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Endothelial FUNDC1 regulates metabolic
reprogramming and the obesity-diabetes
transition through the SIRT3/GATA2/
endothelin-1 axis

Jian Li 1,4, Dayong Li2,4, Fujie Zhao 1,4, Yadong Wang1, Hongmin Yao1, Yin Wu1,
Junqing An1, Zhixue Liu1, Ye Ding 1 & Ming-Hui Zou 3

Endothelial cell (EC) dysfunction is a hallmark of obesity and Type 2 diabetes
mellitus (T2DM), yet the mechanisms linking vascular stress to systemic
metabolic diseases remain unclear. Here, we investigated the role of the
mitochondrial protein FUN14 domain-containing 1 (FUNDC1) in EC under
nutritional overload. Using high-fat diet (HFD)-fed EC-specific Fundc1 knock-
out mice, human umbilical vein ECs, primary ECs, and vascular tissues from
patients with obese/T2DM, we find that endothelial FUNDC1 expression is
elevated under diabetic conditions, whereas its deletion protects mice from
HFD-induced obesity, insulin resistance, and metabolic disorders. Mechan-
istically, overnutrition triggers nuclear export of the long isoform of SIRT3
(SIRT3-L) to mitochondria via FUNDC1, disinhibiting GATA2 and enhancing
endothelin-1 (ET-1) production. Loss of FUNDC1 in ECs retains SIRT3-L in the
nucleus, promoting GATA2 degradation and reducing ET-1. Endothelial
FUNDC1 levels correlated positively with plasma ET-1 in individuals with obe-
sity/T2DM. These findings identify endothelial FUNDC1 as a key regulator of
vasculature-metabolic organ cross talks and obesity-diabetes transition.

Cardiovascular diseases (CVDs) remain the leading cause of morbidity
and mortality worldwide, accounting for an estimated 17.9 million
deaths annually1,2. Despite significant advances in medical interven-
tions and preventative strategies, the burden of CVDs continues to
escalate, underscoring the urgent need for deeper mechanistic
insights into their pathogenesis. Among the earliest detectable events
in the progression of both vascular and metabolic diseases is endo-
thelial cell (EC) dysfunction3–5, a critical process characterized by
impaired vasodilation, increased vascular permeability, and a pro-
inflammatory state6–8. Emerging evidence suggests that endothelial
dysfunction is intricately linked to aberrant increases in endothelin-1

(ET-1), a potent vasoconstrictive peptide9. Elevated ET-1 levels have
been implicated not only in vascular remodeling and hypertension but
also in broader systemic effects that exacerbate cardiovascular risk.

The endothelium, a monolayer of specialized cells lining the vas-
culature, plays a pivotal role in maintaining vascular homeostasis.
Through the balanced secretion of vasodilators such as nitric oxide
(NO) and vasoconstrictors like ET-1, ECs orchestrate vascular tone,
barrier integrity, and anti-thrombotic properties10. However, in
pathological states, this equilibrium is disrupted, leading to endothe-
lial dysfunction. Aberrant ET-1 expression is a hallmark of this dysre-
gulation, contributing to oxidative stress, inflammation, and vascular
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smoothmuscle cell proliferation11. Importantly, the implications of ET-
1 extend beyond the vasculature and into systemic metabolism. For
decades, studies in both animals and humans have demonstrated that
ET-1 signaling contributes to obesity and adipose tissue dysfunction by
promoting adipocyte proliferation, impairing adipocyte differentia-
tion, and inducing insulin resistance12–14. Conversely, blocking ET-1
signaling, particularly through the ET-1B receptor, protects against
features of metabolic syndrome, at least in part by enhancing FGF21
activity and elevating circulating free thyroxine15. These findings
establish ET-1 as a key mediator of the crosstalk between endothelial
dysfunction and metabolic imbalance.

Emerging data further suggest that endothelial dysfunction is not
only a consequence but also a driver of obesity16, highlighting a com-
plex bidirectional relationship. ECs have been shown to influence
adipocyte development and function via paracrine signaling pathways,
including the secretion of ET-1 and other adipokines12,17,18. Dysregu-
lated ECs signaling promotes chronic inflammation and impaired
adipogenesis, leading to ectopic fat deposition and metabolic
abnormalities19. Conversely, obesity exacerbates endothelial dysfunc-
tion by increasing systemic inflammation, insulin resistance, and cir-
culating free fatty acids3. Despite these insights, the upstream
mechanisms that control endothelial ET-1 production undermetabolic
stress, and how this regulation contributes to the progression from
obesity to Type 2 diabetes, remain incompletely understood.

Recent studies have identified Fun-14 domain-containing protein 1
(FUNDC1) as a multifunctional regulator of mitochondrial biology in
EC and other cell types20–22, positioning it as a potential link between
mitochondrial dysfunction and systemic metabolic diseases. Beyond
its well-established role in mitophagy through direct interaction with
LC323, FUNDC1 alsomaintains the structural and functional integrity of
mitochondria-associated membranes (MAMs)21, where it participates
in crosstalk between mitochondria and the endoplasmic reticulum.
FUNDC1 further interacts with dynamin-related protein 1 (DRP1) to
facilitatemitochondrial fission throughmitochondrial fission 1 protein
(FIS1)21, and it contributes to calciumhomeostasis in part by regulating
IP3R-mediated Ca²⁺ transfer at the MAM interface22. These diverse
roles in mitochondrial quality control, dynamics, and signaling high-
light FUNDC1 as a central node in maintaining mitochondrial health.
Dysfunctional mitochondria in ECs can impair nutrient sensing and
energy signaling pathways, exacerbating endothelial dysfunction.
This, in turn,maydisrupt EC-adipocyte communication and contribute
to the pathogenesis of obesity. Despite its emerging significance, the
precise role of FUNDC1 in linking mitochondrial health, endothelial
dysfunction, and metabolic disorders remains poorly defined. Inves-
tigating this interface could yield novel insights into how EC mito-
chondrial dynamics influence obesity development and progression.

Several gaps in knowledge persist in this field. While the con-
tribution of endothelial dysfunction to CVDs is well-recognized, its
mechanistic links to metabolic diseases such as obesity are less
defined. Specifically, the role of ET-1 as a mediator of EC-adipocyte
crosstalk warrants further investigation. Additionally, while preclinical
studies have demonstrated the impact of EC-derived factors on adi-
pose tissue remodeling, their translational relevance in human phy-
siology remains unclear. Understanding these relationships could
uncover novel therapeutic targets aimed at mitigating both vascular
and metabolic dysfunction.

In this study, we aim to address these gaps by exploring the
interplay between endothelial dysfunction, ET-1 dysregulation,
FUNDC1-mediated mitochondrial dynamics, and adipocyte develop-
ment. Our results indicate that FUNDC1 in ECs via ET1 release regulates
insulin sensitivity and adiposity in mice in vivo and that high fat diet
(HFD) promotes insulin resistance and overweight by increasing
FUNDC1 and consequent ET1 release from ECs. Our results provide a
comprehensive framework that advances our understanding of the
endothelium’s role in linking cardiovascular and metabolic health.

Results
Endothelial dysfunction occurs prior to insulin resistance under
overnutrition condition
To investigate the sequence of insulin resistance and endothelial
dysfunction during fat tissue development, we fed male C57BL/6 mice
with an HFD for 2 and 6 months, respectively. Body weight and fat
percentage significantly increased in both the 2-month- and 6-month-
HFD-treated mice compared to control mice fed a chow diet (CD)
(Supplementary Fig. 1a, b). In the 2-month-HFD-fed mice, serum levels
of triglycerides (TG), fasting blood glucose (GLU), and insulin were
comparable to their counterparts in control mice. However, after 4
additional months of HFD treatment, these serum biochemical mar-
kers were significantly elevated (Supplementary Fig. 1c-e). Similarly,
the 2-month-HFD-fed mice showed no significant changes in insulin
sensitivity compared to those in CD-fed mice, whereas the 6-month-
HFD-fed mice exhibited marked insulin resistance when compared to
those in the 2-month-HFD-fed group (Supplementary Fig. 1f–i).

We also assessed endothelium function by evaluating aortic
stiffness and vasodilatory response. As shown in Supplementary
Fig. 1j–m, 2 months of HFD feeding impaired vascular stiffness, evi-
denced by reduced ascending aortic strain but increased pulse wave
velocity (PWV). It also compromised endothelium-dependent vasodi-
lation, as indicated by a decreased response to acetylcholine but not to
sodium nitroprusside (SNP). In the 6-month-HFD-fed mice, while
ascending aortic strain was further reduced compared to the 2-month-
HFD-fed group, PWV remained unchanged, and no further impairment
in vasodilatory response was observed. In addition, these results were
further strengthened by the measurement of the phosphorylation of
VASP at Ser239 (p-VASP Ser239), a well-established downstream mar-
ker of NO-cGMP signaling, in whole aortas from CD-fed mice, 2-month
HFD, or 6-month HFD (Supplementary Fig. 1n, o). Consistent with the
impaired acetylcholine-mediated vasorelaxation, we found that
p-VASP Ser239 expression was significantly reduced in both the
2-month and 6-month HFD groups comparedwith chow controls, with
no further reduction between 2 and 6 months. These results provide
independent molecular evidence that EC NO signaling is already
compromised at 2 months of HFD and does not deteriorate further at
6 months, in line with our functional data. Taken together, these data
suggest that endothelial dysfunction occurs as early as 2 months after
HFD feeding, preceding the onset of insulin resistance under condi-
tions of overnutrition.

EC plays vital role in adipocyte differentiation and insulin
sensitivity
Structurally, ECs form an extensive capillary network throughout the
body, with a total length of approximately 0.9m per mm³ of white
adipose tissue (WAT). Each adipocyte is directly connected to the
surrounding capillary network in a circular arrangement24. Addition-
ally, ECs constitute nearly 33% of the freshly isolated stromal vascular
fraction (SVF) cells from WAT25. To further investigate the functional
importance of ECs in adipocyte development, we isolated CD31⁺ ECs-
enriched fractions (CD31+ ECs) from SVF cells and examined both the
differentiation rate of adipocytes and their insulin sensitivity. As shown
in Supplementary Fig. 1p-r, the removal of CD31+ ECs significantly
reduced the differentiation rate of adipocytes compared to SVF cells
with intact CD31+ ECs, as evidenced by a decreased adipocyte number
and a reduced Oil Red O-stained area.

Palmitic acid (PA) is a well-documented inducer of insulin resis-
tance in adipocytes. Using this model, we evaluated the role of CD31+

ECs in insulin-stimulated 2-NBDG (a non-metabolizable fluorescent
analogue of D-glucose) uptake. As shown in Supplementary Fig. 1s, in
the presence of CD31+ ECs, PA caused a reduction in glucose uptake by
approximately 59.9%. In contrast, the absence of CD31+ ECs mitigated
this reduction to approximately 27.0%. Interestingly, under basal
conditions treated with BSA, the removal of CD31+ ECs significantly
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increased 2-NBDG uptake. Collectively, these findings highlight the
functional importance of ECs in regulating adipocyte differentiation
and insulin sensitivity.

