nature communications

Article https://doi.org/10.1038/s41467-024-53118-3

Annonaceous acetogenins mimic AAOOS
targets mitochondrial trifunctional enzyme
alpha subunit to treat obesity in male mice
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Obesity and related diseases pose a major health risk, yet current anti-obesity
drugs inadequately addressing clinical needs. Here we show AAOOS5, an
annonaceous acetogenin mimic, resists obesity induced by high-fat diets and
leptin mutations at non-toxic doses, with the alpha subunit of the mitochon-
drial trifunctional protein (HADHA) as a target identified through proteomics
and in vitro validation. Pharmacokinetic analysis shows AAOOS enriches in
adipose tissue, prompting the creation of adipose-specific Hadha-deficient
mice. These mice significantly mitigate diet-induced obesity, echoing AAOO5’s
anti-obesity effects. AAOOS treatment and Hadha deletion in adipose tissues
increase body temperature and energy expenditure in high-fat diet-fed mice.
The beneficial impact of AAOOS5 on obesity mitigation is ineffective without
uncoupling protein 1 (UCP1), essential for thermogenesis regulation. Our
investigation shows the interaction between AAOOS5 and HADHA in mito-
chondria, activating the UCP1-mediated thermogenic pathway. This sub-
stantiates AAOOS as a promising compound for obesity treatment, targeting
HADHA specifically.

The worldwide obesity epidemic represents a critical public health such as type 2 diabetes, cardiovascular disease, hypertension, obstruc-
crisis”. Globally, more than 2.1 billion individuals are classified as over-  tive sleep apnea, and fatty liver disease. These conditions have a detri-
weight or individuals with obesity, and approximately 3.4 million deaths  mental impact on both the quality and duration of life*”. Consequently,
per year are attributed to obesity-related diseases’. For instance, obesity  the availability of drugs capable of safely reversing obesity would pro-
plays a significant role in the development of debilitating conditions vide substantial benefits for a large population.
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Currently, the Food and Drug Administration (FDA) has approved
several classes of medications for long-term weight management.
These classes primarily consist of single agents, including orlistat, lir-
aglutide, lorcaserin, semaglutide, as well as two combination drugs:
phentermine-topiramate and naltrexone-bupropion®™. These drugs
offer moderate weight loss results for patients even that long-term
usage of them are associated with multiple side effects™™. It is
necessary to explore new compounds that are both safe and effective
for the treatment of obesity, with a particular emphasis on those
derived from or inspired by natural plants.

Annonaceae (custard-apple) family encompasses 130 genera and
2300 species'®, and their fruits, roots, and leaves, have been widely
employed in traditional medicine to enhance blood circulation, alle-
viate pain, repel insects, and combat malaria®. Products from the
Annonaceae family, called annonaceous acetogenins (AAs), are very
potent inhibitors of mammalian mitochondria NADH-ubiquinone
reductase (Complex 1)*°. To date, more than 400 members of this
compound family have been discovered, with most demonstrating
significant cytotoxic and antitumor activities'. In recent years, sig-
nificant progress has been made in the development of a range of AA
mimetics. Among these mimics, AAOO5 stands out for its remarkable
attributes. This particular compound incorporates a lengthy alkyl
chain, a terminal y-lactone ring, and a tetra-hydrogen ring as its prin-
cipal structural components. Notably, AAOO5 has displayed excep-
tional efficacy in combating various forms of cancer, showcasing its
potential as a potent antitumor agent’-*. Importantly, AAOO5 dis-
played selective antitumor effects with minimal toxicity to normal
cells* ¢, Despite the well-documented antitumor activities and tradi-
tional medicinal uses, there are limited studies exploring the other
pharmacological effects and mechanisms of the Annonaceae family.
Recent research has unveiled the potential anti-diabetic and anti-
oxidant effects of crude leaf extracts from Annonaceae plants®, which
motivates further exploration of additional pharmacological activities
of the Annonaceae.

