 promotes age-induced remodeling of adipose tissues
To gain a better insight into how the VAT microenvironment evolves 
during aging and by adipocyte-specific depletion of Crtc2, we per-
formed scRNA-seq on stromal vascular fractions (SVFs) derived from 
the VAT of Crtc2 f/f or AKO mice at two different age groups, young  
(5 months old) and aged (18 months old). We profiled a total of 55,656 
cells passing our quality control (QC) criteria, sampled from two bio-
logical replicates for each condition, with an average of 2,985 genes and 
10,320 unique molecular identifiers (UMIs) per cell (Supplementary 
Fig. 10a). To characterize the age-dependent dynamics of cellular com-
position within VAT, we applied a graph-based clustering algorithm 
and annotated each cell cluster based on the expression of cell-type 
marker genes, resulting in a single-cell atlas of 18 cell types derived 
from 27 cell clusters (Fig. 5a and Supplementary Fig. 10b,c). The cell 
types were organized into three broad groups of cells: lymphoid, 
myeloid and nonimmune cells. The cell-type composition analysis 
accounting for batch effects revealed that all groups were globally 
reorganized during aging and the age-dependent changes of lym-
phoid and nonimmune cells were restored by Crtc2 AKO in aged mice  
(Fig. 5b and Supplementary Fig. 10d–f).

The lymphoid cells were further subdivided into 14 cell types by 
re-clustering lymphoid cells and annotating each cluster based on 
lymphoid cell markers (Supplementary Fig. 11a–c). We observed a 
previously identified age-related expansion of CD3+ T cells, CD19+ B 
cells and a reduction of innate immune cells50,51 and many of these age-
associated changes were partially rescued by adipocyte-specific deple-
tion of Crtc2 (Supplementary Fig. 11d–h). In the B-cell subsets, memory 
B cells were expanded in aged WT mice and reduced in aged Crtc2 AKO 
mice, in line with a previous report showing the age-related and NLRP3 
inflammasome-dependent expansion of memory-like B cells, termed 
as aged adipose B cells (AABs), in fat-associated lymphoid clusters of 
VAT52. The age-associated expansion of various T-cell subsets, includ-
ing CD4+ T (T.Naive.CD4 and T.Conv.CD4), CD8+ T (T.Naive.CD8 and 
T.Cytotoxic.CD8) and regulatory T (Treg) cells, has been well described in 
VAT50,53. Consistent with previous reports, they were increased in aged 
WT mice and adipocyte-specific depletion of Crtc2 partially restored 
their aberrant increase (Supplementary Fig. 11d–h). The selective 
depletion of VAT-resident Treg cells in aged mice is known to prevent 
age-associated insulin resistance53, suggesting that VAT-resident Treg 
cells are important for the observed phenotype of aged Crtc2 AKO 
mice. Notably, we observed that adaptive and innate immune responses 
in T-cell subsets were activated in aged WT mice, which was partially 
rescued by adipocyte-specific depletion of Crtc2 in T.Conv.CD4, Treg 
and T.Cytotoxic.CD8 cells (Supplementary Fig. 11i). Together, these 
results suggest that the perturbed immune responses in the VAT upon 
aging may contribute to age-associated metabolic disorders and that 
perturbed responses can be partially rescued by adipocyte-specific 
depletion of Crtc2.

Fig. 5 | Age-associated decline in adipogenic potential of VAT is restored by 
Crtc2 deficiency. scRNA-seq analysis was performed using male young Crtc2 f/f 
mice (5 months old), young Crtc2 AKO mice (5 months old), aged Crtc2 f/f mice 
(18 months old) and aged Crtc2 AKO mice (18 months old). a, Uniform Manifold 
Approximation and Projection (UMAP) plot of 55,656 cells across four conditions 
(n = 2 biological replicates per group). Each color indicates annotated cell types. 
DC, dendritic cell; NK, natural killer. b, Bar-plot showing proportion of annotated 
cell types for each condition. c, t-distributed stochastic neighbor embedding 
(t-SNE) plots of AP cells showing schematic representation of trajectories (top) 
and violin plots of marker expression of Dpp4 and Fabp4 (bottom). d, Heat map 
showing scaled gene expression trends along differentiation trajectories.  
e, t-SNE plots of AP cells. Cells are highlighted by each condition (top), colored 

by pseudotime or branch probabilities of each path (bottom). f, Box-plot 
representing branch probabilities of 15,609 AP2 cells across different paths and 
conditions with two independent biological replicates. The first quartile, median 
and third quartile are shown with whiskers lengthened 1.5 × interquartile range 
(IQR). g, Adipocyte progenitor cells (PDGFRα+) isolated from VAT of young Crtc2 
f/f mice (3 months old), young Crtc2 AKO mice (3 months old), aged Crtc2 f/f 
mice (20 months old) and aged Crtc2 AKO mice (20 months old) were analyzed. 
Cell proliferation was assessed every 2 d after plating using the CyQuant assay 
(left). Data represent mean ± s.e.m. (n = 3 biological replicates per group). For 
adipocyte differentiation, cells were incubated with insulin and rosiglitazone for 
6 d and then stained with LipidTOX (right, scale bars, 150 μm)). Representative 
data are shown. P values were determined using a Student’s t-test (f,g).
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Given the reduction of the myeloid compartment during aging, 
we next sought to characterize the cellular heterogeneity of adipose 
tissue macrophages (ATMs) that have primary roles in controlling 
metabolic homeostasis and inflammatory state in VAT. We identified 

two distinct subsets of ATMs, Mac.Lyve1 and Mac.Cd9, distinguished 
by the differential expression of Lyve1, Cd9 and Trem2 (Supplementary  
Fig. 12a–c). The Mac.Lyve1 subset showed higher expression of Lyve1, 
Cd38 and Cd209f (Supplementary Fig. 12b), sharing a signature of 
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recently identified Lyve1hiMHCIIlo perivascular macrophages (Sup-
plementary Fig. 12j)54. The diet-induced obesity induces a reduction of 
the Mac.Lyve1 subset55, which promotes inflammatory cell infiltration 
and tissue fibrosis54. In contrast, the Mac.Cd9 subset was characterized 
by the increased expression of Cd9, Cd63, Trem2, Cx3cr1 and MHC-II-
encoding genes (Supplementary Fig. 12b), sharing common genes of 
recently described CD9+, Lyve1loMHCIIhi and Trem2+ lipid-associated 
ATMs (Supplementary Fig. 12j)54–56. These ATM subsets are expanded 
during obesity, contributing to obesity progression by metabolizing 

neuronally released norepinephrine or adapting to obesity by prevent-
ing adipocyte hypertrophy55–57. The Mac.Cd9 subset was expanded dur-
ing aging and reduced in aged Crtc2 AKO mice, whereas the Mac.Lyve1 
subset showed the opposite age-dependent changes (Supplementary 
Fig. 12d–i). These data indicate that Crtc2 in adipocytes is a critical regu-
lator for the response of ATMs during aging and highlight its impor-
tance for the age-dependent change of the ratio of Mac.Cd9 to Mac.
Lyve1 macrophages that is associated with inflammation and fibrosis in 
VAT. Furthermore, we found that adipocyte-specific depletion of Crtc2 
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protected VAT from age-induced fibrosis, as shown by Picro Sirius Red 
(PSR) staining and qPCR analysis of genes responsible for fibrosis and 
extracellular matrix (ECM) remodeling, including Col1a1, Col6a1, Mmp2 
and Ctsl (Extended Data Fig. 7a,b). Notably, we observed a specific 
increase in macrophage infiltration and expression of proinflammatory 
cytokine genes (Mcp1 and Il1b) in livers of aged WT mice compared to 
their younger counterparts and adipocyte-specific depletion of Crtc2 
reversed this age-associated phenomenon (Supplementary Fig. 13a,b). 
In addition, we observed that adipocyte-specific depletion of Crtc2 
specifically protected livers from age-induced fibrosis, as shown by PSR 
staining and qPCR analysis of genes responsible for fibrosis, including 

Acta2 (α-SMA), Mmp12, Timp1 and Col1a1 (Supplementary Fig. 13c,d). 
These results collectively suggest that adipocyte-specific depletion of 
Crtc2 protected mice from developing age-induced fibrosis not only in 
VAT but also in the peripheral tissues such as the liver.