Endothelial FUNDC1 dynamically regulated by metabolic stress
modulates adipocyte function and insulin sensitivity
To investigate the dynamic regulation of endothelial FUNDC1 expres-
sion under metabolic stress, we first isolated CD31⁺ ECs from white
adipose tissue (WAT) of mice fed with a HFD for 2, 4, or 6 months. To
assess purity, we evaluated both CD31 (EC marker) and α-SMA (a
marker for fibroblasts and smooth muscle cells). As shown in Supple-
mentary Fig. 1t, α-SMA was highly expressed in whole aorta and iso-
lated smooth muscle cells (used as positive controls) but was not
detected in our ATEC preparations. In contrast, CD31 was robustly
expressed in primary mouse adipose tissue endothelial cells (ATECs),
confirming EC identity. Western blot analysis revealed a biphasic pat-
tern of FUNDC1 protein expression: a significant reduction was
observed at 2 months, no apparent change at 4 months, and a marked
increase at 6 months (Fig. 1a, b). In contrast, quantitative PCR showed
that FUNDC1 mRNA levels remained unchanged at 2 months but gra-
dually increased at 4 and 6months of HFD feeding (Fig. 1c), suggesting
a post-transcriptional mechanism may account for early protein
reduction. Tomodel these changes in vitro, HUVECs were treated with

palmitic acid (PA, 200μM) for up to 7 days. FUNDC1 protein levels
decreased after 1 day of PA exposure, returned to baseline by day 3,
and were elevated at days 5 and 7 (Fig. 1d, e). Similarly, FUNDC1mRNA
expressionwasunchanged atdays 1 and 3 but significantly increased at
days 5 and 7 (Fig. 1f). These data imply that short-termmetabolic stress
suppresses FUNDC1 protein via enhanced degradation, while pro-
longed stress induces a compensatory transcriptional upregulation.

To investigate the direct role of reduced endothelial FUNDC1 in
the development of T2DM, we generated Fundc1f/YCdh5+ mice (Sup-
plementary Fig. 2a). The knockout efficiency of the Fundc1 gene was
confirmed by immunofluorescence staining and western blot analysis
of FUNDC1 protein expression in both ATECs and mouse lung endo-
thelial cells (MLECs). As shown in Supplementary Fig. 2b-e, FUNDC1
protein expression was abolished in Fundc1f/YCdh5+ mice, confirming
specific deletion of Fundc1 in ECs. Next, we prepared CD31- SVFs and
CD31+ SVFs from Fundc1f/YCdh5-or Fundc1f/YCdh5+mice to evaluate their
differentiation rate and insulin sensitivity. As depicted in Fig. 1g, h,
CD31+ SVFs of Fundc1f/YCdh5+ mice exhibited a significant reduction in
the number of lipid droplets and displayed less PA-induced insulin
resistance compared to CD31+ SVFs from Fundc1f/YCdh5- mice.

To assess the contributions of Fundc1-dificient ECs to adipocyte
differentiation,we removedCD31+ cells from the SVFs of Fundc1f/YCdh5-

or Fundc1f/YCdh5+ mice and co-cultured the SVFs with CD31+ ATECs
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Fig. 1 | Endothelial FUNDC1 expression is dynamically regulated by metabolic
stress and modulates adipocyte function and insulin sensitivity. a–c CD31
positive ECs (CD31+ ECs) were isolated fromwhite adipose tissue (WAT) ofmice fed
with indicated durations (2, 4, 6 months) of HFD and subjected to western blot
analysis (n = 4mice/group) or Q-PCR analysis (n = 6mice/group). d–fHUVECs were
incubated with 200μM PA conjugated to fatty acid-free BSA, and culture medium
containing PA or BSA was refreshed daily throughout the 7-day stimulation period
to maintain a consistent lipid challenge. Cells were then subjected to western blot
analysis or Q-PCR analysis. n = 3 independent experiments. g CD31 positive cells

were removed from the SVF of Fundc1f/YCdh5- or Fundc1f/YCdh5+ mice (CD31- SVF).
Normal SVF containing CD31 positive cells was used as control (CD31+ SVF). Cells
were then differentiated into adipocytes. Scale bar: 50 µm. h Intracellular TG con-
tent in (g). n = 6 independent experiments. i Insulin-stimulated 2-NBDG uptake in
primary adipocytes isolated from Fundc1f/YCdh5- or Fundc1f/YCdh5+ mice in the
present of bovine serum albumin (BSA) or palmitic acid (PA). n = 8 independent
experiments. Data are presented as mean± SD. * p <0.05, ** p <0.01, *** p <0.001,
n.s. p >0.05.
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isolated from either Fundc1f/YCdh5- (WT ATECs) or Fundc1f/YCdh5+ (KO
ATECs) mice. When co-cultured with WT ATEC, CD31- SVFs from both
Fundc1f/YCdh5- and Fundc1f/YCdh5+ mice displayed comparable differ-
entiation rates. However, when co-cultured with KO ATEC, CD31- SVFs
fromboth genotypes exhibited a significant reduction in lipid droplets
formation (Supplementary Fig. 2f, g). Additionally, in the WT SVF, PA
induced a significant reduction of insulin-induced 2-NBDG uptake by
approximately 41.7%. However, in the KO SVF, this suppressive effect
was mitigated, reducing the inhibition to around 27.8% (Fig. 1i). Taken
together, these in vitro and ex vivo findings demonstrate that endo-
thelial FUNDC1 is indispensable for adipocyte differentiation and the
development of insulin resistance.

EC-specific deletion of Fundc1 mice are protected from HFD-
induced obesity&T2DM
Next, we treated Fundc1f/YCdh5- and Fundc1f/YCdh5+ mice with either CD
orHFD for 6months. Bodyweight gains were comparable between the
two groups under CD feeding, while HFD feeding induced greater
weight gain in Fundc1f/YCdh5- mice compared to those on CD (Fig. 2a).
However, Fundc1f/YCdh5+ mice showed significantly less body weight
gain relative to Fundc1f/YCdh5- mice under HFD feeding (Fig. 2a and
Supplementary Fig. 3a). By the end of the experiment, deletion of
endothelial FUNDC1 reduced HFD-induced body weight gain by 21.3 %
(Supplementary Fig. 3b). The anti-obesity effectof endothelial FUNDC1
deficiency was further supported by the observed reductions in fat
percentage (reduced by 14.4% lower) and increases in lean percentage
(17.5% higher) in Fundc1f/YCdh5+ mice compared to Fundc1f/YCdh5- mice
under HFD condition (Fig. 2b and Supplementary Fig. 3c).

We also assessed the effects of endothelial FUNDC1 on fat depots
masses after chronic HFD consumption. Under CD feeding, themasses
of epididymal white adipose tissue (EpiWAT), subcutaneous white
adipose tissue (SubWAT), interscapular brown adipose tissue (BAT),
and retroperitoneal white adipose tissue (RetWAT) were comparable
between Fundc1f/YCdh5- and Fundc1f/YCdh5+ mice (Fig. 2c). However,
HFD significantly increased the masses of EpiWAT, SubWAT, and BAT
in Fundc1f/YCdh5- mice, while these increases were attenuated in
Fundc1f/YCdh5+ mice, with reductions of 27% in SubWAT mass and 35%
in BAT mass (Fig. 2c).

We further evaluated the morphology of adipose tissues. Under
CD feeding, SubWAT adipocyte size was smaller in Fundc1f/YCdh5- mice
compared to Fundc1f/YCdh5+ mice (Fig. 2d-f). HFD feeding significantly
increased adipocyte size in Fundc1f/YCdh5- mice, but this enlargement
was mitigated in Fundc1f/YCdh5+ mice, which also exhibited a marked
increase in the frequency of smaller adipocytes. Taken together, these
results suggest that endothelial FUNDC1 deletion confers protection
against HFD-induced obesity.

EC-specific Fundc1 deletion ameliorates HFD-induced diabetic
metabolic disorders
Toexplore the effectof endothelial FUNDC1onenergymetabolism,we
performedglucose tolerance test (GTT) and insulin tolerance test (ITT)
in Fundc1f/YCdh5- and Fundc1f/YCdh5+ mice. Under CD feeding, no sig-
nificant differences in glucose tolerance or insulin resistance were
observed between the two genotypes (Fig. 2g, h). However, under HFD
conditions, Fundc1f/YCdh5+ mice exhibited improved insulin sensitivity,
as evidenced by a significantly enhanced glycemic profile in response
to glucose or insulin administration and markedly reduced fasting
glucose levels (Supplementary Fig. 3d). Notably, deletion of endothe-
lial FUNDC1 did not alter serum insulin levels under either CD or HFD
feeding conditions (Supplementary Fig. 3e). In addition, no differences
in serum triglyceride (TG), total cholesterol (TC), or free fatty acid
(FFA) levels were observed between the two genotypes under CD
feeding (Supplementary Fig. 3f-h). However, under HFD conditions,
Fundc1f/YCdh5+ mice displayed significantly reduced serum FFA levels
and increased Akt phosphorylation at Ser473 in SubWAT and BAT

(Supplementary Fig. 3i-k), suggesting enhanced insulin signaling in
these tissues. These findings indicate that deletion of endothelial
FUNDC1 may protect against HFD-induced diabetic phenotypes.

To elucidate themechanisms underlying the resistanceof Fundc1f/
YCdh5+ mice to HFD-induced obesity&T2DM, we measured the
respiratory exchange ratio (RER) and energy expenditure using
metabolic cages. HFD-fed Fundc1f/YCdh5- mice displayed a lower RER
without changes in energy expenditure (Fig. 2i-l, black lines), sug-
gesting reduced fat oxidation. In contrast, Fundc1f/YCdh5+ mice showed
a significantly restored RER coupled with increased energy expendi-
ture under HFD conditions (Fig. 2i–l, red lines). Moreover, cumulative
food intake (Supplementary Fig. 4a), water intake (Supplementary
Fig. 4b), locomotor activity (Supplementary Fig. 4c), and cumulative
distance (Supplementary Fig. 4d) were comparable between the two
genotypes. These results demonstrate that Fundc1f/YCdh5+mice exhibit
higher catabolic rates and preferentially utilize glucose as an energy
source. Taken together, deletion of endothelial FUNDC1 attenuates
HFD-induced metabolic disorders.

Deletion of endothelial FUNDC1 lessens HFD-induced vascular
and endothelial dysfunction
Given that deletion of Fundc1 prevents mitochondrial dysfunction in
diabetic hearts, as previously reported20,21, and that mitochondrial
dysfunction is a central contributor to endothelial dysfunction in
T2DM26, we investigated whether EC-specific Fundc1 deletion influ-
ences vascular function under obesity-induced T2DM. We first mea-
sured aortic stiffness in Fundc1f/YCdh5- and Fundc1f/YCdh5+ mice using
high-resolution ultrasound imaging. Under CD feeding, no significant
differences in circumferential cyclic strain or pulse wave velocity were
observed between the two genotypes (Supplementary Fig. 5a, b).
However, HFD feeding significantly reduced circumferential cyclic
strain and increased pulse wave velocity in carotid arteries of Fundc1f/
YCdh5-mice, indicating pronounced arterial stiffness. In contrast, these
impairments were mitigated in Fundc1f/YCdh5+ mice, suggesting a
protective role of endothelial FUNDC1 deletion against HFD-induced
arterial stiffness.

Next, we evaluated acetylcholine (Ach)-mediated vasodilation in
aortic rings from Fundc1f/YCdh5- and Fundc1f/YCdh5+ mice. Under CD
feeding, endothelial FUNDC1 deletion had no significant effect on
either basal Ach-induced endothelium-dependent relaxation or
sodium nitroprusside (SNP)-induced endothelium-independent vaso-
dilation (Supplementary Fig. 5c-e). In contrast, HFD feeding impaired
Ach-induced vessel relaxation in aortic rings from Fundc1f/YCdh5- mice,
indicating endothelial dysfunction. However, this HFD-induced
impairment in Ach-mediated relaxation was significantly alleviated in
aortic rings from Fundc1f/YCdh5+ mice (Supplementary Fig. 5c-e). These
findings suggest that endothelial FUNDC1 deletion protects against
HFD-induced endothelial dysfunction by preserving endothelium-
dependent vasodilation.