Fatty acid B-oxidation is a fundamental energy-yielding meta-
bolic pathway present in organisms ranging from bacteria to
humans. The (-oxidation pathway consists of four reactions: acyl-
CoA dehydrogenase (ACAD), 2-enoyl-CoA hydratase (ECH), 3-
hydroxyacyl-CoA dehydrogenase (HACD), and 3-ketothiolase (KT).
The majority of fatty acid -oxidation takes place within the mito-
chondria. The initial step is catalyzed by very long-chain acyl-CoA
dehydrogenase (VLCAD). The final three steps are primarily facili-
tated by the mitochondrial trifunctional protein (TFP), a protein
complex bound to the inner mitochondrial membrane®. TFP consists
of two subunits. The alpha subunit (TFPa or HADHA), encoded by the
Hadha gene, encompasses the ECH and HACD activities. The beta
subunit (TFPP or HADHB), encoded by the Hadhb gene, contains the
KT activity?. Mutations in these two subunits that result in the loss of
TFP function lead to mitochondrial trifunctional protein deficiency
(MTPD), an autosomal recessive disorder characterized by a wide
range of clinical manifestations, including liver dysfunction, retina
abnormality, muscle atrophy, cardiomyopathy, and sudden
death’**', Additionally, deficiency of the long-chain HACD activity in
HADHA has been observed in children of women who develop HELLP
(hemolysis, elevated liver enzymes, and low platelets) syndrome and
AFLP (acute fatty liver pregnancy) syndrome®, both of which are life-
threatening obstetric conditions. The mice with homozygous dele-
tion of Hadha and Hadhb exhibited characteristics such as low birth
weight, neonatal hypoglycemia, and experienced sudden death
within 6-36 h after birth®’, However, the currently known functions of
TFP cannot fully explain all of the aforementioned phenotypes,
especially the low birth weight.

In this work, we find that annonaceous acetogenins mimic AA0OOS5
targets HADHA, which activates UCP1 as monolysocardiolipin
acyltransferase-1 (MLCLAT-1), thereby mitigating obesity.

Results
AAO0OS resists obesity and its metabolic disorders in diet-
induced obese mice
In order to investigate the impact of AAOOS (Fig. 1a) on obesity, we
conducted experiments involving mice fed a high-fat diet (HFD) for
22 weeks, with daily administration of AAOOS or a vehicle as a negative
control (Supplementary Fig. 1a). Remarkably, AAOOS prevented weight
gain induced by the HFD starting from week 3 onwards (Fig. 1b).
Importantly, this effect was not accompanied by changes in food
intake (Supplementary Fig. 1b), indicating that AAOOS5 did not influ-
ence appetite. At the end of the 22nd week, mice receiving AAOOS5
exhibited a reduction in body weight from 5238+190g to
41.98 +1.61g, corresponding to a 20% weight loss relative to the
vehicle-treated mice (Fig. 1b, c). Additionally, the body fat content of
AAO0O5-treated mice was significantly decreased compared to vehicle-
treated mice (Fig. 1d). Specifically, AAOO5 prevented fat accumulation
in five fat depots, including two subcutaneous depots (inguinal white
adipose tissue (iWAT) and anterior-subcutaneous white adipose tissue
(asWAT)) and three visceral fat depots (epididymal white adipose tis-
sue (eWAT), retroperitoneal white adipose tissue (rWAT), and
mesenteric white adipose tissue (MWAT)) (Fig. 1e). Notably, AAOO5-
treated mice exhibited significantly reduced the area of iWAT and
eWAT adipocytes and reduced the size of lipid droplets (LDs) in BAT
(Fig. 1f). Consistent with the anti-obesity phenotype, AAOOS treatment
significantly improved HFD-induced glucose tolerance (Fig. 1j, h) and
insulin resistance (Fig. 1i, j) and decreased liver weight, lipid storage
and decreased total cholesterol levels compared to vehicle controls
after 22 weeks of HFD feeding (Supplementary Fig. 1d-h). Intriguingly,
AAOOS treatment also resulted in a notable increase in body tem-
perature (Fig. 1k). To further evaluate physical activity and energy
expenditure, we performed metabolic cage assays. As expected,
energy expenditure (Fig. 11, m), oxygen consumption (Fig. 1n, o), and
carbon dioxide production (Fig. 1p, q), was significantly elevated in
AAO0O5-treated diet-induced obese mice. The respiratory quotient (RQ)
values of mice treated with AAOOS showed no significant difference
during the daytime but were reduced at night (Supplementary Fig. 1i).
Additionally, we administered vehicle or AAOOS to mice main-
tained on a chow diet (CD) for 22 weeks and observed no significant
changes in body weight, food intake, fecal energy excretion, blood
glucose, or important physiological activities following long-term
chronic AAOOS administration, indicating the absence of toxic effects
in mice (Supplementary Fig. 2). To assess whether AAOO5 exhibited a
therapeutic effect on weight loss in established HFD-induced obese
mice, we administered AAOOS treatment to obese mice that had been
previously subjected to 10 weeks of high-fat diet induction (Supple-
mentary Fig. 3a). The results revealed that at the end of the 13th week,
the weight and fat content of AAOOS-treated mice were significantly
lower than those of the control obese mice (Supplementary Fig. 3b-e).
Furthermore, mice treated with AAOO5 exhibited improved glucose
tolerance and insulin resistance, accompanied by an increase in body
temperature (Supplementary Fig. 3f-1). The results showed that AAOOS5
at a dose of 8.5 mg/kg could significantly decrease the levels of serum
ALT and AST, suggesting that AAOOS5 had no obvious hepatotoxicity in
mice (Supplementary Fig. 3m).