Crtc2 deficiency restores adipogenic potential in aged mice
To determine whether the adipogenic potential of APs can be affected 
by adipocyte-specific depletion of Crtc2 in aged mice, we analyzed 
differentiation trajectories of APs using Palantir (Fig. 5c–f). As APs 
are known to be composed of distinct subpopulations with different 
adipogenic potential58,59, we divided APs into two subsets: multipotent 

c

d

a b

SASP

Il1r1

Il1r2

Tgfbr3

Fgfr1

Ligand Receptor

Tnfrsf1a

Tnfrsf1b

AP
scRNA-seq

Adipocyte
RNA-seq

Yo
un

g 
W

T

Ag
ed

 A
KO

Ag
ed

 W
T

Yo
un

g 
AK

O

Il1b

Tnf

Tgfb1

Fgf10

Yo
un

g 
W

T

Ag
ed

 A
KO

Ag
ed

 W
T

Yo
un

g 
AK

O

–1

–0.5

0

0.5

1

1.5

Re
la

tiv
e 

ex
pr

es
si

on

Pre

Di erentiation (6 d)

Control TNF-α IL-1β

ORO stain

Young-Crtc2 f/f

Young-Crtc2 AKO

8

6

4

m
RN

A 
le

ve
ls

2

0

3.9 × 10–3

1.3 × 10–7

7.6 × 10–9

0.047

Il1b Tnf Mmp2 Mmp9 Tgfb1

7.9 × 10–4

2.8 × 10–6

0.027

5.4 × 10–4

7 × 10–4 1.5 × 10–4

Aged-Crtc2 AKO

Aged-Crtc2 f/f

–1 d

Preadipocytes

80 60

3 × 10–4

8 × 10–3

40

20

0.5

0.4

0.3

0.2

0.1

0

0

60

8 × 10–3

3 × 10–4
3.3 × 10–4

Control
IL-1β
TNF-α

Pre 6 d

6 d + 
IL-

1β

6 d + 
TN

F-α

40

Pr
ol

ife
ra

tio
n

(fl
uo

re
sc

en
ce

)

Pr
ol

ife
ra

tio
n

(fl
uo

re
sc

en
ce

)

O
RO

 s
ta

in
 (4

90
 n

m
)

20

0

0 d 2 d 6 d 8 d

2.3 × 10–9 2 × 10–9

2.45 × 10–8

6 d0 d (Day)(Day)

TNF-α or IL-1β

TNF-α or IL-1β

0 d 2 d 4 d 6 d

–1 d

Preadipocytes

Di erentiation
Adipocytes

0 d 2 d 4 d 6 d

Control
IL-1β
TNF-α

Fig. 7 | Effects of SASP factors on cellular senescence and adipogenic 
potential of AP cells. a, Heat map showing the relative expression of 
differentially expressed genes encoding ligands across all conditions (left) and 
violin plots showing the normalized expression of the corresponding receptor 
genes for each condition (right) as in Fig. 5. b, qPCR analysis of genes encoding 
SASP in mature adipocytes from VAT of young Crtc2 f/f mice (3 months old), 
young Crtc2 AKO mice (3 months old), aged Crtc2 f/f mice (18 months old) and 
aged Crtc2 AKO mice (18 months old). Data represent mean ± s.e.m. (n = 6 mice 
per group). c,d, Adipocyte progenitor cells (PDGFRα+) isolated from VAT of 

young Crtc2 f/f mice were used to analyze the effect of SASPs. Cell proliferation 
was assessed every 2 d after plating using the CyQuant assay (c). Data 
represent mean ± s.e.m. (n = 3 biological replicates per group). For adipocyte 
differentiation, cells were incubated with insulin and rosiglitazone for 6 d and 
then stained with Oil Red O (ORO) staining (d, scale bars, 150 μm). Representative 
data are shown. Data represent mean ± s.d. (n = 3 biological replicates per 
group). P values were determined using one-way ANOVA with Tukey’s multiple 
comparisons test (b–d).

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-023-00460-8

AP1-expressing Dpp4 and committed AP2-expressing preadipocyte 
markers such as Icam1 and Fabp4 (Fig. 5c and Extended Data Fig. 8a). 
The two AP subsets were also distinguished by enhanced activity 
of PI3K, WNT and TGF-β signaling pathways in AP1 (Extended Data  
Fig. 8b). Notably, the activity of TGF-β, WNT and hypoxia-signaling 
pathways, playing an important role in fibrosis and inflammation in adi-
pose tissues60–62, was enhanced in AP2 cells of aged WT mice compared 
to young WT mice but diminished by adipocyte-specific depletion of 
Crtc2 (Extended Data Fig. 8b). Trajectory analysis revealed that APs 
have two trajectories differentiating toward the adipogenic (Path1) 
or fibro-inflammatory terminal state (Path2) (Fig. 5c–e). The terminal 
state of Path1 highly expressed Igf1, Gdf10, Irf1 and Ccnd2, signatures 
associated with adipogenesis and proliferation63–65. In contrast, the 
terminal state of Path2 was characterized by the expression of Mmp11 
and Ccn1, which are associated with fibrosis and inflammation66,67  
(Fig. 5d). Notably, cells from aged WT mice were more likely to differ-
entiate along Path2 compared to younger mice, which was partially 
rescued by adipocyte-specific depletion of Crtc2 in aged mice (Fig. 5e,f). 
Indeed, we found that AP cells from aged Crtc2-depleted VAT showed an 
increased proliferation compared to those from aged WT mice (Fig. 5g). 
Furthermore, AP cells from aged Crtc2-depleted VAT showed reduced 
cellular senescence and an increased potential for adipogenesis com-
pared to aged WT controls (Fig. 5g and Extended Data Fig. 8c), show-
ing indeed that the age-dependent decline in adipogenic potential is 
prevented by adipocyte-specific depletion of Crtc2. These data further 
support our hypothesis that age-induced changes in mature adipocytes 
could induce an environment that promotes senescence and reduces 
the adipogenic potential of AP cells and adipocyte-specific depletion 
of Crtc2 could prevent the age-associated decline of adipose tissue 
function in mice.