We further investigated the impact of endothelial FUNDC1
deletion on vascular structure. Hematoxylin and eosin (H&E) stain-
ing of aortic sections showed no significant structural differences
between genotypes under CD feeding conditions. However, HFD
feeding significantly increased vascular wall thickness in Fundc1f/
YCdh5- mice compared with CD-fed mice. In contrast, the vascular
wall thickness wasmarkedly reduced in HFD-fed Fundc1f/YCdh5+ mice
when compared to those in their littermates (Supplementary Fig. 5f,
g). Additionally, HFD-fed Fundc1f/YCdh5- mice exhibited a significant
increase in the collagen-to-elastin ratio, indicative of vascular
remodeling. This increase was not observed in HFD-fed Fundc1f/
YCdh5+ mice (Supplementary Fig. 5f, h). Moreover, levels of
8-hydroxyguanosine (8-OHdG), a marker of oxidative DNA damage,
were markedly elevated in the thoracic aortas, particularly in the EC
layer, of HFD-fed Fundc1f/YCdh5- mice. However, endothelial FUNDC1
deletion significantly reduced the elevation of 8-OHdG levels
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(Supplementary Fig. 5i, j). In addition, we examined additional
markers relevant to vascular functions. Specifically, we measured
phosphorylated eNOS at Ser1177, phosphorylated VASP at Ser239 (a
downstream marker of NO-cGMP signaling), and ET-B receptor
(ETRB) expression in the aorta. None of these parameters showed
significant differences between Fundc1f/YCdh5+ and Fundc1f/YCdh5-

mice under normal conditions (Supplementary Fig. 6a-d). These
findings demonstrate that endothelial FUNDC1 deletion mitigates
HFD-induced oxidative stress, vascular remodeling, and endothelial

dysfunction. Collectively, Fundc1f/YCdh5+ mice exhibit resistance to
HFD-induced vascular dysfunction.

Endothelial FUNDC1 is required for HFD-induced angiogenesis
and lipid-induced EC senescence in adipose tissues
To investigate the role of endothelial FUNDC1 in adipose tissue
development, we first examined the vascular density in subcutaneous
white adipose tissue (SubWAT) using immunofluorescence staining in
whole mount tissue. At 2 months of HFD feeding, CD31-positive
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stainingwas significantly increased in Fundc1f/YCdh5-mice, indicative of
enhanced angiogenesis (Supplementary Fig. 7a, b). In contrast, Fundc1f/
YCdh5+ mice exhibited markedly reduced CD31 signals under the same
dietary condition, suggesting impaired angiogenic responses during
early obesity.

To directly assess angiogenic capacity, we performed tube for-
mation assays using MLECs. Compared to Fundc1f/YCdh5- controls,
MLECs from Fundc1f/YCdh5+ mice showed significantly diminished tube
formation both under basal conditions and upon VEGF stimulation,
which mimics early HFD-induced angiogenic cues (Supplementary
Fig. 7c, d). Furthermore, long-term exposure to PA induced robust
cellular senescence in MLECs from Fundc1f/YCdh5- mice, as evidenced
by increased SA β-galactosidase staining. This PA-induced senescence
was markedly attenuated in FUNDC1-deficient ECs (Supplementary
Fig. 7e, f), suggesting a protective effect of FUNDC1 loss against lipid-
induced EC senescence. Taken together, these results indicate that
endothelial FUNDC1 is required for HFD-induced angiogenesis and
contributes to EC susceptibility to lipotoxic stress.

Endothelial FUNDC1 deletion suppresses the production of ET-1
Emerging evidence suggests that ECs are actively involved in main-
taining metabolic homeostasis27,28. To investigate the molecular
mechanisms underlying the protective effects of endothelial FUNDC1
deletion against HFD-induced obesity and vascular dysfunction, we
screened for EC-secreted factors potentially associatedwith adipocyte
metabolism. These included ET-1, transforming growth factor beta 1
(TGF-β1), epidermal growth factor (EGF), fibroblast growth factor 2
(bFGF), hepatocyte growth factor (HGF), vascular endothelial growth
factor (VEGF), bone morphogenetic protein 6 (BMP6), and platelet
derived growth factor subunit (PDGF). Using Q-PCR analysis, we found
that deletion of Fundc1 specifically and significantly reduced ET-1
mRNA (End1) expression, while the expression levels of other factors,
including TGF-β1, bFGF, HGF, VEGF, BMP6, and PDGF, remained unaf-
fected (Supplementary Fig. 8a). The reduction in End1 expression due
to EC-specific deletion of Fundc1 was further confirmed by decreased
ET-1 protein staining in the endothelium of Fundc1f/YCdh5+ mice (Sup-
plementary Fig. 8b, c). Consistently, silencing FUNDC1 in human
umbilical vein endothelial cells (HUVECs) also led to a significant
reduction in ET-1 expression at both the protein and mRNA levels
(Supplementary Fig. 8d-g).

Given the established role of ET-1 in the pathogenesis of
obesity13,17,18,29, we hypothesized that the protective effect of endo-
thelial FUNDC1 deletion against HFD-induced obesity is mediated
through suppression of ET-1 production. To test this hypothesis, we
assessed the impact of endothelial FUNDC1 on ET-1 production during
HFD feeding. As shown in Fig. 3a-c, plasma ET-1 levels in Fundc1f/YCdh5-

mice were gradually upregulated, peaking at 6 weeks after HFD
treatment and remaining elevated throughout the study period. In
contrast, Fundc1f/YCdh5+ mice exhibited significantly lower plasma ET-1
levels under HFD conditions, with levels remaining consistently lower
than those in their Fundc1f/YCdh5- counterparts. Furthermore, endo-
thelial FUNDC1 deletion significantly reduced plasma ET-1 levels under
both CD and HFD conditions (Fig. 3c). Notably, after 6 months of HFD
feeding, deletion of endothelial FUNDC1 reduced plasma ET-1 levels by
38% (Fig. 3b). Consistent with these findings, similar reductions in ET-1
mRNA levels were observed in the aortic intima of Fundc1f/YCdh5+

mice (Fig. 3d).

ET-1 promotes insulin resistance in metabolic cells
To elucidate the role of ET-1 in obesity development, we examined
its effects on the key processes involved in the expansion of WAT,
including preadipocyte proliferation, migration, and differentiation.
As shown in Fig. 3e-g, ET-1 stimulated 3T3-L1 preadipocytemigration
and proliferation in a dose-dependent manner. Furthermore, when
ET-1 was administered during the initial stages of 3T3-L1

differentiation, it significantly reduced adipocyte diameter while
increasing intracellular triglyceride content compared to vehicle-
treated controls (Supplementary Fig. 9a, b). In mature adipocytes,
ET-1 promoted lipolysis, as evidenced by reduced intracellular lipid
accumulation following treatment (Supplementary Fig. 9c, d).
Q-PCR analysis revealed that ET-1 significantly upregulated the
expression of lipolysis-related enzymes, including ATGL, HSL, MGL,
and Peri-A, without altering the expression of adipocyte differ-
entiation markers (CEBPα, PPARγ, and aP2α) or lipogenic transcrip-
tion factors (ACC1, FAS, SCD, and SREBP1c) (Supplementary Fig. 9e).
These findings collectively demonstrate that ET-1 enhances pre-
adipocyte proliferation and promotes lipolysis in mature adipo-
cytes, highlighting its role in adipose tissue expansion and
remodeling.

Given the elevated ET-1 production observed in HFD-induced
obesity, we hypothesized that ET-1 contributes to the development of
insulin resistance in various metabolic organs, following increased
lipolytic activity in adipose tissue. To investigate this, we examined the
effects of ET-1 on insulin resistance in multiple metabolic cell types. In
INS-1 832/16 β-cells, ET-1 treatment had no significant effect on
glucose-stimulated insulin secretion (Fig. 3h). However, in primary
islets isolated from C57BL/6 J mice, ET-1 infusion significantly
enhanced insulin secretion (Fig. 3i). In HepG2 hepatocytes and C2C12
myotubes, ET-1 treatment markedly exacerbated PA-induced lipid
accumulation, as evidenced by Oil Red O staining and increased
intracellular TG content (Fig. 3j, k). Given that ectopic fat accumulation
in the liver and muscle is a key driver of insulin resistance, these
findings collectively suggest that ET-1 promotes insulin resistance
across multiple metabolic cell types.

ET-1 Infusion Blocks endothelial FUNDC1 deletion-mediated
attenuation of T2DM
To establish the role of ET-1 in ECs-specific FUNDC1 deletion-mediated
protection against HFD-induced T2DM and vascular dysfunction,
Fundc1f/YCdh5+ and Fundc1f/YCdh5- mice were infused with ET-1 (10 µg/
kg/day) for 4 weeks at the onset of a 5-month HFD treatment. After
4 weeks, ET-1 infusion increased plasma ET-1 levels by 1.86-fold in
Fundc1f/YCdh5- mice and prevented the reduction of plasma ET-1 in
Fundc1f/YCdh5+ mice (Supplementary Fig. 10a). A similar trend was
observed following 5months ofHFD feeding (Supplementary Fig. 10b).
Consistent with previous findings, in the saline-treated groups,
Fundc1f/YCdh5+ mice exhibited significant reductions in body weight
gain, fat mass (SubWAT and BAT), and fat percentage compared to
their Fundc1f/YCdh5- littermates. However, in the ET-1 infusion groups,
these differences were no longer observed, suggesting that ET-1 infu-
sion negated the protective effects of endothelial FUNDC1 deletion
(Fig. 4a, b and Supplementary Fig. 10c, d). Notably, ET-1 infusion in
Fundc1f/YCdh5- mice led to significant increases in body weight and
SubWAT mass (Fig. 4a, b), though it did not affect fat and lean per-
centages (Supplementary Fig. 10c, d). Similarly, themetabolic benefits
associated with endothelial FUNDC1 deletion were abolished by ET-1
infusion, as indicated by comparable IPGTT and ITT curves and AUC
values between Fundc1f/YCdh5+ and Fundc1f/YCdh5- mice (Fig. 4c and
Supplementary Fig. 10e, f), similar serum glucose (GLU), insulin, and
FFA levels (Fig. 4d-f), no significant differences in metabolic cage-
related parameters, including energy expenditure and activity levels
(Supplementary Fig. 10g-n).

Furthermore, ET-1 infusion partially lowered the EC and vas-
cular protective effects of Fundc1 deletion, as shown by impaired EC
function and increased arterial stiffness in Fundc1f/YCdh5+ mice
(Fig. 4g-k). These findings suggest that ET-1 infusion negates the
protective effects of endothelial FUNDC1 deletion against HFD-
induced obesity and vascular dysfunction. Additionally, ET-1 serves
as a key mediator linking endothelial dysfunction to metabolic
dysfunction.
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Lack of FUNDC1 downregulates GATA2 to inhibit ET-1
production
To investigate the mechanism by which FUNDC1 regulates ET-1 pro-
duction, we transfected HUVECs with either control siRNA (siCtrl) or
FUNDC1 siRNA (siFUNDC1) and examined the expression of keyproteins
involved in the proteolytic processing of ET-1 precursors and its tran-
scriptional regulation. Specifically, we analyzed endothelin-converting
enzyme 1 (ECE1),whichprocesses ET-1precursors intobiologically active
ET-1, as well as key transcription factors regulating ET-1 expression,
includingGATA-binding protein 2 (GATA2) and activator protein 1 (AP-1/
c-JUN). As shown in Fig. 5a, b, FUNDC1 knockdown significantly reduced
GATA2 protein levels but did not affect ECE1 or AP-1 protein expression.
Additionally, FUNDC1 silencing did not alter the mRNA expression of
ECE1, GATA2, or c-JUN (Fig. 5c). Conversely, FUNDC1 overexpression
enhanced GATA2 protein expression but had no effect on ECE1 or AP-1

protein levels (Fig. 5d, e). To determine whether GATA2 directly reg-
ulates ET-1 production, we assessed EDN1mRNA levels following GATA2
silencing. As shown in Fig. 5f, GATA2 deficiency significantly reduced
EDN1mRNAexpression. Interestingly, alongwith the decreased FUNDC1
protein levels, the expression of both GATA2 and ET-1 increased in
response to PA stimulation under normal conditions. However, in
FUNDC1-deficient cells, this elevation ofGATA2 and ET-1was completely
abolished (Fig. 5g-j). Collectively, thesefindings suggest that ECs-specific
FUNDC1 deletion downregulates GATA2 protein expression, thereby
inhibiting EDN1 transcription and reducing ET-1 production.