AA005 ameliorates obesity independent of leptin

Leptin, an adipocyte-derived hormone, serves as the primary mes-
senger conveying information regarding peripheral energy stores to
the central nervous system®". It has been proposed that obesity is
characterized by leptin resistance or insensitivity. To investigate
whether AAOOS acts as a leptin sensitizer, we initially assessed the
circulating leptin levels in high fat diet-induced obese mice and leptin-
deficient (ob/ob) mice following long-term AAOOS treatment. Inter-
estingly, we observed no significant alterations in plasma leptin levels
(Fig. 2a, b). To further confirm these findings, we subsequently
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Fig. 1| AAOOS resists obesity and its metabolic disorders in diet-induced
obese mice. a Chemical structure of AAOOS. b Weight gain of male littermates fed
HFD without or with AA0OS (1.7 mg/kg) was recorded for 22 weeks (n=9 for each
group). ¢ Representative photograph of vehicle and AA0O5-treated HFD-induced
obese mice at experimental endpoint. Scale bar: 1cm. d Fat weight was measured
after 22 weeks of treatment (n=9). e Fat weight of inguinal white adipose tissue
(iWAT), abdominal subcutaneous white adipose tissue (asWAT), epididymal white
adipose tissue (eWAT), retroperitoneal white adipose tissue (rWAT), mesenteric
white adipose tissue (MWAT), and brown adipose tissue (BAT) in vehicle and
AAO0O5-treated obese mice (n=9). f, Representative images of haematoxylin and