Next, we sought to determine how adipocyte-specific depletion 
of Crtc2 remodels the adipose tissue microenvironment in aged mice. 
We hypothesized that ligands that were differentially expressed upon 
aging or the depletion of Crtc2, could affect components of adipose tis-
sue microenvironment by ligand–receptor interactions. Cellular cross-
talk analysis showed that most of age-associated cellular interactions 

occurred between APs and other components, which were partially 
rescued by adipocyte-specific depletion of Crtc2 (Fig. 6a). We suspected 
that secretion of specific molecules from mature adipocytes might 
be involved in the remodeling of adipose tissue microenvironment, 
especially of AP cells, in response to aging. To verify this hypothesis, 
we obtained mature adipocytes from VAT of young WT mice, young 
Crtc2 AKO mice, aged WT mice or aged Crtc2 AKO mice and incubated 
them in the tissue culture medium to isolate the adipocyte conditioned 
medium (ADCM) (Fig. 6b). As expected, treatment of AP cells with 
ADCM from aged WT mice led to the reduced proliferation rate com-
pared to cells treated with ADCM from young WT mice or young Crtc2 
AKO mice. Of note, AP cells treated with ADCM from aged Crtc2 AKO 
mice showed similar proliferation rate in comparison to AP cells treated 
with ADCM from young mice (Fig. 6c). Furthermore, we found that 
AP cells treated with ADCM from aged WT mice showed an increased 
incidence of senescence and a reduced adipogenic potential compared 
with AP cells treated with ADCM from young WT mice (Fig. 6d,e). AP 
cells treated with ADCM from aged Crtc2 AKO mice showed a similar 
adipogenic potential in comparison to AP cells treated with ADCM from 
young mice, suggesting that depletion of Crtc2 in mature adipocytes 
led to the reduced production of specific secretory molecules that 
promote age-induced changes in AP cells.

From adipocyte RNA-seq analysis, we identified 103 differentially 
expressed genes encoding ligands between young and aged mice 
(adjusted P < 0.05), showing the reversal of age-dependent expression 
changes by Crtc2 AKO (Fig. 7a). Of 103 ligand genes, 97 genes upregu-
lated in aged adipocytes, including Tgfb1, Il1b and Tnf, were associated 
with fibrosis and inflammation. The corresponding receptors were 
expressed in APs. In contrast, six ligand genes downregulated in aged 
adipocytes included Fgf10, which is known to promote adipogenesis68, 
whose receptors were mainly expressed in APs (Fig. 7a). Among the 
identified potential ligands, we confirmed that a subset of genes encod-
ing SASP factors were elevated in aged mature adipocytes, including 
Il1b (encoding interleukin (IL)-1β) and Tnf (encoding tumor necrosis 
factor (TNF)-α), but not Tgfb, by qPCR (Fig. 7b). Notably, Il1b and Tnf 
are downstream targets of mTORC1 (ref. 69), which was shown to be 
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enhanced upon aging in VAT (Fig. 4e). Of note, expression of these 
SASP factors were significantly reduced in Crtc2-depleted aged mature 
adipocytes, suggesting that they might be responsible for the changes 
in AP cells in vivo. Indeed, in cultured adipocyte model, we were able 
to observe an increased expression of SASP factors in response to 
senescence-inducing agents, such as bleomycin or H2O2. Again, Crtc2-
knockout adipocytes were not only resistant to cellular senescence in 
response to senescence-inducing agents, but also showed reduced 
expression of SASP factors (Extended Data Fig. 9a–d), confirming our 
hypothesis that genetic depletion of Crtc2 reduced expression of SASP 
factors in adipocytes.

Next, we wanted to determine whether these SASP factors are 
responsible for the changes in the property of AP cells. Knockdown of 
IL-1R (IL-1β receptor) or TNFR1 (TNF-α receptor) reduced the inhibitory 
effect of aged ADCM on cellular proliferation in AP cells (Extended 
Data Fig. 10a). Also, aged ADCM-mediated enhancement of cellular 
senescence was also partially inhibited upon depletion of IL-1R or TNFR1 
in AP cells (Extended Data Fig. 10b). Similarly, the inhibitory effect of 
ADCM from senescent adipocytes on adipocyte differentiation was 
partially blocked by treatment of anti-IL-1β or anti-TNF-α (Extended 
Data Fig. 9e). Furthermore, we found that the treatment of IL-1β or 
TNF-α reduced the proliferation of AP cells and adipogenic potential 
(Fig. 7c,d), further supporting our hypothesis that these SASP factors 
could be causal to the changes in the adipogenic potential of AP cells 
and the decline of the functional adipose tissues upon aging.

Discussion
Age-associated decline in cellular function results in chronic disorders 
by compromising systemic metabolic homeostasis. As WAT plays a 
central role in maintaining whole-body metabolism by functioning as a 
center for nutrient storage and distribution and a key endocrine organ 
by secreting adipokines4, dysfunction of WAT upon aging could be 
one of the major culprits for age-associated metabolic disorders. Age-
mediated deterioration of functional WAT could result in dyslipidemia 
and chronic systemic inflammation, among other symptoms, leading 
to ectopic lipid accumulation, inflammation and insulin resistance in 
peripheral tissues2,5. Indeed, dietary or genetic intervention targeting 
adipose tissues could extend the healthspan at least in the model organ-
ism, suggesting that recovering functional WAT, especially VAT, could 
be beneficial in preventing age-associated metabolic disorders in mam-
mals, including humans. Indeed, we observed that adipocyte-specific 
depletion of Crtc2 prevented mice from developing age-associated 
metabolic disorders, confirming a specific role of adipose tissues in 
age-associated progression of metabolic diseases.

VAT is composed of multiple cell types, including mature adipo-
cytes, AP cells, as well as various immune cells, including macrophages, 
T cells and neutrophils2 and age-induced remodeling of VAT promotes 
changes in the composition and the property of these cells. Adipo-
cyte size is increased by aging, which is associated with the enhanced 
infiltration of proinflammatory macrophages around the dead-like 
adipocytes, presumably due to augmented senescence, leading to an 
elevated inflammatory state. In addition, an age-induced increase in 
visceral adiposity also results in the accumulation of certain classes 
of lymphoid cells such as Treg cells and memory B cells, leading to age-
associated metabolic disorders52,53. In the present study, we found that 
depletion of Crtc2 in mature adipocytes led to the specific decrease 
in age-induced changes in immune cells, suggesting that expression 
of certain chemokines that were crucial for the enrichment of these 
immune cells was altered upon depletion of Crtc2 in mature adipo-
cytes. Indeed, we observed that several chemokines from the large 
CC chemokine family and CXC family, known to enhance recruitment 
of specific immune cells70, were downregulated upon Crtc2 depletion 
(Supplementary Fig. 14). Of note, a recent report showed that some 
of these chemokines such as CXCL1, CXCL2 and CCL2 are indeed tran-
scriptional targets of adipose CRTCs, which are crucial in macrophage 

infiltration in VAT under obesity71. Further study is necessary to deline-
ate the relationship between age- and CRTC2-dependent regulation of 
these chemokines in mature adipocytes and the resultant recruitment 
of immune cells in VAT.