FUNDC1 deficiency reduces GATA2 protein level by promoting
SIRT3-L translocation from mitochondria to the nucleus
We further investigated the mechanism by which FUNDC1, a mito-
chondrial outer membrane protein, regulates GATA2, a protein
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predominantly localized in the nucleus30,31. Mitochondria are known to
sense stress signals and transmit them to the nucleus to initiate
adaptive responses, a process that often involves the redistribution of
nuclear or mitochondrial proteins between the two compartments32.
Sirtuin 3 (SIRT3) was initially thought to be exclusively localized in
mitochondria, but recent studies have demonstrated its presence in
the nucleus as well33,34. Notably, SIRT3 deficiency has been shown to
accelerate HFD-induced obesity and endothelial dysfunction in
mice35,36. Given this, we examined whether SIRT3 plays a role in reg-
ulating GATA2 expression. As shown in Fig. 6a-c, transfection of SIRT3
siRNA (siSIRT3) significantly reduced the protein levels of both the
long (SIRT3-L) and short (SIRT3-S) isoforms. This was accompanied by
a marked increase in GATA2 protein levels, without affecting GATA2
mRNA expression. Consequently, EDN1 mRNA expression was sig-
nificantly upregulated. Conversely, SIRT3 overexpression markedly
decreased GATA2 protein levels (Supplementary Fig. 11a, b), indicating

that SIRT3 negatively regulates GATA2 expression at the post-
transcriptional level.

To investigate how FUNDC1 regulates GATA2 via SIRT3, we first
examined whether FUNDC1 affects SIRT3 protein expression. We
found that neither FUNDC1 silencing nor FUNDC1 overexpression
altered total SIRT3 protein levels, including both the long (SIRT3-L)
and short (SIRT3-S) isoforms (Supplementary Fig. 11c-f). Next, we
assessed whether SIRT3 physically interacts with FUNDC1 and GATA2.
HUVEC lysates were immunoprecipitated with an anti-SIRT3 antibody
and subsequently immunoblotted with anti-FUNDC1 or anti-GATA2
antibodies. As shown in Fig. 6d, both FUNDC1 and GATA2 were
detected in the SIRT3-immunoprecipitated samples, indicating endo-
genous interactions. Furthermore, immunofluorescence staining
revealed that FUNDC1 is localized in mitochondria, GATA2 is primarily
found in the nucleus, and SIRT3 is present in both mitochondria and
the nucleus. Co-localization analysis confirmed that SIRT3 interacts
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test (IPGTT) and insulin tolerance test (ITT). n = 7–8 mice/group. d Fasting blood
glucose (GLU) level. n = 7–8mice/group. e Serum insulin level. n = 7–8mice/group.
fSerum free fatty acid (FFA) level.n = 7–8mice/group.g–iAortic ring vasoreactivity
assay inET-1-infusedmice.n = 6mice/group. j,kCircumferential cyclic strain (j) and
(PWV) pulse wave velocity (k) of carotid artery. n = 6 mice/group. Data are pre-
sented as mean± SD. * p <0.05, ** p <0.01, *** p <0.001, n.s. p >0.05.
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with FUNDC1 inmitochondria and with GATA2 in the nucleus (Fig. 6e),
supporting the notion that SIRT3 can physically associate with both
FUNDC1 and GATA2.

We next investigated whether FUNDC1 deficiency affects the
subcellular distribution of SIRT3 in HUVECs treated with PA. In control
siRNA-transfected cells, PA treatment promoted the translocation of
SIRT3 from the nucleus tomitochondria, as indicated by increased co-
localization of SIRT3 with FUNDC1 and reduced nuclear SIRT3 density
(Fig. 6f, g). However, in FUNDC1-deficient cells, SIRT3 remained loca-
lized in the nucleus under bothBSA- and PA-treated conditions (Fig. 6f-
h). These findings were further validated by western blot analysis of
SIRT3 protein levels in subcellular fractions (Fig. 6i, j). The results
confirmed that SIRT3-L is expressed in both the nucleus and mito-
chondria, whereas SIRT3-S is exclusively localized in mitochondria,
and that PA treatment reduced nuclear SIRT3-L levels while increasing
mitochondrial SIRT3-L in control cells. FUNDC1 silencing led to
increased nuclear SIRT3-L and decreased mitochondrial SIRT3-L in
BSA-treated cells, a redistribution that was partially blocked under PA-
treated conditions, indicating that SIRT3-L translocated from mito-
chondria to the nucleus in FUNDC1-deficient cells. Finally, we tested
whether SIRT3 is involved in the regulation of GATA2 and ET-1
expression in FUNDC1-deficient conditions by knocking down both
SIRT3 and FUNDC1 in HUVECs. As shown in Fig. 6k-m, SIRT3 silencing
increased GATA2 protein and EDN1mRNA expression, and prevented

the FUNDC1-deficiency-induced reduction of GATA2 protein and EDN1
mRNAexpression. Taken together, thesefindings suggest that FUNDC1
deficiency blocks PA-induced translocation of SIRT3-L from the
nucleus to mitochondria, leading to sustained nuclear SIRT3-L reten-
tion, which suppresses GATA2-mediated ET-1 production.

FUNDC1 deficiency enhances GATA2 degradation via promoting
SIRT3-mediated GATA2 deacetylation
Since SIRT3 silencing increased GATA2 protein levels without affecting
its mRNA expression, we hypothesized that SIRT3 plays a role in
GATA2 protein stability. To test this, HUVECs were transfected with
control siRNA (siCtrl) or SIRT3 siRNA (siSIRT3), followed by treatment
with cycloheximide (CHX) to inhibit protein synthesis. GATA2 protein
decaywas then assessedover a 240min period. In control cells, GATA2
protein levels gradually declined, with an estimated half-life of 60min.
After 240min of CHX treatment, GATA2 protein levels had decreased
by 75.3%. However, in SIRT3-deficient cells, GATA2 degradation was
markedly attenuated. The half-life of GATA2 extended beyond4 hours,
and GATA2 protein levels remained stable even after 6 h of CHX
treatment, indicating that SIRT3 silencing enhances GATA2 stability
(Fig. 7a, b). Given that SIRT3 is a sirtuin deacetylase, and GATA2 is an
acetylated protein, with lysine acetylation known to regulate protein
stability and function37–39, we investigated whether SIRT3 affects
GATA2 acetylation. Immunoprecipitation and western blot analysis
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revealed that SIRT3 silencing significantly increasedGATA2 acetylation
(Fig. 7c, d). Additionally, PA treatment reduced SIRT3 expression,
which was accompanied by enhanced GATA2 acetylation (Fig. 7e, f).
Together, these findings suggest that SIRT3 promotes GATA2 degra-
dation by reducing its acetylation, thereby regulating GATA2 protein
stability. Additionally, FUNDC1 was found to be negatively regulated
by SIRT3, as evidenced by the increased FUNDC1 protein levels (but

not mRNA levels) under SIRT3-silencing conditions, while its levels
decreased upon SIRT3 overexpression (Fig. 7g-k). Moreover, FUNDC1
protein stability, evaluated by CHX treatment, was enhanced in SIRT3-
deficient conditions (Fig. 7l, m). Therefore, these data suggest that
SIRT3 regulates FUNDC1 protein stability. Importantly, to assess whe-
ther the patterns observed in HUVECs are recapitulated in vivo, we
examined the expression of GATA2 and SIRT3-L in ECs from HFD-fed
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Fundc1f/YCdh5Cre+ mice and controls. Consistent with our in vitro find-
ings, GATA2 expressionwas elevated under nutrient-excess conditions
but markedly suppressed upon FUNDC1 deletion (Supplementary
Fig. 12a-d). These results demonstrate that the FUNDC1/SIRT3-L/
GATA2 regulatory axis identified in HUVECs is also active in mouse
endothelium during metabolic stress, thereby reinforcing the physio-
logical relevance of our proposed mechanism.

FUNDC1-mediated SIRT3-L translocation is potentially asso-
ciated with HSC70 chaperone system
A recent study demonstrated that FUNDC1 can directly interact with
the chaperone HSC70 to coordinate mitochondrial proteostatic stress
responses40, to further delineate themechanistic basis of the FUNDC1-
SIRT3-L interaction, we investigated whether the HSC70 chaperone
system contributes to this process. Sequence analysis revealed that
both FUNDC1 and SIRT3 harbor potential KFERQ-like motifs (Fig. 8a),
suggesting their capacity to interact with HSC70. Indeed, IP assays and
IF staining confirmed that both FUNDC1 and SIRT3-L associate with
HSC70 in HUVECs (Fig. 8b, c). Consistently, knockdown of HSC70
markedly diminished the binding between FUNDC1 and SIRT3-L, as
shownby reduced co-immunoprecipitation efficiency (Fig. 8d-f) These
findings were further substantiated by subcellular fractionation and
immunoblotting of SIRT3 isoforms (Fig. 8g, h). Silencing HSC70
resulted in nuclear accumulation and reduced mitochondrial locali-
zation of SIRT3-L under basal conditions, a redistribution that was
partially attenuated under PA stimulation. Together, these results
indicate that HSC70 may facilitate FUNDC1-dependent mitochondrial
recruitment of SIRT3-L, and that loss of HSC70 impairs this process,
thereby promoting nuclear retention of SIRT3-L.

Upregulation of FUNDC1/GATA2/ET-1 signaling in human
patients with obesity&T2DM
To further investigate the relevance of FUNDC1 regulation of endo-
thelial ET-1 to human obesity and T2DM, we measured plasma ET-1
levels in age-matched healthy donors (n = 17) and donors with both
obesity and T2DM (n = 19; see Fig. 9a for patient characteristics). As
shown in Fig. 9b, plasma ET-1 levels were significantly higher in the
obesity and T2DM group compared to healthy individuals. Moreover,
plasma ET-1 levels were positively correlated with BMI (p <0.0001,
Fig. 9c) andHbA1c levels (p < 0.05, Fig. 9d). Next, we assessed FUNDC1,
END1, and GATA2mRNA levels in intima isolated from small arterioles.
Compared to healthy individuals, donors with obesity and T2DM
exhibited significantly higher mRNA levels of FUNDC1, END1, and
GATA2 in the intima (Fig. 9e). Furthermore, intimal END1mRNA levels
correlated positively with FUNDC1 (p <0.0001, Fig. 9f) and GATA2
(p < 0.0001, Fig. 9g). Notably, intimal FUNDC1 mRNA levels also
showed a strong positive correlation with plasma ET-1 levels (p <0.01,
Fig. 9h). Similarly, protein levels of FUNDC1, ET-1, and GATA2 were

significantly elevated in whole small arterioles from patients with
obese and T2DM compared to healthy donors (Fig. 9i, j). Additionally,
immunostaining revealed markedly increased expression of FUNDC1
and ET-1 in the endothelium of femoral arteries from patients with
obese and T2DM (Fig. 9k, l). Taken together, these findings suggest
that an FUNDC1/GATA2/ET-1 regulatory pathway is present in human
arteries and is more active under obesity and T2DM conditions.

Discussion
Our findings reveal that ECs-specific Fundc1 deletion mice are pro-
tected from obesity-induced T2DM. Mechanically, overnutrition-
induced stress promotes the translocation of SIRT3-L from the
nucleus to mitochondria, where FUNDC1 functions as a key mito-
chondrial receptor for this translocation. Loss of FUNDC1 disrupts
SIRT3-L mitochondrial relocation, leading to its retention in the
nucleus, where it promotes GATA2 degradation by reducing its acet-
ylation. Since GATA2 is a transcriptional regulator of ET-1, a potent
driver of insulin resistance, FUNDC1 deletion suppresses ET-1 pro-
duction. Moreover, SIRT3 negatively regulates FUNDC1 expression,
suggesting a feedback mechanism (Fig. 10). In human diabetic
patients, both FUNDC1 ET-1 levels are elevated compared to healthy
donors, further supporting a link between FUNDC1 and ET-1
regulation.