eosin (H&E) stained of iWAT, eWAT, and BAT. iWAT, n=79 (Vehicle) and 163

(AA0O0S) adipocytes per group; eWAT, n =90 (Vehicle) and 142 (AA005) adipocytes
per group; BAT, n = 541 (Vehicle) and 392 (AAOOS) LDs per group. Scale bar, 50 um.
Glucose tolerance test (GTT) (g), area under the curve (AUC) of GTT (h), insulin
tolerance test (ITT) (i), and AUC of ITT (j) in vehicle and AAOO5-treated obese mice
(n=9). k Body temperature was compared between the two groups (n=35 per
group). Three different biological replicates were tested. Mice at the end of week 21
were performed metabolic cage assays for energy expenditure (I, m), O, con-
sumption (n, 0), and CO, production (p, q) (n=5). Data are presented as mean +
SEM. Unpaired, two-tailed Student’s t test. *P < 0.05, *P < 0.01, **P< 0.001, NS
indicates not significant. Source data are provided as a Source Data file.
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Fig. 2 | AAOOS ameliorates obesity independent of leptin. a Plasma leptin levels
in vehicle and AAOOS5-treated mice fed CD or HFD (n=5). b Plasma leptin levels in
wild-type (WT) and ob/ob mice treated with vehicle or AAOOS (n=5). c Body weight
of WT and ob/ob male littermates treated with vehicle or AAOOS (1.7 mg/kg) (n=9
for WT mice, n =8 for ob/ob mice for each group). d The average daily food intake
of each mouse was recorded (n=9 for WT mice, n=8 for ob/ob mice for each

group). e A representative photograph of WT and ob/ob mice treated with vehicle
or AAOOS at experimental endpoint. Scale bar, 1 cm. f Fat weight of iWAT, asWAT,
eWAT, rWAT, mWAT, and BAT in WT and ob/ob mice treated with vehicle or AAOOS5
(n=9 for WT mice, n =8 for ob/ob mice). g Fat and lean mass (n=9 for WT mice,

n =8 for ob/ob mice for each group). h Representative images of H&E stained of
iWAT, eWAT, and BAT. iWAT, n =136 (ob/ob;vehicle) and 221 (ob/ob; AAOO5) adi-
pocytes per group; eWAT, n = 93 (ob/ob;vehicle) and 165 (ob/ob; AAOOS) adipocytes
per group; BAT, n =546 (ob/ob;vehicle) and 384 (ob/ob; AAOOS) LDs per group;.
Scale bar, 50 pm. Glucose tolerance test (GTT) (i), area under the curve (AUC) of
GTT (j), insulin tolerance test (ITT) (k), and AUC of ITT (1) in vehicle and AAOOS5-
treated WT and ob/ob mice (n= 9 for WT mice, n = 8 for ob/ob mice for each group).
Data are mean + SEM. Unpaired, two-tailed Student’s t test. *P < 0.05, *P<0.01,
***P < (0.001, NS indicates not significant. Source data are provided as a Source
Data file.

examined the weight loss effects of AAOOS in ob/ob mice (Supple-
mentary Fig. 4).

Similar to the observations made in HFD-induced obese mice, the
administration of AAOOS resulted in a significant reduction in body
weight gain in ob/ob mice, amounting to approximately 16% (Fig. 2c, ).
Importantly, this effect was not accompanied by changes in food
intake (Fig. 2d), ruling out an anorectic effect of AAOO5 on mice. Fur-
thermore, AAOOS treatment led to a decrease in fat mass in ob/ob mice

(Fig. 2f). Further analysis revealed that AAOOS-treated ob/ob mice
exhibited smaller cell volumes in inguinal white adipose tissue (iWAT)
and epididymal white adipose tissue (eWAT), as well as an increased
number of multilocular brown-like adipocytes in brown adipose tissue
(BAT) (Fig. 2g). Notably, AAOO5-treated ob/ob mice exhibited sig-
nificantly reduced the area of iWAT and eWAT adipocytes and reduced
the size of LDs in BAT compared to vehicle-treated ob/ob mice (Fig. 1h).
Additionally, AAOOS improved glucose tolerance (Fig. 2i, j) and insulin
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resistance (Fig. 2k, 1) in ob/ob mice compared to vehicle-treated ob/ob
mice. Collectively, these findings demonstrate that the anti-obesity
effect of AAOOS is not dependent on the modulation of the leptin
signaling pathway.