In addition to these changes, the potential for the replenishment 
of mature adipocytes with the newly synthesized adipocytes is also 
impaired in aged individuals, presumably due to the diminished adipo-
genic potential and/or numbers of AP cells. In line with this result, we 
showed that functional AP cells were reduced in aged VAT compared 
to that in younger counterparts (Fig. 5f). Furthermore, we observed 
reduced adipogenic potential of AP cells from aged VAT compared to 
that in younger controls, showing indeed that aging diminished the 
adipogenic potential of AP cells (Fig. 5g). These data are in line with 
previous reports, which underscored the critical role of senescence 
of AP cells in age-dependent decline in functional adipose tissues9,72. 
We reasoned that SASP factors such as TNF-α and IL-1β from mature 
adipocytes promote the cellular senescence of AP cells, leading to the 
expression of a second array of SASP factors, including activin A from 
senescent AP cells, which in turn accelerates the cellular senescence of 
AP cells and adjacent cell types in a paracrine manner, as described in 
a previous study9. Indeed, we also found that AP cells from aged mice 
secrete higher levels of activin A compared to younger controls, which 
was significantly reduced in AP cells from Crtc2 AKO mice (Supplemen-
tary Fig. 15). Notably, we showed that adipocyte-specific depletion of 
Crtc2 prevented age-induced reduction of adipogenic potential and 
induction of cellular senescence, showing the importance of functional 
mature adipocytes in preservation of healthy adipose tissues by limit-
ing secretion of SASP factors.

Circulating BCAA levels are often associated with insulin resist-
ance and type 2 diabetes in humans73. Indeed, recent studies suggested 
that increased BCAAs might be causal to the promotion of metabolic 
disorders. A couple of mechanisms have been postulated to explain the 
role of BCAAs (or their metabolites) in affecting metabolic pathways. 
Although still debatable, persistent activation of mTORC1 signaling by 
BCAAs could be the direct cause for systemic insulin resistance28,29,74–76. 
Alternatively, elevated BCAA levels in the bloodstream by BCAA dys-
metabolism could cause metabolic disorders. In support of this model, 
expression of key proteins in BCAA catabolism, such as the BCAT and 
BCKDH complex E1-α, is markedly reduced in adipose tissues of obese 
rodents as well as humans, leading to elevated circulating BCAA levels 
and its immediate catabolite, BCKA34,35. As the catabolism of BCAA 
mainly occurs in mitochondria, accumulation of incomplete BCAA 
catabolites could result in mitochondrial dysfunction. In addition, 
obesity could initially promote mitochondrial dysfunction, leading to 
the deterioration of the machinery for BCAA catabolism. In our study, 
we identified that circulating BCAA levels were elevated in response 
to aging, due to the reduction of BCAA catabolism in VAT. The defects 
of BCAA catabolism by aging also coincided with age-induced reduc-
tion in functional mitochondria in aged VAT compared to that in their 
younger counterparts. Notably, we showed that adipocyte-specific 
depletion of Crtc2 reverted the age-induced increase in circulating 
BCAA levels, via the restoration of the expression of genes encoding 
BCAA catabolism in VAT.

Further work is needed to address the limitations of the present 
study. First, we analyzed only male mice in this study, thus requiring 
additional analysis in female mice to elucidate whether the elevated 
CRTC2–BCAA axis by aging is present in a non-sex-specific manner. 
Furthermore, addition of more time points between young and aged 
groups or even at older ages would be useful to track the changes 
in cellular signaling, metabolomics and gene expression profiles in 
response to aging and genetic deficiency of Crtc2 throughout the 
lifespan. Finally, it is desirable to compare the relevance of the current 
findings in humans in the future.

In summary, we found that adipocyte-specific depletion of Crtc2 
prevented mice from developing age-associated metabolic disorders 
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by mainly affecting the architecture of VAT. Specifically, depletion of 
Crtc2 reduced age-associated decline in functional mature adipocytes, 
leading to the preservation of anti-inflammatory macrophages and 
healthy AP cells by reducing the secretion of SASP factors, in part 
by blocking age-induced BCAA dysmetabolism (Fig. 8). Our study 
illustrates the importance of adipose tissues in the progression of age-
associated systemic metabolic disorders and suggests that adipocyte-
specific inhibition of Crtc2 activity or restoration of BCAA catabolic 
potential could be beneficial in relieving age-associated anomalies 
in mammals.

Methods
Animals
All animal experiments were carried out under approved protocols 
by the Korea University Institutional Animal Care and Use committee 
(KUIACUC-2018-0031). Mice had free access to food (chow diet, 1314 
IRR, Altromin) and water and were caged at 22 °C with 12-h light–dark 
cycles and 50% humidity. For the generation of adipocyte-specific Crtc2 
KO (Crtc2 AKO) mice, Crtc2 floxed mice16 were crossed with adiponectin-
Cre transgenic mice.

For the metabolic studies, young (3–5 months old) and aged (18–21 
months old) male mice with C57BL/6N background were used. For 
the glucose tolerance test, mice were fasted for 16 h and then injected 
intraperitoneally with glucose (1.5 g kg−1 body weight). For the insulin 
tolerance test, 6-h-fasted mice were intraperitoneally injected with 
insulin (1 U kg−1 body weight). Blood glucose was measured with an 
automatic glucose monitor (One Touch, LifeScan). For insulin signaling, 
either PBS or insulin (0.2 U per mouse) was injected intraperitoneally 
and liver and adipose tissues were collected for further analyses.

Fat mass and lean mass were measured by an NMR analyzer Bruker 
Minispec LF50 (Bruker Optics) and indirect calorimetry was assessed 
by an indirect calorimetric chamber (TSE phenoMaster, TSE systems) 
at the Korea Mouse Phenotyping Center (Seoul National University).

Western blot analysis
Western blot analysis was performed using 20–90 μg whole lysates 
that were prepared in RIPA buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 1% 
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 5% glyc-
erol, 50 mM NaF, 5 mM β-glycerophosphate and 1 mM phenylmethyl 
sulfonyl fluoride) with a cocktail of protease inhibitors (GenDEPOT).

Chemicals and antibodies
Chemicals and antibodies used in this work are summarized in Sup-
plementary Table 1.

Isolation of mature adipocytes and SVF
Adipose tissues were digested in F10-HAM medium (Gibco) containing 
1.5% BSA (GenDEPOT) and 0.1% collagenase type I (Worthington) at 
37 °C for 30 min and were filtered through a 300-μm cell strainer77. After 
centrifugation at 4 °C, 500g for 7 min, floating mature adipocytes were 
collected for further analysis. For SVF isolation, pellets were filtered 
through a 70-μm cell strainer, centrifuged at 4 °C, 500g for 7 min and 
then were collected as SVF.

Cell culture
For the preparation of AP cells, VAT was minced and digested with 
1 mg ml−1 collagenase (type I) at 37 °C for 30 min. The reaction was 
stopped with DMEM (Hyclone) containing 10% fetal bovine serum 
(FBS) (Hyclone) and the resultant lysates were filtered through 70-μm 
filters, centrifuged at 500g for 7 min and washed with the same buffer. 
AP cells were then isolated using the phycoerythrin (PE)-anti-mouse 
CD140a antibody and anti-PE Microbeads (Miltenyi) according to 
the manufacture’s protocol. AP cells were expanded in DMEM with 
10% FBS. For differentiation experiments, cells were washed and the 
medium was supplemented with differentiation induction cocktail 

(2 μM dexamethasone, 0.5 mM IBMX, 0.5 μM rosiglitazone, 1.5 nM T3, 
125 μM indomethacin and 5 μg ml−1 insulin) for 2 d. Afterwards, cells 
were switched to the maintenance medium (DMEM, 5 μg ml−1 insulin 
and 0.5 μM rosiglitazone) every 2 d.