Our study highlights the critical role of FUNDC1 as a mito-
chondrial receptor for SIRT3-L translocation, which is essential for
regulating nuclear GATA2 activity and ET-1 production. The loss of
FUNDC1 leads to nuclear retention of SIRT3-L, impairing its function
in promoting GATA2 degradation and thereby suppressing ET-1
expression. Given the established role of ET-1 in insulin resistance
and T2DM, FUNDC1 may act as a key modulator of metabolic
homeostasis. Intriguingly, SIRT3 also negatively regulates FUNDC1,
suggesting a complex regulatory network. Furthermore, our find-
ings suggest that endothelial FUNDC1 plays a stage-dependent role
in the progression from obesity to type 2 diabetes. In the early phase
of obesity, FUNDC1 facilitates angiogenesis, which is consist with
our previous finding that deficiency of endothelial FUNDC1 inhibits
angiogenesis by decreasing mitochondria-associated endoplasmic
reticulum membranes formation41, likely supporting adipose tissue
expansion by providing sufficient vascular capacity and nutrient
supply42. However, under chronic metabolic stress, such as
prolonged lipid overload, endothelial FUNDC1 appears to con-
tribute to EC senescence, a pathological change that may underlie
impaired insulin signaling and vascular dysfunction. Mechan-
istically, this dual role of FUNDC1 may be mediated, at least in
part, by its regulation of ET-1 production. Given that ET-1 promotes
both angiogenesis and insulin resistance, FUNDC1-driven ET-1
expression could represent a molecular switch linking adaptive
vascular remodeling to metabolic deterioration. These insights

Fig. 6 | FUNDC1deficiency suppressesGATA2protein level bypromoting SIRT3-
L translocation from mitochondria to the nucleus. a HUVECs were transfected
with control siRNA (siCtrl) or SIRT3 siRNA (siSIRT3) and subjected to immuno-
blotting analysis. b Quantification of protein levels in (a). n = 8–10 independent
experiments. cHUVECs were transfectedwith control siRNA (siCtrl) or SIRT3 siRNA
(siSIRT3) and subjected to Q-PCR analysis to detect mRNA levels of GATA2 and
EDN1. n = 8 independent experiments. d The interactions between SIRT3 and
FUNDC1 or GATA2 in HUVECs were determined by immunoprecipitation (IP) and
immunoblotting (IB) analysis. e The co-localization of SIRT3 and FUNDC1 orGATA2
were determined by immunofluorescence staining. Nuclei were stained by DAPI.
MERGE1 indicates merge of SIRT3 and DAPI; MERGE2 indicates merge of FUNDC1,
SIRT3, and DAPI; MERGE3 indicates merge of GATA2 and DAPI; MERGE4 indicates
merge ofGATA2, SIRT3, andDAPI. Scale bar: 10 µm. fHUVECswere transfectedwith
control siRNA (siCtrl) or FUNDC1 siRNA (siFUNDC1) in the presence of BSA or
200 µM PA and subjected to immunofluorescence staining analysis. MERGE1 indi-
cates merge of SIRT3 and DAPI; MERGE2 indicates merge of FUNDC1, SIRT3, and

DAPI. Scale bar: 10 µm. g Pearson’s coefficient calculated byZEN software, indicates
the co-localization of FUNDC1 and SIRT3. n = 9 cells from three independent
experiments. h Quantification of nuclear SIRT3 level. i HUVECs were transfected
with control siRNA (siCtrl) or FUNDC1 siRNA (siFUN) in the presence of BSA or
200 µM PA. Non-nuclear fraction (Non-Nuc), nuclear fraction (Nuc), and mito-
chondria fraction (Mito) were prepared and subjected to immunoblotting analysis.
n = 9 cells from three independent experiments. jQuantification of protein level of
SIRT3 long isoform (SIRT3-L) in the nucleus (Nuclear SIRT3-L) and inmitochondria
(Mitochondrial SIRT3-L). n = 4 independent experiments. k HUVECs were double
transfected with control siRNA (siCtrl) or FUNDC1 (siFUN) and SIRT3 siRNA and
subjected to immunoblotting analysis. l Quantification of GATA2 protein level in
(k).n = 5 independent experiments.mHUVECsweredouble transfectedwith either
control siRNA (siCtrl) or FUNDC1 and SIRT3 siRNA and subjected to Q-PCR analysis
to detect END1mRNA level. n = 8 independent experiments. Data are presented as
mean ± SD, * p <0.05, ** p <0.01, *** p <0.001, n.s. p >0.05.
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position FUNDC1 as a critical modulator of EC function that
orchestrates the transition from nutrient-induced vascular activa-
tion to dysfunction, thereby contributing to the sequential devel-
opment of obesity and T2DM.

In our study, endothelial-specific Fundc1 deletion resulted in
approximately 27% less body weight gain under HFD feeding, a mag-
nitude that likely represents a major driver of the improved metabolic
phenotype. Given the well-established relationship between adiposity
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Fig. 7 | Deacetylation of GATA2 by SIRT3 promotes GATA2 degradation in
FUNDC1-deficient conditions. a HUVECs were transfected with control siRNA
(siCtrl) or SIRT3 siRNA and then treated with 50 µg/ml cycloheximide (CHX) for
240min. Cell lysates were subjected to immunoblotting analysis. b Quantification
of GATA2 protein level in (a). n = 4 independent experiments. c Acetylated GATA2
level was determined by IP of acetylate lysine (Ac-lysine) in cells transfected with
SIRT3 siRNAand followedby immunoblotting (IB) of GATA2.dQuantificationof the
enrichment of acetylated GATA2 in (c). n = 4 independent experiments.
e Acetylated GATA2 level was determined by IP of Ac-lysine in cells treated with PA
(200 µM) and followed by immunoblotting (IB) GATA2. f Quantification of the
enrichment of acetylated GATA2 in (e). n = 4 independent experiments. g HUVECs
were transfected with control siRNA (siCtrl) or SIRT3 siRNA (siSIRT3) and subjected
to immunoblotting analysis. h HUVECs were transfected with control Myc-Flag-

tagged plasmid (Myc-Flag-Ctrl) or Myc-Flag-SIRT3 plasmid (Myc-Flag-SIRT3) and
subjected to immunoblotting analysis. i, j Quantification of protein levels of
FUNDC1. n = 6–9 independent experiments. k HUVECs were transfected with con-
trol siRNA (siCtrl) or SIRT3 siRNA (siSIRT3 and subjected toQ-PCRanalysis to detect
FUNDC1mRNA level. n = 8. lHUVECswere transfectedwith control siRNA (siCtrl) or
SIRT3 siRNA and then treated with 50 µg/ml cycloheximide (CHX) for 240min. Cell
lysates were subjected to immunoblotting analysis. m Quantification of GATA2
protein level in (l). n = 3 independent experiments. Data are presented as mean±
SD, in (b andm), star represents the comparison between groups siCtrl and siSIRT3
at the same treatment intervals, pound represents the comparison with control
group (time = 0min). * p <0.05, ** p <0.01, *** p <0.001, n.s. p >0.05. # p <0.05, ##
p <0.01, ### p <0.001, n.s. p >0.05.
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and vascular dysfunction, this reduction in weight gain is expected to
contribute substantially to the preserved endothelial function and
enhanced insulin sensitivity observed in Fundc1f/YCdh5+ mice. Never-
theless, several endothelial-intrinsic alterations were detected directly
in isolated ECs, including reduced ET-1 expression, diminished adipose
angiogenic capacity, and altered SIRT3-L/GATA2 signaling.While these
changes may participate locally in shaping endothelial behavior, their
contribution relative to the dominant systemic effect of reduced
adiposity remains uncertain.

ET-1, beyond its role as an endothelium-derived vasoconstrictor,
plays a critical part in adipose tissue metabolism and development,
positioning it as a key driver in the progression from obesity to T2DM.
Elevated ET-1 activity is closely linked to overweight and obesity29,43,44,
with chronic ET-1 infusion promoting adipocyte hyperplasia by acti-
vating the protein kinase C pathway through the ET A receptor12. This
process enhances pre-adipocyte proliferation while suppressing adi-
pocyte differentiation, contributing to dysfunctional adipose tissue
expansion. ET-1 administration has been shown to induce whole-body
insulin resistance in both rodents and humans, potentially through the
acceleration of lipolysis13,45–47, which increases circulating FFA levels

and exacerbates lipotoxicity48–50. In our study, ET-1 infusion at 10 µg/
kg/day, a dose previously reported not to affect blood pressure under
normal diet conditions51, led to significant endothelial dysfunction,
and adipocyte hyperplasia under HFD conditions. These findings
underscore the pivotal role of ET-1 in linking endothelial dysfunction
with obesity-driven metabolic deterioration. By driving adipose tissue
expansion and promoting insulin resistance, ET-1 serves as a crucial
mediator in the transition from obesity to T2DM, highlighting its
potential as a therapeutic target for metabolic disease intervention.

An important aspect of our study is that a 4-week ET-1 infusion,
administered only during the initial phase of HFD feeding, was suffi-
cient to restore adipocyte hyperplasia and long-term weight gain in
Fundc1f/YCdh5+ mice. Although exogenous ET-1 exposure was “tran-
sient”, this period overlaps with a critical window of adipose tissue
plasticity during early HFD feeding, when endothelial-adipocyte
communication exerts disproportionate and durable effects on tis-
sue architecture and metabolic set-points. Thus, even short-term
perturbations in ET-1 signaling may produce lasting consequences for
adipose expansion and metabolic trajectory. Integrating established
principles from ET-1 biology, adipose tissue remodeling, and
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endothelial-stromal crosstalk, we propose that early ET-1 elevation
may initiate a series of processes with persistent impact: (1) expansion
of the adipocyte progenitor pool, enabling sustained hyperplasia; (2)
induction and stabilizationofmicrovascularnetworks that persist after
ET-1 withdrawal and facilitate continued adipose growth; (3) epige-
netic reprogramming of endothelial or stromal lineages that shifts
transcriptional programs toward a growth-permissive state; (4)
recruitment of macrophages that establish a chronic inflammatory
niche; (5) extracellular matrix remodeling that imposes durable
structural changes; (6) early adipocyte hyperplasia, which perma-
nently increases total adipocyte number; and (7) feed-forward activa-
tion of endogenous ET-1 pathways that may continue beyond the
cessation of exogenous ET-1 delivery. Collectively, these potential
mechanisms provide a biologically coherent framework explaining
how short-term ET-1 elevation during early HFD feeding can set a long-
term trajectory of adipose expansion and thereby restore the obese
phenotype in Fundc1f/YCdh5+ mice.

In addition to its metabolic consequences, endothelial FUNDC1
deletion appeared to influence vascular function. ECs are central

regulators of vascular homeostasis, and ET-1 is a well-established
mediator of vasoconstriction, inflammation, and vascular remodeling
during metabolic stress. In our model, Fundc1f/YCdh5+ mice exhibited
reduced ET-1 expression and showed modest improvement in endo-
thelial relaxation. These changes, however, occurred alongside sub-
stantial reductions in body weight, a key factor known to markedly
improve vascular function. For this reason, the vascular phenotype
observed in Fundc1f/YCdh5+ mice is likely driven primarily by their
attenuated obesity, with reduced ET-1 signaling contributing but may
not acting independently. ET-1 infusion in HFD-fed mice further
impaired endothelial function, supporting the relevance of ET-1 in
vascular dysregulation, but the available data do not allow us to
separate endothelial-intrinsic effects from systemic metabolic influ-
ences. Overall, endothelial FUNDC1 may participate in ET-1-related
endothelial responses, but in the context of HFD feeding, reduced
adiposity appears to be the dominant determinant of vascular out-
comes in Fundc1f/YCdh5+ mice.