In our previous study, we demonstrated that high doses of AAOOS
exhibit anti-tumor effects in tumor cells by inducing the nuclear
translocation of Apoptosis-inducing factor (AIF) and subsequent
downregulation of mitochondrial complex I expression®?*, Interest-
ingly, other studies have suggested that the specific ablation of AIF in
muscle or liver could counteract the development of obesity, insulin
resistance, and diabetes in mice”. To investigate whether the anti-
obesity effects of low-dose AAOOS5 are mediated through AIF, we
examined the nuclear translocation of AIF and the expression of
mitochondrial complex subunits in the liver, muscle, and iWAT of
AAO0O5-treated obese mice. We observed no significant alterations
(Supplementary Fig. 5a-c). Furthermore, the protein levels of AIF and
complex I subunit NDUFB6 were assessed in AAOOS-treated obese
mice, but no significant changes were detected compared to the
vehicle control mice (Supplementary Fig. 5d, e).

AAO00S targets the mitochondrial trifunctional enzyme « sub-
unit (HADHA)

To identify potential targets of AAOOS for its anti-obesity effects, we
investigated the impact of AAOO5 on mouse 3T3-L1 cells, a well-
established cell model for studying lipid metabolism®, The 3T3-L1 cells
were induced to undergo adipogenesis through exposure to a mixture
of hormonal stimuli. Upon staining with Oil-Red-O, we observed a
significant reduction in lipid droplets in the 300 nM AAOOS-treated
group compared to the control group (Fig. 3a). Importantly, the via-
bility of the cells remained unaffected following treatment with
300 nM AAOOS5 (Supplementary Fig. 6a), thereby excluding any cyto-
toxic effects of this concentration on 3T3-L1 cells.

In the past decade, chemical proteomics has emerged as a pow-
erful method for target identification by combining affinity purifica-
tion using small molecules as bait and protein identification through
mass spectrometry***°. This approach offers great promise in dis-
covering novel targets due to its unbiased nature*’. With this in mind,
we designed a chemical probe called biotin-AAOOS5, based on
structure-activity relationship information (Fig. 3b). Importantly,
biotin-AAOOS retained the activity of reducing lipid droplets in 3T3-L1
cells (Fig. 3c). To investigate its subcellular localization, we conducted
immunofluorescence using streptavidin-fluorescein isothiocyanate
(FITC) and a Mito-Tracker probe, which demonstrated that biotin-
AAOQOS localized within the mitochondria (Fig. 3d). This finding aligns
with previous reports indicating that AAOO5 exerts its effects within
the mitochondria of cancer cells**. We isolated subcellular fractions,
including mitochondria, nucleus, and cytosol, from 3T3-L1 cells, and
employed western blotting to confirm the purity of the isolated frac-
tions (Supplementary Fig. 6b). Subsequently, we incubated lysates of
the subcellular fractions with an equivalent dose of either biotin or
biotin-AA00S, followed by affinity purification using streptavidin-
coated beads. The proteins were then separated by SDS-PAGE (Fig. 3e).
As demonstrated in Fig. 3e, the proteins enriched by biotin-AA005
were predominantly localized in the mitochondria. To identify the true
interacting proteins of AAOO5 among all mitochondrial proteins in
3T3-L1 cells, we compared the relative abundances of tryptic peptides
from each group using label-free spectral count-based quantitation.
We identified 39 proteins that were significantly enriched by biotin-
AAOOS (Supplementary Table 1). To verify the affinity of these proteins
to biotin-AA0OS5, we performed western blotting on the six enriched
proteins of interest to us. The o subunit of mitochondrial trifunctional
protein (HADHA) exhibited the strongest affinity to AAOOS (Supple-
mentary Fig. 6¢c-e).

Notably, affinity purification using biotin-AA0O3, instead of biotin
alone, resulted in the enrichment of HADHA (Fig. 3e, f, Supplementary

Fig. 6f). Furthermore, the binding of HADHA by biotin-AA0OS5 could be
competitively blocked by a high concentration of AAOOS (Fig. 3f),
suggesting that both AAOO5 and biotin-AA0OS bind to the same site on
HADHA. Consistently, immunofluorescent staining using antibodies
against HADHA and streptavidin-fluorescein isothiocyanate (FITC)
revealed colocalization of biotin-AA00S5 with HADHA in mitochondria
(Fig. 3d). To gain insights into the protein-small molecule interaction
under conditions closer to the in vivo situation, we employed micro-
scale thermophoresis (MST), which is a tool to characterize these
interactions in complex biological liquids*.