RNA preparation, qRT–PCR, RNA-seq and miRNA 
quantification
Total RNA was isolated using Trisure (Bioline) and RNeasy kit (QIAGEN) 
according to the manufacturer’s protocols. Complementary DNA was 
synthesized using Goscript Reverse transcription system (Promega) 
according to the manufacture’s protocol. Quantitative PCR with reverse 
transcription (qRT–PCR) was performed in triplicate using a SensiFAST 
SYBR green mix (Bioline) and CFX connect real-time system with Bio-
Rad CFX Manager v.3.0 (Bio-Rad). The messenger RNA levels were 
normalized to ribosomal L32. mRNA sequencing was performed by 
Macrogen as described77.

For miRNA quantification, total RNA was isolated using a miRNeasy 
mini kit (QIAGEN). Total RNA was reverse transcribed using a miScript 
II RT kit (QIAGEN). Primers specific for mouse miRNAs were purchased 
from QIAGEN. The values were normalized to RNU6B.

Histological analysis
Adipose tissues and liver were isolated from mice and were fixed with 
10% formalin (Sigma). Histological changes were examined by hema-
toxylin and eosin staining. For immunostaining, paraffin-embedded tis-
sues were deparaffinized in xylene and were subsequently rehydrated 
using ethanol and water. For antigen retrieval, slides were submerged 
in 10 mM sodium citrate buffer (pH 6.0) and heated for 20 min. Slides 
were incubated with 3% H2O2 and blocked with 1% BSA solution for 
1 h, followed by incubation with specific primary antibodies at 4 °C 
overnight. Signals were detected with anti-rabbit IgG HRP and DAB 
substrate kit (Vector). Slides were counterstained with Harris hema-
toxylin (Sigma) and observed with a Leica DMi8 light microscope with 
Leica Application suite X (3.7.0.20979) (Leica) or LSM 700/800 laser 
scanning microscopy with ZEN v.2.1 system (Cal Zeiss). The collagen 
deposition was assessed by a PSR stain kit (Abcam) according to the 
manufacturer’s protocol.

Cell proliferation assay
Following seeding in 96-well plate, the medium was aspirated and cells 
were incubated with the dye binding solution from the CyQuant NF Cell 
Proliferation Assay kit (Invitrogen) according to the manufacturer’s 
protocol. Fluorescence was measured in a microplate reader Synergy 
HT with BioTek Synergy HT Gen5 v.2.01 (BioTek).

Adipose tissue extraction
To extract metabolites and lipid species in VAT, previously used methods 
were modified and adopted78. Then, 20 mg frozen tissue was weighed 
and placed in extraction solution (600 μl methanol:chloroform at 
66:33 (v/v)) and homogenized at 2,823g for 20 s twice. Homogenized 
samples were further sonicated for 15 min and 200 μl chloroform and 
water were separately added. After 1 min of vortexing, extracts were 
stored at 4 °C for 10 min, followed by centrifugation at 4 °C, 18,213g 
for 20 min. Upper aqueous supernatant and lower lipophilic solution 
were separately transferred to clean microcentrifuge tubes and dried 
using a speed vac evaporator and nitrogen evaporator, respectively. 
Powdered samples were stored at −80 °C till LC–MS analysis. On the 
same day as LC–MS analysis, dried polar metabolites were immediately 
re-dissolved in water:acetonitrile at 25:75 solution for polar metabo-
lite metabolomics. Similarly, dried lipid spices were re-dissolved in 
isopropanol:acetonitrile at 10:90 (v/v) for lipidomics.

Global lipidomic profiling based on LC–MS
LC-ESI–MS/MS analysis for both lipidomics and metabolomics was 
performed on a triple TOF 5600 MS/MS System (AB Sciex) combined 
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with a UPLC system (Waters). Lipid species were analyzed in the range 
m/z 50–1,500. The following specific settings were used: ion spray 
voltage, 5,500 V; source temperature, 500 °C; nebulizer gas pressure, 
60 psi; drying gas pressure, 60 psi; and curtain gas pressure, 30 psi. 
LC separations were carried out on an Acquity UPLC BEH C18 column 
(Waters). Column temperature and flow rate were set to 35 °C and 
0.35 ml min−1, respectively. The mobile phase A was 10 mM ammonium 
acetate in acetonitrile:water at 40:60 (v/v) and the mobile phase B was 
10 mM ammonium acetate in acetonitrile:isopropanol at 10:90 (v/v). 
The gradient elution started at 60% A:40% B and B was increased lin-
early to 65% at 5 min, 70% at 12 min and 99% at 15 min. Then, 1% A:99% 
B was kept for 2 min and column was equilibrated for 3 min. Pooled QC 
samples were also measured to check data. For each sample, 5 μl were 
injected with a partial loop mode for positive and negative ionization 
polarity modes separately from auto-samplers at 4 °C.

Global metabolomic profiling based on LC–MS
For metabolomics, the analyzed mass range was m/z 50–1,000. The 
following specific settings were used: ion spray voltage, 4,500 V; source 
temperature, 500 °C; nebulizer gas pressure, 60 psi; drying gas pres-
sure, 60 psi; and curtain gas pressure, 30 psi. Merck SeQuant ZIC HILIC 
column (Merck) was used for separation and the temperature was set to 
35 °C. The flow rate was 0.4 ml min−1. Mobile phase A and B consisted of 
acetonitrile:10 mM ammonium acetate in water:formic acid at 90:10:0.1 
(v/v/v) and acetonitrile:10 mM ammonium acetate in water/formic acid 
at 50:50:0.1 (v/v/v), respectively. The gradient elution started at 99% 
A:1% B, held for 2 min and B was increased linearly to 45% at 8 min and 
99% at 9 min. Then, 1% A:99% B was kept for 2 min and the column was 
equilibrated for 4 min at the end of each run. Samples were randomly 
ordered for the analysis and pooled QC samples were injected several 
times between 5 μl sample injection, with a partial loop mode for posi-
tive and negative ionization polarity modes, kept separately from the 
vial on the auto-sampler at 4 °C.

MS spectral data processing
The spectral data were processed by MarkerView (v.1.3.1; AB Sciex) 
software to find peaks, to perform the alignment and to generate peak 
tables made of m/z and retention times. Then, the data were normal-
ized based on total ion count of each sample. To select reproducible 
peaks, stepwise quality control process was performed as follows: 
whether coefficient of variation of relative ion intensity of features 
from QC sample injections is <20; whether the feature is considered 
as an isotope of other features; and whether the VIP score from PLSDA 
is >1 and simultaneously, the P value from a Student’s t-test is <0.1 for 
either young control versus aged control or aged control versus aged 
Crtc2 AKO mice.

Molecular annotation
MS/MS patterns from features were tentatively identified by com-
paring the experimental data to the METLIN (metlin.scripps.edu) 
database. Especially for lipidomic features, automated annotation 
was performed through the annotation pipeline in MS-DIAL (v.3.90), 
followed by a manual confirmation procedure.