SIRT3 is a NAD+-dependent mitochondrial deacetylase that reg-
ulates acetylation levels in mitochondria, which is essential for many

Fig. 9 | Upregulation of FUNDC1/GATA2/ET-1 signaling in human patients with
diabetic obesity. Plasma and endothelium were collected from age-matched
healthy donors (n = 17) or donors with both obesity and T2DM (Obesity&T2DM,
n = 19). a Characteristics of human donors. Age, body mass index (BMI), and gly-
cohemoglobin A1c (HbA1c) levels are represented asmean ± SD.b Plasma ET-1 level
in human donors. n = 17–19 donors/group. c Spearman’s correlation of plasma ET-1
level and BMI. d Spearman’s correlation of plasma ET-1 level and HbA1c. e qPCR
analysis of FUNDC1, END1 and GATA2mRNA levels in the intima isolated from
human small arterioles. n = 17–19 donors/group. f Spearman’s correlation ofmRNA

levels of FUNDC1 and END1. g Spearman’s correlation ofmRNA levels of GATA2 and
END1. h Spearman’s correlation of intimal FUNDC1 mRNA and plasma ET-1.
i, j Human small arterioles were collected from age-matched healthy donors or
donors with both obesity and T2DM (Obesity&T2DM) and subjected to western
blot analysis (i and j). n = 6 donors/group. k, l Human femoral arteries were col-
lected from age-matched healthy donors (n = 7) or donors with both obesity and
T2DM (Obesity&T2DM; n = 5) and subjected to IHC staining. Scale bar: 50 µm. Data
are presented as mean ± SD. * p <0.05, ** p <0.01, *** p <0.001, n.s. p >0.05.
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cellular processes, including energy metabolism, oxidative stress,
mitochondrial biogenesis, and cell survival52. SIRT3 is also a stress-
responsive protein that can transport between mitochondria and the
nucleus upon cellular stress33,53. Previous studies show that SIRT3 can
be induced by energetic stress, caloric restriction, H2O2, etoposide,
and UV-irradiation, we further identify PA as a novel stimulus to reg-
ulate SIRT3 subcellular distribution. PA treatment has no effect on
SIRT3 protein expression but promotes the long isoform of SIRT3
translocation from the nucleus to mitochondria. Under FUNDC1-
sufficent conditions, FUNDC1 recruits and attaches SIRT3-L in mito-
chondria. However, when lacking FUNDC1, SIRT3-L remains in the
nucleus and interacts with GATA2, reducing its lysine acetylation and
stability, thus leading to suppressed ET-1 transcripts. These findings
expand the current understanding of both FUNDC1 and SIRT3 by
highlighting functions that are mechanistically distinct from their
canonical roles. FUNDC1 has traditionally been studied as a regulator
of mitochondrial quality control, notably through its role in mito-
phagy, mitochondrial fission, ER-mitochondria contact, and calcium
homeostasis21–23,54. Similarly, SIRT3 is well known for its mitochondrial
deacetylase activity in controlling oxidative metabolism and EC
glycolysis55,56. Our results reveal that FUNDC1 also governs the nuclear-
mitochondrial shuttling of SIRT3-L, linking mitochondrial dynamics to
nuclear transcriptional regulation. Through this FUNDC1/SIRT3-L/
GATA2 signaling axis, ECs integrate metabolic stress signals with
transcriptional control of ET-1, thereby establishing a novel mechan-
ism by whichmitochondrial proteins influence vascular andmetabolic
homeostasis.

An intriguing observation in our study was that 2months of HFD
feeding did not induce statistically significant insulin resistance
(Fig. 1), a finding that contrasts with reports of much earlier glucose
intolerance. The onset of dysglycemia following HFD is known to be

highly variable and influenced by multiple experimental factors,
including diet composition and energy density, mouse strain or
substrain, age at diet initiation, housing conditions, microbiota, and
the protocols used for glucose and insulin tolerance testing. While
some studies report impairments in glucose tolerance within just a
few days of HFD exposure57, others describe preserved glucose tol-
erance for several weeks58. These discrepancies support the notion
that short- and long-term HFD exposure may involve distinct
pathogenic mechanisms, with ectopic lipid accumulation driving
early alterations and chronic inflammation exerting a stronger
influence at later stages. Such dynamics may lead to fluctuations in
both the timing and magnitude of insulin resistance. Notably, vas-
cular responses to lipid challenge arise very rapidly and are often
detectable well before persistent systemic insulin resistance devel-
ops. Indeed, a recent systematic review and meta-analysis demon-
strated that even a single high-fat meal can transiently impair EC
function, reflected by reduced flow-mediated dilation, within hours
of ingestion59. Collectively, these findings reinforce our interpreta-
tion that endothelial dysfunction represents an early and sensitive
marker of nutritional excess.

Despite the strengths of our study, several limitations should be
acknowledged. First, although we report an intriguing discrepancy
between FUNDC1 mRNA and protein expression under different
metabolic stress conditions, the precise post-transcriptional
mechanisms underlying this divergence remain undefined. A
recent study suggest that PA can promote the shift of FUNDC1 from
its dimeric to monomeric form via enhanced production of lyso-
phosphatidylinositol, leading to increased acetylation at lysine
K10460. This acetylated monomeric FUNDC1 is subsequently tar-
geted by MARCH5 for proteasomal degradation. These mechanistic
insights may partially explain the early decline of FUNDC1 protein

Fig. 10 | Schematic description that endothelial FUNDC1 regulates the pro-
gression fromobesity to T2DM. In the healthy state, endothelial FUNDC1 anchors
SIRT3-L in mitochondria, limiting its nuclear accumulation and regulating its
interaction with GATA2, thereby maintaining normal ET-1 production and preser-
ving vascular and metabolic homeostasis. Under overnutrition-induced metabolic
stress, SIRT3-L is released fromGATA2, contributing to enhancedGATA2-mediated
ET-1 transcription. Elevated ET-1 promote angiogenesis to provide the space for
adipocyte hyperplasia at the early stage and later exacerbate insulin resistance and
thus driving the progression from obesity to T2DM. Importantly, SIRT3-L translo-
cation to mitochondria also facilitates FUNDC1 degradation at the early obese

stage, which triggers a compensatory increase in FUNDC1 transcription and ulti-
mately results in FUNDC1 overexpression in a late-stage. The elevation of FUNDC1
further enhances mitochondrial recruitment of SIRT3-L, amplifying ET-1 produc-
tion. In contrast, in Fundc1 EC-specific knockout (ECKO) mice, the absence of
FUNDC1 prevents mitochondrial recruitment of SIRT3-L, leading to its nuclear
retention, where SIRT3-L promotes GATA2 degradation and suppresses ET-1 tran-
scription. The loss of Fundc1 in ECs not only suppresses angiogenesis at early
overnutrition stage but also prevents EC senescence at late stage to attenuate the
potential diabetic vascular complications.
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observed in our models, even in the presence of stable or elevated
mRNA levels, while further investigation is needed to determine
whether similar regulatory mechanisms operate in vivo under
chronic metabolic stress. We also acknowledge the apparent dis-
crepancy between elevated GATA2 mRNA levels in obese patients
and the reduced GATA2 protein stability observed upon FUNDC1
knockdown in vitro. This difference likely reflects distinct layers of
regulation: chronic metabolic stress may transcriptionally upregu-
late GATA2 in human endothelium, whereas enhanced FUNDC1
turnover under lipotoxic conditions through PA-induced acetylation
and MARCH5-mediated ubiquitination may attenuate its suppres-
sive effect on GATA2 protein stability. Thus, increased mRNA but
reduced protein turnovermay coexist, underscoring the importance
of both transcriptional and post-translational mechanisms in reg-
ulating GATA2 during obesity. Second, while our human data show
that both FUNDC1 mRNA and protein levels are elevated in endo-
thelium from obese individuals with T2DM, this observation lacks a
metabolically healthy obese control group, and our current human
data are based on a relatively small cohort and do not yet establish
direct mechanistic causality. This limitation precludes us from
determining whether increased FUNDC1 expression is a general
feature of obesity or a specific hallmark of disease progression
toward T2DM. As such, the causal role of endothelial FUNDC1 in the
transition from obesity to diabetes in humans remains to be fully
clarified. Stratified clinical studies including non-diabetic obese
individuals will be necessary to validate our proposed model of
FUNDC1-mediated endothelial dysfunction and ET-1 overproduction
in the pathogenesis of metabolic disease. Another limitation is that
we could not directly confirm whether GATA2 and SIRT3-L mediate
the vascular and metabolic phenotypes in Fundc1f/YCdh5+ mice. As
functional delivery of recombinant proteins of GATA2 or SIRT3-L is
limited by their poor cell permeability, and EC-specific genetic
models are technically challenging due to embryonic lethality and
systemic effects, future studies using advanced genetic or targeted
delivery approaches are needed to clarify their causal roles in
FUNDC1-dependent endothelial dysfunction and metabolic
deterioration.

Collectively, our findings demonstrate that ET-1 levels are ele-
vated in the endothelium of obese and diabetic individuals, position-
ing it as a key mediator in the transition from obesity to T2DM. The
deletion of endothelial FUNDC1, which inhibits ET-1 production, pro-
vides significant protection against obesity-induced metabolic dys-
function and vascular impairment in HFD-fed mice. Our study
establishes ET-1 as a crucial inter-organ signaling molecule that facil-
itates communication between ECs and metabolic tissues to regulate
systemic metabolic homeostasis. Moreover, the regulation of FUNDC1
and suppression of ET-1 emerge as promising therapeutic strategies to
mitigate adipose tissue dysfunction, vascular abnormalities, and
metabolic disorders associated with obesity and T2DM.

Methods
Human specimens
Human blood and tissue (small arterioles, including mesenteric artery
and superficial femoral artery) samples were obtained from patients
undergoing bariatric surgery or diabetic amputations or donors
undergoing gastrectomy or amputation surgery for traffic accident.
Obesity was defined as a body mass index (BMI) of ≥30.0, and type 2
diabetes mellitus (T2DM) was identified as the percentage of glycated
hemoglobin A1c (HbA1c) of ≥6.5% or based on diagnosis in the donors’
medical records. All procedures involving human specimens complied
with the principles outlined in the 1975 Declaration of Helsinki and
were approved by the Ethics Committee of Chu Hsien-I Memorial
Hospital of Tianjin Medical University (NO. ZXYJNYYKMEC2023-38).
Informed consent was obtained from each participating patient prior
to the procedure.

Animal procedure
The Fundc1gene is located in chromosomeX21. Thefloxed-Fundc1mice
were developed by the Mouse Biology Program (University of Cali-
fornia, Davis). The constitutive CreCdh5+ mice were purchased from the
Jackson Laboratory (BarHarbor,ME). The EC-specific Fundc1 knockout
(Fundc1f/YCdh5+) mice were generated by crossing female Fundc1f/
YCdh5+/- with male Fundc1f/YCdh5+/- mice. Littermate Fundc1f/YCdh5- mice
were considered as control mice. All mice in C57BL/6 J background
weremaintainedon a 12:12 h light-darkcycle at 21 ± 2 °C andwere given
free access to water and food. The diet-induced obesity model was
produced by feeding 10-week-old male Fundc1f/YCdh5- and Fundc1f/
YCdh5+ mice on an HFD (20% protein, 35% carbohydrate, 45% fat, total
5.7 kcal/g, D12451, Research Diet, New Brunswick, NJ) or a chow diet
(20%protein, 70% carbohydrate, 10% fat, D12450B, ResearchDiet, New
Brunswick, NJ) for 6 months. The animal protocol in this study
(A25012) was approved by the Institutional Animal Care and Use
Committee at Georgia State University. An expanded Materials and
Methods section is available in the Methods in the Data Supplement.

Body composition
Body weight was measured and recorded monthly. Body composition
was assessed by nuclear magnetic resonance technology (Bruker
Minispec; Billerica, MA) and the fat and lean percentages were
calculated.