Serum extraction
Mouse serum was frozen at −80 °C immediately after the centrifugation 
of blood samples. Then, 20 μl each thawed samples were separately 
mixed with 220 μl 2:1 (v/v) chloroform:methanol solution at −20 °C 
for lipid metabolite extraction followed by vortexing for 1 min. Then, 
40 μl water was added for aqueous metabolite extraction followed by 
vortexing for 1 min. Samples were rested at 4 °C for 10 min followed by 
centrifugation, at 30,130g for 20 min. Upper aqueous supernatant was 
transferred to clean microcentrifuge tubes and dried using nitrogen 
evaporator. Powdered samples were stored at −80 °C. On the same day 
as LC–MS analysis, dried polar metabolites from upper aqueous phase 

were immediately re-dissolved in water:acetonitrile 1:1 (v/v) solution 
for the analysis.

Targeted metabolomics based on LC–MS
Liquid chromatography–mass spectrometry based targeted metabo-
lite analysis was performed on an Agilent 1290 Infinity LC and an Agilent 
6490 Triple Quadrupole (TQ) MS system equipped with Agilent Jet 
Stream ESI source (Agilent Technologies). Samples were analyzed in 
multiple reaction monitoring mode.

To quantify the level of BCAA catabolites, LC separations were 
carried out on Kinetex C18 column (100 × 2.1 mm, particle size 1.7 μm, 
Phenomenex) on reverse phase mode for 12 min. Column temperature 
and flow rate were set to 30 °C and 0.45 ml min−1, respectively. The 
binary gradient system consisted of 0.1% formic acid in water (solvent 
A) and acetonitrile (solvent B). The linear gradient used for elution 
and equilibrating the initial gradient for subsequent runs was 1–10% 
B from 0–3 min, 10–25% B from 3–5 min, 25–40% B from 5–6 min, 40% 
B from 6–7 min, 40–1% B from 7–8 min and 1% B from 8–12 min. The 
column effluent was introduced into a TQ mass detector operating in 
negative ESI mode.

To quantify the level of BCAA in mouse serum extracts, LC separa-
tions were carried out on an Intrada Amino Acid column (50 × 3 mm, 
particle size 3 μm, Imtakt) for 13 min. Column temperature and flow 
rate were set to 35 °C and 0.6 ml min−1, respectively. The binary gradient 
system consisted of 50 mM ammonium formate in water (solvent A) 
and acetonitrile with 0.1% formic acid (solvent B). The linear gradient 
used for elution and equilibrating the initial gradient for subsequent 
runs was 14% A from 0–3 min, 14–100% A from 3–10 min, 100–14% A 
from 10–12 min and 14% A from 12–13 min. The column effluent was 
introduced into a TQ mass detector operating in positive ESI mode. 
The MassHunter Workstation (v.B.06.00; Agilent Technologies) was 
used for data acquisition and analysis.

Isotope tracing for BCAA catabolism
Isotopic labeling was performed by feeding cells with DMEM without 
l-leucine (Welgene) supplemented with 0.8 mM [U-13C]-l-leucine 
(Cambridge Isotope Laboratories), 10% FBS (Thermo Fisher Scientific) 
and 1% penicillin–streptomycin (Gibco) for 4 d. To extract intracellular 
metabolite, cells were washed with ice-cold PBS twice and metabolites 
were quenched in liquid nitrogen. Then frozen cells were extracted with 
240 μl 50:30:20 (v/v/v) methanol:acetonitrile:water solution per each 
well (six-well plates) at −20 °C. For the extraction of metabolites from 
the culture medium, 100 μl medium was mixed with 500 μl methanol 
at −20 °C. All extracted metabolites were stored at −80 °C for 1 h, fol-
lowed by centrifugation twice at 30,130g for 20 min.

Quantification and statistical analyses
To capture the overall trend in our multiomics data, descriptive sta-
tistical analysis and PCA was conducted in R (v.4.2.1). The magnitude 
of recovery patterns was defined as a square root of multiplication of 
mean fold change (aged control versus young control) and the inverse 
of mean fold change (aged AKO versus aged control). Group labeling 
of metabolic abundances or FPKM values was permuted to calculate 
how often more extreme recovery patterns are observed. The q values 
were estimated based on the permuted P value79.

For Gene Ontology (GO) analysis, genes with q values <0.05 were 
considered significant genes. By using a set of significant genes, 
hypergeometric tests were conducted to find significantly enriched 
pathways in the GO database using goseq R package (v.1.52.0)80. The 
KEGG (https://www.genome.jp/kegg/)81 database was used to integrate 
multiomics profiles.

There was, however, a drawback arising from incomplete cover-
age of the identified metabolome and sparse interaction information 
between metabolites and expression level data. To deal with this issue, 
color-coded KEGG pathways using the Pathview R package (v.1.40.0)82 
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were manually curated by visual inspection to find recovered metabolic 
alteration in the aging model attributed to Crtc2 AKO.

Single-cell RNA-seq
Libraries for scRNA-seq were generated using Chromium Single Cell 
3′ GEM, Library & Gel Bead kit (PN-100092, 10x Genomics), Chromium 
Single Cell B Chip kit (PN-1000074, 10x Genomics) and Chromium i7 
Multiplex kit (PN-120262, 10x Genomics). Briefly, cells were diluted to 
7 × 105 to 1.2 × 106 cells ml−1 and calculated volume of cells was mixed 
with master mix containing reverse transcription reagents to recover 
6,000 cells per sample. To generate gel bead-in-emulsions (GEMs), 
samples were loaded onto the chip and following microfluidic process 
was performed on a Chromium controller (10x Genomics). GEMs were 
incubated using a thermal cycler to perform reverse transcription. 
Afterwards, GEMs were broken and pooled cDNA was purified using 
Silane magnetic beads. Barcoded cDNAs were amplified using a thermal 
cycler. Subsequent processes for library construction including enzy-
matic fragmentation, end repair, A-tailing, adaptor ligation and sample 
index PCR were performed according to the manufacturer’s protocol. 
The size and concentration of cDNA and libraries were analyzed using 
a Bioanalyzer (Agilent). Libraries were pooled and sequenced through 
a NovaSeq S4 platform (Illumina) using a paired-end 100-bp protocol 
to generate minimum 20,000 reads pairs per cell.

scRNA-seq data analysis
Raw reads for scRNA-seq were mapped to the mouse reference genome 
(GRCm38) and processed using CellRanger (v.3.0.2)83 with the Ensembl 
GRCm38.95 GTF file. For each sample, a gene-by-cell UMI count matrix 
was generated with default parameters except for expect-cells of 6,000. 
Using the emptyDrops function of the DropletUtils (v.1.61) R package84, 
droplets containing cells were identified. To filter out low-quality 
cells, cells with >10% UMIs assigned to mitochondrial genes and <2.5 
log10-scaled total UMI count were excluded after calculation of QC 
factors using the calculateQCMetrics function of the scater (v.1.14.6) 
R package85. Then, each sample was aggregated into a single count 
matrix. To normalize cell-specific biases, cells were clustered using 
the quickCluster function of the scran (v.1.0.2) R package86 and cell-
specific size factors were calculated using the computeSumFactors 
function of the same package. Raw UMI counts were normalized by 
size factors and then log2-transformed with a pseudocount of 1. All cells 
were clustered into 35 clusters using the FindClusters function of the 
Seurat (v.3.1.5) R package87,88 on the first 15 principal components of 
highly variable genes with resolution of 0.8. Cells were visualized on a 
two-dimensional UMAP plot using the RunUMAP function. Lymphoid 
cells, myeloid cells and AP cells were further clustered by the top 8, 10 
and 15 principal components of 1,000 highly variable genes, respec-
tively. Odds ratios and associated P values of cell-type proportion 
changes between conditions were evaluated with the mixed-effects 
models using the glmer function of the lme4 (v.1.1.25) R package89. 
The pseudotime analysis was performed using the Palantir (v.0.2.6) 
Python package90. For the Palantir t-SNE plots, diffusion components 
were computed using the run_diffusion_maps function with the first 
100 principal components. Then, a k-nearest neighbor graph was 
constructed with k = 30 using the first ten diffusion components. Cells 
were visualized using the run_tsne function with perplexity of 500. GO 
enrichment analysis was performed using the runTest function of the 
topGO (v.2.38.1) R package. Cells were assigned into one of two differ-
entiation fates by binomial sampling based on branch probabilities, 
which were calculated using the run_palantir function. The activity of 
signaling pathways for each stage was inferred using the progeny func-
tion of the progeny (v.1.12.0) R package91–93. Ligand–receptor analysis 
was conducted using the CellphoneDB (v.2.0.0) Python package94 for 
each condition. The normalized expression and the assigned cell type 
for each cell was used for inferring the ligand–receptor pair. Pairs with 
P < 0.05 were analyzed as significant pairs.