Glucose and insulin tolerance tests
Glucose and insulin tolerance tests were performed as described
previously with sight modification61. Briefly, the mice were fasted for
16 h for the glucose tolerance test (GTT) and 6 h for insulin tolerance
test (ITT). After examination of the baseline fasting blood glucose
level, each animal received glucose (Sigma-Aldrich, G7528) at a dosage
of 1.5 g/kg body weight or insulin (Sigma-Aldrich, I9278) at a dosage of
0.5 U/kg body weight, via intraperitoneal injection. Blood glucose
levels were determined using glucometer at 15, 30, 60, and 120min
after glucose injection for GTT, or at 15, 30, and 60min after insulin
injection for ITT. Serum insulin concentrations were measured using
ELISA kit (ALPCO, 80-INSMS-E01; Salem, NH). Serum free fatty acid
level was determined using EnzyChrom™ Free Fatty Acid Assay Kit
(BioAssay Systems, EFFA-100). Serumcontents of triglyceride and total
cholesterol weremeasured using Infinity kit (Thermo Fisher Scientific,
TR22421, TR13421; Waltham, MA).

Indirect calorimetry analysis
The metabolic rate of mice was measured using calorimetric systems
(PhenoMaster, TSE Systems, Bad Homburg, Germany). Mice were
housed individually with ad libitum access to food and water and
acclimatized to respiratory chambers for 3 days before the experi-
ments. The data for O2 consumption (VO2), CO2 production (VCO2),
calorie (food and water) intake and locomotor activity were recorded
in real time for 3–5 days. Respiratory exchange ratio (RER) and energy
expenditure were determined using LabMaster software. The RER was
calculated as the ratio of VCO2 to VO2 and energy expenditure (kcal/
kg/h) was calculated with the following formula:
(3.815 × VO2 + 1.232 × VCO2)/1000.

Measurements of aortic stiffness
Vascular ultrasoundwas performed using a Vevo 3100 Imaging System
(FUJIFILM VisualSonics, Toronto, ON, Canada) as described
previously62. Briefly, under 2% isoflurane anesthesia, themouse carotid
artery was first visualized in B mode on the transverse plane, and then
the transducer was switched to obtain images on the longitudinal
plane. Anterior and posterior aortic wall motion was assessed using
images captured in M mode. Images were finally analyzed using the
Vevo WorkStation. Systolic diameter (Ds) and diastolic diameter (Dd)
were quantified fromM-mode images, and circumferential cyclic strain
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was then calculatedwith the following formula: (Ds-Dd)/Dd. The aortic
pulse wave velocity (PWV) was calculated as the distance traveled by
the pulse wave divided by the time taken to travel the distance.

Vascular reactivity measurements
Vessel reactivity was analyzed by organ chamber (Radnoti LLC, Mon-
rovia, CA), as described previously63. Mouse descending aortic rings
were pre-contracted with 30 nM U46619 (Cayman, 16450). At the pla-
teau of contraction, endothelium-dependent responses were deter-
mined in the presence of acetylcholine (Ach; Sigma-Aldrich, A6625) at
concentrations of 10−9 to 10−4M, and endothelium-independent vaso-
dilation was determined in the presence of Sodium Nitroprusside
(SNP; Sigma-Aldrich, 567538) at concentrations of 10-10 to 10-5M.

Plasma ET-1 determination and infusion of ET-1 in mice
Plasma ET-1 peptide concentration was determined by an enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems, DET100; Min-
neapolis,MN) according to themanufacturer’s instruction. Plasmawas
obtained from the blood collected by orbital puncture. Aliquots of
plasma (200 µl) were immediately treated with ice-cold 3,4-dichlor-
oisocoumarin solution (148 µg/ml) immediately, and rapidly vortexed
to prevent conversion of big ET-1 to ET-1 during sample processing64.
Assay was conducted immediately after sample collection or aliquot
and store samples at −80 °C, avoiding repeated freeze-thaw cycles.

Subcutaneous infusion of ET-1. Male Fundc1f/YCdh5- and Fundc1f/
YCdh5+mice were subcutaneously implanted an Alzet osmotic mini-
pump (Alzet, model 1004, Cupertino, CA) filled with either sterile
saline (0.9% NaCl) or ET-1 (Enzo, ALX-155-001-P001) at a dosage of
10μg/kg/day (in sterile saline), a dose that does not significantly
enhancebloodpressure65. Allmicewere fed anHFDorCD immediately
after the implantation. After 28-day infusion of ET-1, the minipumps
were removed, and the mice were kept feeding on their respective
diets for another 4 months.

Cell culture and primary cell isolation
HUVECswere obtained fromAmericanTypeCultureCollection (ATCC,
PCS-100-013; Manassas, VA) and maintained in Eagle’s Basal Medium
(EBM; Lonza, CC-3121; Walkersville, MD) supplemented with 5% (v/v)
fetal bovine serum (FBS; Sigma-Aldrich, F0926, St Louis, MO), growth
factors (Lonza, CC-4133), and 1% (v/v) antibiotics penicillin and strep-
tomycin (Gibco, 15140-122; Grand Island, NY). When the cells were
grown to 70–80% confluence, themediumwas switched to the culture
mediumcontaining 2%FBS.HUVECs atpassages 3 to 8wereused in the
experiments.

Mouse3T3-L1pre-adipocyteswerepurchased fromATCC (CL-173)
and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Corning,
10-017-CV; Herndon, Virginia) containing 10% (v/v) FBS and 1% (v/v)
antibiotics penicillin and streptomycin. The medium was routinely
changed every 2–3 days until the cells reached a confluent state. Dif-
ferentiationwas inducedby culturing the cells inDMEMsupplemented
with 0.5mM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich,
I7018), 1 µM dexamethasone (Sigma-Aldrich, D4902), and 1.5 µg/ml
insulin (Sigma-Aldrich, I6634). Adipocytes were used 8-10 days after
differentiation, when 90-95% of the cells exhibited adipocyte pheno-
type. All cells were incubated in a humidified atmosphere of 5% CO2

and 95% air at 37 °C. 3T3-L1 pre-adipocytes at passages 5–10 were used
in the experiments.

Isolation of primary MLECs was performed as described
previously66. Briefly, lung tissue was excised, minced, digested with
collagenase type I (Worthington, LS004196), triturated with a 30-cc
syringe, and passed through a 70 µm cell strainer. Anti-CD31-coated
beads (BD Bioscience, 553369) were added to the cell suspension,
mixed, and incubated for 10min at room temperature. The bead-
bound cells were isolated with a magnet, resuspended in EBM con-
taining 20% (v/v) FBS, ECs growth factor, and 1% (v/v) antibiotics, and

plated on Fibronectin-coated cell culture dish. When approached
confluence, the cells were detached, suspended, and incubated with
anti-CD102-coated Dynabeads (BD Biosciences, 553325). The bead-
bound cells were isolated with a magnet, resuspended in EBM con-
taining 20% (v/v) FBS, ECs growth factor, and 1% (v/v) antibiotics and
plated in Fibronectin-coated cell culture dish.

Isolation of ATECwere performed aspreviously described. Briefly,
subcutaneous fat was collected, minced, and incubated in Krebs
Ringer HEPES buffer (29.2 g/mol NaCl, 42.0 g/mol NaHCO3, 37.25 g/
mol KCl, 68.05 g/mol KH2PO4, 73.5 g/mol CaCl2, 123.25 g/mol MgSO4,
and 20mM HEPES) containing 1% BSA and 1mg/mL collagenase type I
under shaking (100 rpm) at 37 °C for 30min. The ratio of fat weight to
digest solution was 1:4. The resultant digested material was filtered
through a sterile 300 µm cell strainer (pluriSelect, 43-50300-50) to
remove larger aggregates. Adipocytes and freeoilwere separated from
the stromal vascular fractions (SVF) by centrifugation at 1500 rpm for
6min. The resulting pellet (i.e., the SVF) was resuspended and plated
onto 1% gelatin-coated cell culture dish in ECs growth medium (as
above) containing 10% FBS. To select ATECs, themixed cell suspension
was cultured for 3–5 days. Next, the cells were collected and incubated
with anti-CD31-coated Dynabeads for 15min at 4 °C. The selected cells
were plated onto 1% gelatin-coated cell culture dish in ECs growth
medium (as above) containing 10% FBS. When cells grew to con-
fluence, the cells were further purified by anti-CD102-coated
Dynabeads.

Cell treatments
Palmitic acid (PA) was prepared by conjugating with fatty-acid-free
bovine serum albumin (BSA). To evaluate the long-termeffect of PA on
FUNDC1 expression in HUVECs, cells were incubated with 200μM PA
conjugated to fatty acid-free BSA, and culture medium containing PA
or BSA was refreshed daily throughout the 7-day stimulation period to
maintain a consistent lipid challenge. To study the effect of ET-1 on
proliferative activity of 3T3-L1 preadipocytes, 3T3-L1 cells without
differentiation were treated with ET-1 (5 and 20 nM) for 24 h, followed
by trypan blue cell counting test using an automated cell counter (Bio-
rad, TC20).

Scratchwound healing assay was performed to study the effect of
ET-1 on 3T3-L1 preadipocytes migration. After 3T3-L1 preadipocytes
had nearly formed a confluent cell monolayer, a linear wound was
gently made in the monolayer using a sterile 200-μl pipette tip. The
distance of the gap was recorded at the starting time point and the
cells were treated with either ET-1 (1 and 5 nM) or vehicle (0.9% NaCl)
for 8 h. Repeated observations of the edge of the same scratched
lesion were performed. Images were captured using a microscope
(IX71, Olympus) equipped with a digital camera and the migrated cells
number were calculated.

To study the effect of initiative effect of ET-1 on adipocytes dif-
ferentiation, at the early stage of 3T3-L1 differentiation, the cells were
treated with ET-1 (5 nM) for 48 h and then kept on differentiating for
another 72 h. At the end of the experiment, differentiated adipocytes
were stained with Oil Red O (Sigma-Aldrich, O0625). Simultaneously,
intracellular triglyceride (TG) level was determined in the cells. The
experiment was duplicated in different batches of cells.

Measurement of insulin-stimulated glucose uptake activity
To determine the glucose uptake activity in vitro, a fluorescent deri-
vative of glucose, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose (2-NBDG) (Invitrogen, N13195), was used as previously
described with slight modifications67. The differentiated primary iso-
lated adipocytes were seeded onto 96-well plates using glucose-free
media supplemented with 10% FBS and 1% antibiotics penicillin and
streptomycin and incubated for 24 h in the presence or absence of
200 µM PA. The cells were then stimulated with 100 nM insulin for
5min and then incubated withmedium containing 100 µM2-NBDG for
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1 h at 37 °C. To stop 2-NBDG uptake, the incubation medium was
removed, and the cells were washed twice with cold PBS. The fluor-
escence retained in cell was measured with a fluorescence microplate
reader, setting at an excitation wavelength of 485 nm and emission
wavelength of 535 nm.

Measurement of glucose-induced insulin release in β-cells
and islets
The rat insulinoma cell line INS-1 832/13 was kindly provided by Dr.
Chong Hyun Shin (Georgia State University, Atlanta, GA) and main-
tained as previously described68. In brief, INS-1 832/13 cells were
maintained in RPMI 1640 medium supplemented with 10% FBS, 1%
antibiotics, 10mM HEPES, 1mM sodium pyruvate, and 50μM β-
mercaptoethanol at 37 °C in a humidified 5% CO2 atmosphere. To test
the effect of ET-1, INS-1 832/13 cells were incubated with 5 nM ET-1 for
24 h. Then the medium was removed, and cells were washed with pre-
warmed Krebs Ringer Buffer (KRB; containing 25mM NaHCO3,
4.64mM KCL, 2.54mM CaCl2, 1.199mM KH2PO4, 1.19mM MgSO4,
10mM HEPES [pH 7.4]) and incubated with KRB containing 5, 10, 15,
25mM glucose for 30min. Each well was then aspirated and replaced
with KRB containing the same concentrations of glucose and incu-
bated for another 30min. The supernatant was finally collected and
assayed for insulin using an Insulin Rodent Chemiluminescence ELISA
kit (ALPCO, 80-INSMR-CH01).