Publication license for illustration
Parts of figures in this work were generated using BioRender under 
the publication license.

Statistical analyses
No statistical methods were used to predetermine sample size but our 
sample sizes are similar to those reported in previous publications16–18. 
We provided individual data points assuming that data distribution 
was normal but this was not formally tested. The littermate mice were 
selected for each experimental condition and the investigators were 
not blinded to allocation during experiments and outcome assessment. 
We did not exclude data points from the analyses.

Data were analyzed using Prism (GraphPad v.8.0, GraphPad Soft-
ware) and presented as mean ± s.e.m. or s.d. Statistical significance was 
determined using a Student’s t-test or one-way ANOVA as indicated in 
the figure legends.

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

Data availability
All the data supporting this work are available as Source Data or Sup-
plementary Information. The data for the mRNA-seq and scRNA-seq 
were deposited in the National Cancer Center for Biotechnology Infor-
mation (accession nos. GSE207433 (for mRNA-seq) and PRJNA852570 
(for scRNA-seq)). Processed data for mRNA-seq were also deposited 
in the same location. Processed data for the scRNA-seq are available 
at https://doi.org/10.5281/zenodo.7949695. MS/MS patterns from 
features were identified by comparing the experimental data against 
the METLIN (metlin.scripps.edu) database and the KEGG (https://www.
genome.jp/kegg/) database was used to integrate multiomics profiles.

Code availability
Analysis scripts for scRNA-seq data are available at https://github.com/
CB-postech/NATURE-AGING-adipose-CRTC2.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Age-induced expression of CRTC2 in VAT affects 
energy homeostasis. a. A representative western blot analysis showing relative 
expression of CRTC2 among the adipose tissues (3-month-old mice) (top). *: non-
specific band. The quantitation of CRTC2 bands was also shown (n = 3 mice per 
group). A representative western blot analysis showing effects of aging on CRTC2 
expression in mature adipocytes from VAT, SAT, and BAT (3-month-old mice and 
18-month-old mice, n = 4 mice per group for VAT and SAT, and n = 1 mouse for 
BAT) (bottom). The quantitation of CRTC2 bands from mature adipocytes of VAT 
and SAT was also shown. b. Schematic diagram showing the targeting strategy 

for generating adipocyte-specific Crtc2 knockout mice. c and d. Confirmation of 
adipocyte-specific depletion of Crtc2 in Crtc2 AKO mice. mRNA levels (c, QPCR) 
and protein levels (d, a representative western blot analysis) of Crtc2 in metabolic 
tissues showing the specificity of adipocyte-specific depletion of Crtc2 in 4 
h-fasted, 3-month-old mice under normal chow diet (NCD). N = 4 mice per group 
for mRNA analysis and n = 3 mice per group for protein analysis. Data in a and 
c represent mean ± SEM. P values were determined using one-way ANOVA with 
Tukey’s multiple comparisons test (a, top) or student’s t-test (a, bottom and c).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Adipocyte-specific depletion of Crtc2 restores  
age-associated changes in insulin signaling. a and b. Effects of aging and 
adipocyte-specific depletion of Crtc2 on insulin signaling. A representative 
western blot analysis showing changes in insulin signaling in the liver (a) and VAT 
(b) of male young Crtc2 f/f mice (3-month-old), old Crtc2 f/f mice (18-month-old), 
and old Crtc2 AKO mice (18-month-old). N = 2 mice per group for PBS-injected 
samples, and n = 4 mice per group for insulin-injected samples. Quantitation of 
p-AKT(S)/AKT, p-AKT(T)/AKT, and p-IR(Y)/IR were also shown. c and d. Effects 

of adipocyte-specific depletion of Crtc2 on insulin signaling. A representative 
western blot analysis was shown to measure changes in insulin signaling in the 
liver (c) and VAT (d) of male young Crtc2 f/f mice (3-month-old), and young Crtc2 
AKO mice (3-month-old). N = 2 mice per group for PBS-injected samples, and 
n = 4 mice per group for insulin-injected samples. Quantitation of p-AKT(S)/AKT, 
p-AKT(T)/AKT, and p-IR(Y)/IR were also shown. For a-d, statistical analysis was 
performed only in insulin-injected samples. Data represent mean ± SEM. P values 
were determined using student’s t-test.
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Extended Data Fig. 3 | Adipocyte-specific depletion of Crtc2 restores 
age-associated changes in lipid profiles of VAT. Lipid profiling analysis was 
performed by using male young Crtc2 f/f mice (3-month-old), young Crtc2 AKO 
mice (3-month-old), old Crtc2 f/f mice (18-month-old), and old Crtc2 AKO mice 
(18-month-old). a. Lipid profiling analysis of mouse VAT in vivo (n = 7 for young 
Crtc2 f/f mice, n = 7 for young Crtc2 AKO mice, n = 7 for old Crtc2 f/f mice, and n = 6 
for old Crtc2 AKO mice). A heatmap analysis results from significantly differential 

metabolites (q-values from permutation analysis to test the recovery pattern < 
0.05). Measured relative intensities are normalized into z-score across samples. 
Clustered heatmap was drawn by using R package “heatmap”. Euclidean distance 
and complete method were used for the clustering. b. Fractional labeling of 
citrate m + 5 from [U-13C] glutamine via reductive TCA cycle fluxes. Data represent 
mean ± SEM (n = 3 biological replicates per group). P values were determined 
using student’s t-test.
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Extended Data Fig. 4 | Adipocyte-specific depletion of Crtc2 restores  
age-associated changes in polar metabolome of VAT. Metabolomics analysis 
was performed by using male young Crtc2 f/f mice (3-month-old), old Crtc2 
f/f mice (18-month-old), and old Crtc2 AKO mice (18-month-old). A heatmap 
of metabolites from mouse VAT in vivo, with recovery pattern. Permutation 

analysis was conducted to detect recovery pattern from metabolic profiling 
data. Metabolites with q value less than 0.05 were plotted and further curated 
according to their residing KEGG pathways (n = 7 for young Crtc2 f/f mice, n = 7 
for young Crtc2 AKO mice, n = 7 for old Crtc2 f/f mice, and n = 6 for old Crtc2 AKO 
mice). Measured relative intensities are normalized into z-score across samples.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Assessment the effect of aging and adipocyte-specific 
depletion of Crtc2 on transcriptome in mature adipocytes. RNA sequencing 
analysis were performed by using male young Crtc2 f/f mice (3-month-old), 
old Crtc2 f/f mice (18-month-old), and old Crtc2 AKO mice (18-month-old). 
a. PCA plot of RNA sequencing results (n = 3 mice per group). Each cluster’s 
center was plotted as a bigger circle using the same colors. b. Box plot of Log2 
transformed fold changes of FPKM values of transcriptomic data. 25%, 75%, and 

the median were presented in the boxplot with whiskers that were 1.5 times of 
the inerquantile region (n = 3 mice per group, young f/f vs old f/f (left), old f/f vs 
old AKO (middle), and old AKO vs young f/f (right)). c. GO analysis: Biological 
Process results of RNA sequencing results (n = 3 mice per group). d. Distribution 
of -log10(FDR) from GO analysis: Biological Process. e. RNA sequencing results of 
genes annotated to mmu00280, BCAA degradation, in KEGG pathway (n = 3 mice 
per group). Measured FPKM values are normalized into z-score across samples.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Effects of aging and adipocyte-specific depletion of 
Crtc2 on BCAA catabolism. a. A representative western blot analysis showing 
effects of aging and adipocyte-specific depletion of Crtc2 on proteins involved 
in BCAA catabolism in VAT of male young Crtc2 f/f mice (3-month-old), old Crtc2 
f/f mice (18-month-old), and old Crtc2 AKO mice (18-month-old). N = 3 mice 
per group (left) or n = 4 mice per group (right). Relative intensity of specific 
bands were shown. Data represent mean ± SEM. b. A representative western 
blot analysis showing effects of Crtc2 deficiency on proteins involved in BCAA 

catabolism in differentiated immortalized AP cells from Crtc2 f/f mice and Crtc2 
AKO mice (n = 3 biological replicates per group). Relative intensity of specific 
bands were shown. Data represent mean ± SEM. c. Quantification of HMB and 
3-HMG, catabolic intermediates in BCAA metabolism, from VAT of young Crtc2 
f/f mice (3-month-old) and young Crtc2 AKO mice (3-month-old) (n = 7 biological 
replicates per group). Data represent mean ± SEM. P values were determined 
using student’s t-test (a (left), b, c) or one-way ANOVA with Tukey’s multiple 
comparisons test (a (right)).
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Extended Data Fig. 7 | CRTC2 in adipocytes is critical in age-associated 
remodeling of VAT. a. QPCR analysis of genes involve in the fibrosis and ECM 
(extracellular matrix) remodeling in VAT of male young Crtc2 f/f mice (3-month-
old), young Crtc2 AKO mice (3-month-old), old Crtc2 f/f mice (18-month-old), 
and old Crtc2 AKO mice (18-month-old). Data represent mean ± SEM. For the top 
figure, n = 10 mice per group for young Crtc2 f/f mice, n = 4 for old Crtc2 f/f mice, 
and n = 4 for old Crtc2 AKO mice. For the bottom figure, n = 4 mice per group.  
b. A representative Pico Sirius red staining showing effects of aging and 

adipocyte-specific depletion of Crtc2 on the fibrotic structure in VAT of male young 
Crtc2 f/f mice (3-month-old), young Crtc2 AKO mice (3-month-old), old Crtc2 f/f 
mice (18-month-old), and old Crtc2 AKO mice (18-month-old) (scale bars, 100 μm 
(top) or 150 μm (bottom)). N = 5 mice per group (top figure) or n = 6 mice per group 
(bottom figure). Relative intensity was also shown. Data represent mean ± SEM.  
P values were determined using one-way ANOVA with Tukey’s multiple 
comparisons test (top figures, a, b) or student’s t-test (bottom figures, a, b).
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Extended Data Fig. 8 | Effects of aging and adipocyte-specific depletion of 
Crtc2 on AP cells in VAT. a. Heatmap showing relative expression of AP subtype 
marker genes. b. Heatmap showing relative pathway activity score of AP subtype 
across conditions. c. Adipocyte progenitor cells (PDGFRα +) isolated from VAT 
of young Crtc2 f/f mice (3-month-old), young Crtc2 AKO mice (3-mont-old), old 

Crtc2 f/f mice (20-month-old), and old Crtc2 AKO mice (20-month-old) were 
analyzed. A representative image showing SA-β-gal staining (scale bars, 150 μm). 
The staining was performed 1 day after seeding for detecting cellular senescence. 
Data represent mean ± SEM (n = 7 biological replicates per group). P values were 
determined using one-way ANOVA with Tukey’s multiple comparisons test.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Depletion of Crtc2 reduced cellular senescence in 
cultured adipocytes. a. Experimental scheme showing treatment of senescence-
inducing agents on differentiated adipocytes that were derived from AP cells  
of Crtc2 f/f mice or Crtc2 AKO mice. b. SA-β-gal staining was performed to assess 
the effect of cellular senescence. A representative image was shown (scale 
bars, 150 μm). Relative values for SA-β-gal positive cells were also shown. Data 
represent mean ± SEM (n = 3 biological replicates each control, n = 4 biological 
replicates each for bleomycin, and n = 5 biological replicates each for H2O2).  
c. A representative western blot analysis showing effects of senescence-inducing 
agents or genetic depletion of Crtc2 on BCAA catabolic pathway as well as cellular 
senescence. d. QPCR analysis showing effects of senescence-inducing agents or 

genetic depletion of Crtc2 on Il1b expression. Data represent mean ± SEM (n = 3 
biological replicates per group, except control condition of Crtc2 AKO group, 
where n = 2 biological replicates were used). e. Effects of ADCM (induced by 
senescence-inducing agent bleomycin) on cellular senescence of AP cells from 
Crtc2 f/f mice or Crtc2 AKO mice were analyzed. Cells were treated with either 
control ADCM or ADCM from adipocytes treated with bleomycin, with or without 
anti-IL-1β antibody or anti-TNF-α antibody for 6 days. To induce adipogenic 
differentiation, cells were incubated with insulin and rosiglitazone for 5 days, and 
then stained with oil red O staining. A representative data was shown (scale bars, 
150 μm). P values were determined using student’s t-test.
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Extended Data Fig. 10 | Role of SASP receptors of adipocytes in age-mediated 
cellular senescence. a. Effects of ADCM on cell proliferation of AP cells from WT 
mice were analyzed. Cells were transfected with control siRNA, siRNA against 
TNFR1, or siRNA against IL1R1, and then treated with either control ADCM or 
ADCM from old mice for 5 days. Cell proliferation was assessed every 2 days after 
plating using the CyQuant assay. Data represent mean ± SEM (n = 3 biological 
replicates per group). b. Effects of ADCM on cellular senescence of AP cells from 

WT mice were analyzed. Cells were transfected with control siRNA, siRNA against 
TNFR, or siRNA against IL-1R, and then treated with either control ADCM or 
ADCM from old mice for 5 days. SA-β-gal staining was performed for detecting 
cellular senescence. A representative image was shown (scale bars,  
150 μm). Relative values for SA-β-gal positive cells were also shown.  
Data represent mean ± SEM (n = 3 biological replicates per group). P values  
were determined using one-way ANOVA with Tukey’s multiple comparisons test.
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