To measure the ex vivo effect of ET-1 on insulin secretion, islets
were isolated from mice according to previously described method69.
The captured islets (ten-size-matched islets were selected for each
group) were cultured in Roswell Park Memorial Institute (RPMI) 1640
with 10% FBS and 1% antibiotics and treated with or without 5 nM ET-1
for 24 h. For the determination of dynamic insulin secretion, the iso-
lated islets were incubatedwith KRB for 30min and perfusedwith KRB
containing 2.8mM glucose for 5min, and the perfusate was then
switched to KRB containing 16.7mM glucose. Eluted fractions were
collected at 5-min intervals for 40min. Insulin secreted in each fraction
was measured using the insulin ELISA kit and normalized with total
number of islets.

Measurement of lipid accumulation in hepatocytes and skeletal
muscle cells
Human HepG2 hepatocytes and C2C12 myoblasts were kindly pro-
vided by Dr. Binghe Wang (Georgia State University, Atlanta, GA) and
Dr. Hang Shi (Georgia State University, Atlanta, GA), respectively. Both
HepG2 and C2C12 were grown in DMEM supplemented with 10% FBS
and 1% antibiotics at 37 °C in 5% CO2. For differentiation of C2C12
myoblasts, cells were grown to 100% confluence, transferred to dif-
ferentiation medium (DMEM with 2% horse serum and 1% antibiotics),
and fed with fresh differentiation medium every day for 3 days until
myotubes were fully formed. To test the effect of ET-1 on ectopic lipid
accumulation, HepG2 hepatocytes and C2C12 myotubes, respectively,
were treated with or without 5 nM ET-1 for 24 h. The severity of lipid
accumulation was then evaluated by determination of intracellular TG
content and Oil red O staining according to the methods described
previously70.

Small interfering RNA (siRNA) transfection
HUVECs were transfected with scramble control siRNA or siRNA tar-
geting FUNDC1 (sc-91118, SantaCruzBiotechnology), SIRT3 (SantaCruz
Biotechnology, sc-61555),GATA2 (Santa Cruz Biotechnology, sc-37228)
using Lipofectamine-RNAiMAX transfection reagent (Life Technolo-
gies, 13778150) in Opti-MEM (Gibco, 31985) according to manu-
facturer’s protocol.

Plasmid transfection
HUVECs were transfected with plasmids encoding Myc-Flag-tagged
FUNDC1 (Provided by Dr. Zhixue Liu) or Flag-tagged SIRT3 (Addgene,

13814) using Lipofectamine-2000 transfection reagent (ThermoFisher,
11668019) in Opti-MEM according to manufacturer’s protocol. The
transfection efficiencies of the siRNAs and plasmids were determined
by western blot analysis of target protein expression.

Subcellular fractionation
The subcellular fractionation was performed based on published
protocols with slight modification71. HUVECs were harvested and
homogenized by passing through a 27-gauge needle 10 times with
fractionation buffer (150mM KCl, 25mM Tris pH 7.4, 5mM EDTA,
0.5mM protease inhibitors). The cell lysate was then centrifuged at
800g for 10min. The pellet was used as nucleus fraction (containing
nuclear proteins). The supernatant (containing cytoplasmic, mito-
chondrial, and plasma-membrane proteins) was further purified by
using Mitochondrial Isolation Kits (ThermoFisher, 89874) to get the
mitochondrial fraction. Protein concentrations were determined using
PierceTM BCA Protein Assay Kit (ThermoFisher Scientific, 23225) and
equal amounts of proteinswere subjected to immunoblotting analysis.

Immunoprecipitation
Immunoprecipitation (IP) analysis was performed as previously
described66. Briefly, proteins were isolated with IP lysis buffer (50mM
Tris, 40mM NaCl, 1mM EDTA, and 0.5% Triton, pH 7.4). Protein con-
centration was determined using PierceTM BCA Protein Assay Kit
(ThermoFisher Scientific, 23225). 500 µg of protein was incubatedwith
antibodies against SIRT3 (Cell Signaling Technology, 5490), GATA2
(Novus, NBP1-82581), or acetylated-Lysine (Cell Signaling Technology,
9441) at 4 °C overnight. Immunoprecipitants were washed four times
with lysis buffer, boiled in Laemmli buffer (Boston BioProducts, Inc.,
Ashland, MA) for 5min, and analyzed by western blot.

Western blot
Tissues and cells were lysed in RIPA buffer. Protein was quantified
using the BCAmethod (Pierce, USA). The lysateswere resolved by SDS-
PAGE and transferred to polyvinylidene difluoride membrane (Milli-
pore Corp.). Membranes were probed with primary antibodies against
FUNDC1 (Novus, NBP1-81063), ECE1 (Santa Cruz Biotechnology, sc-
376018), GATA2 (Novus, NBP1-82581; Santa Cruz Biotechnology, sc-
267), AP-1 (Cell Signaling Technology, 9165), SIRT3-L (LSBio, LS-
C46967), SIRT3-S (Cell Signaling Technology, 5490), COX IV (Cell
Signaling Technology, 4850), Lamin A/C (Cell Signaling Technology,
4777), ET-1 (Santa Cruz Biotechnology, sc-517436), p-AKT Ser473 (Cell
Signaling Technology, 4060), AKT (Cell Signaling Technology, 4685),
β-actin (Santa Cruz Biotechnology, 47778), or GAPDH (Santa Cruz
Biotechnology, 32233), and subsequently incubated with horseradish
peroxidase-linked secondary antibodies. The signals were visualized
using an enhanced chemiluminescence detection system. The inten-
sity of individual bands was quantified with ImageJ software (NIH).
Data are represented as mean intensity of bands from at least three
independent experiments.

Histology
Different adipose depots and aortas were collected, fixed in 4% par-
aformaldehyde overnight, and embedded in paraffin. The fixed tissues
were sectioned into 4 µm slides, and the slides were subjected to
Haemotoxylin and Eosin (H&E) staining, Elastic Verhoeff Van Gieson,
or Collagen Sirius Red staining as previously described72.

Immunohistochemistry
The aortic sections were incubatedwith FUNDC1 (Biorbyt, orb156964),
8-OHdG (abcam, ab62623), or ET-1 (Novus, NB300-526) antibody at
4 °C overnight and followed by incubation with EnVision® + Dual Link
System-HRP (Dako Cytomation, 3468) and the signal was visualized
using the LiquidDAB+ SubstrateChromogen Systemand imagedusing
an inverted phase contrast microscope (Nikon, Tokyo, Japan). The
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staining density and area in EC layer (the area between lumen and
internal elastic layer) and adipose tissue were measured using ImageJ
software (NIH).

Immunofluorescence staining
Immunofluorescence staining in HUVECs were performed by incu-
bating the methanol-fixed cells with primary antibodies against
FUNDC1 (Biorbyt, orb156964), SIRT3 (Santa Cruz Biotechnology, sc-
365175), GATA2 (Proteintech, 11103-1-AP), or isotype control at 4 °C
overnight, and followed by incubation with corresponding fluorescent
secondary antibodies (Life Technologies) at room temperature for 1 h.
Nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich, D9542). Images were captured by confocal laser scanning
microscopy (LSM700, Carl Zeiss Co., Germany). Three independent
experiments were performed and at least 3 high-power fields were
analyzed for each experiment. Co-localization stains of FUNDC1 and
SIRT3were quantitated using the Pearson’s coefficient provided by the
Zeiss software. Density and area of nuclear SIRT3weremeasured using
ImageJ software (NIH).

To quantitatively assess adipose tissue angiogenesis, fresh sub-
cutaneous white adipose tissue (SubWAT) samples were prepared as
whole-mount, paraffin-embedded sections and stained with the EC-
specific marker CD31, as previously described73. Briefly, adipose
depots were fixed in 4% paraformaldehyde at 4 °C overnight, then cut
into thin slices (5mm× 5mm). The slices were digested with 20 µg/mL
proteinase K in 10mM Tris-HCl buffer (pH 7.4) at room temperature
for 5min, followed by incubation in 100% methanol at room tem-
perature for 30min. Tissueswere thoroughlywashed in PBS for 1 h and
then blocked with 3% blocking buffer (prepared from fat-free milk
powder) at 4 °C for 24 h on a rocking platform. After extensivewashing
with PBST, samples were incubated with a monoclonal rabbit anti-
mouse CD31 primary antibody (1:200 in PBST) for 24h at 4 °C with
rocking. Following removal of the primary antibody by thorough PBST
washes, tissues were incubated with a goat anti-rabbit secondary
antibody (1:400) for 2 hours at room temperature. To visualize adi-
pocyte size, samples were stained with Bodipy (1:200 in PBS) for
30minutes at room temperature. After overnight washing in PBST at
4 °C, tissues were mounted, and 3D images were acquired using con-
focal laser scanning microscopy. Quantitative image analysis was
performed using ImageJ software.

Quantitative real time polymerase chain reaction (RT-PCR)
The intimal RNA was isolated from mouse thoracic aortas by flushing
the lumen of aorta with TRIzol following an established method74.
Briefly, the lumen of thoracic aorta was quickly flushed (few seconds)
with 200 µl of TRIzol reagent (Invitrogen) using a 29-gauge insulin
syringe in a microfuge tube. The eluate was used for intimal RNA iso-
lation by using a RNeasy Mini Kit (#74106, QIAGEN) according to the
manufacturer’s instructions. For reverse transcription, cDNA was syn-
thesized using iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories,
#170-8891). Primers used for gene amplification are shown in Sup-
plementary Table. Quantitative RT-PCR reactions were performed
using iQ™ SYBR® Green Supermix Kit (Bio-Rad Laboratories, 1708880)
and a CFX96™ real-time system (Bio-Rad Laboratories) as described
previously75. Quantified results were represented using the 2-ΔΔCt

method with GAPDH as an internal control.

Tube formation assay and SA β-galactosidase assay
The EC tube formation assay was performed as previously described
with slight modifications66. Briefly, primary cultured ATECs were see-
ded into 96-well plates pre-coated with Matrigel (50 µL/well) at a
density of 1.5 × 104 cells/well in EBM supplemented with 20% FBS. Cells
were treated with either vehicle or VEGF (50ng/mL) and incubated at
37 °C for 24 h. Tube formation was observed and imaged using an
invertedmicroscope (Olympus IX73, Tokyo, Japan).Quantificationwas

performed by counting the number of intersections in three randomly
selected fields per well. To assess cellular senescence in vitro, primary
ATECs were seeded in 12-well plates and treated with BSA (control) or
200 µM PA for 7 days. Cells were then fixed and stained using a
senescence-associated β-galactosidase (SA-β-gal) staining kit (Cell
Signaling Technology, catalog no. 9860), following themanufacturer’s
instructions. Senescent cells were identified as SA-β-gal-positive (blue-
stained) cells and imaged under a light microscope.

Statistics
Statistical analyses for data were performed using SPSS version 24.0
(IBM Corporation, Armonk, NY) and GraphPad Prism 8 (GraphPad
Software, La Jolla, CA). For comparisons between two groups, sig-
nificance was assessed using unpaired two-tailed Student’s t-tests,
unpaired t-test with Welch’s correction or Mann Whitney test. For
comparisons among multiple groups, analysis of variance (ANOVA) or
appropriate nonparametric tests were applied to analyze the differ-
ence. All the data were expressed asmean± standard deviation (SD). A
p-value less than 0.05 was considered statistically significant.

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

Data availability
All data supporting the conclusions of this study are included in the
main text and supplementarymaterials. Additional datasets generated
and analyzed during the current work are available from the corre-
sponding author upon reasonable request. Source data are supplied
with the published article. Source data are provided with this paper.
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