To assess the binding pocket of AAOOS in HADHA, we performed
protein-ligand docking to predict the possible binding mode between
AA005 and HADHA by Swiss-docking method (Supplementary Fig. 7a).
The top five docking pockets were used for in-depth analysis. Amino
acid residues that potentially interact with AAOO5 were identified by
Chimera X. In these five poses, V174 and L175 were found to be the
most likely amino acid sites to interact with AAOOS. The optimal
docking result revealed a good binding mode and the possible binding
sites between AA0O5 and the binding pocket of HADHA (Fig. 3g).
Based on this, we used the Schrodinger-Glide procedure and found
that biotin-AA0O5 could also dock to this pocket without steric hin-
drance. To confirm the interaction of AAOOS5 with HADHA, 293 T cells
overexpressing HADHA were constructed and incubated with AAOOS5
under varying concentrations in the microscale thermophoresis (MST)
binding assay (Supplementary Fig. 7a). Microscale thermophoresis
(MST) binding assay determined the dissociation constant (Kd) value
for the binding of AAOOS toward wild and mutant HADHA (WT, Kd =
11pM; Mut-V174, Kd =9.6 uM; L175, Kd =20 puM; L202, Kd = 6.1 pM).
The results showed a notably high affinity of AAOOS5 to wild HADHA (Kd
=11pM) (Fig. 3h), while the Kd values were higher at Val174 and Leul75
(Fig. 3h), suggesting that mutations in these two sites may affect the
affinity of HADHA to AAOOS. Then, we performed immunoprecipita-
tion analysis by using anti-Flag antibody. As shown in Fig. 3i, HADHA-
WT and AAOOS physically interacted, while the mutation at Val174 and
Leul75 blunted the physical interaction between HADHA and AAOO5
(Fig. 3i, Supplementary Fig. 7c). This result further strengthens our
conclusion that HADHA exhibits strong AA0O5-binding properties at
the Vall74 and Leul7s5 sites.

To investigate the functional role of Hadha in lipid metabolism,
we utilized two pairs of shRNAs specifically targeting Hadha (siHadha-1
and siHadha-2) to knockdown its expression, while a non-specific
scramble shRNA (NC) was used as a negative control (Supplementary
Fig. 7d, e). Subsequently, Oil-Red-O staining was performed to assess
the impact of Hadha silencing on lipid droplet formation. The results
revealed a significant reduction in lipid droplets compared to control
cells, indicating that suppressing Hadha expression led to decreased
lipid accumulation (Fig. 3j). This phenotype closely resembled the
effect observed with AAOOS treatment, suggesting that Hadha plays a
crucial role in mediating the anti-obesity effect of AAOOS. Importantly,
knockdown of the other top 9 candidate genes, as well as the Hadhb
gene encoding the mitochondrial trifunctional protein  subunit, did
not result in significant changes in cellular fat content (Supplemen-
tary Fig. 7f).

AAO0O05 resists HFD-induced obesity in mice by targeting HADHA
To gain a deeper understanding of the mechanism underlying the anti-
obesity effect of AAOOS, we conducted an analysis of its plasma con-
centration, half-life, and dynamic tissue distribution in mice. The
findings revealed that AAOOS attained its peak concentration in the
bloodstream approximately 1h after administration, with its basic
metabolism being completed within 24 h (Supplementary Table 2 and
Supplementary Fig. 8a). The half-life of AAOO5 was determined to
be approximately 5h, with a maximum plasma concentration of
10.47 ng/mL (Supplementary Table 3), and no accumulation of this
compound was detected in mice. In order to further obtain safety data
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AAO00S, 3T3-L1 cells were stained with Oil-Red-O. Scale bar, 10 pm. Three different
biological replicates were tested. d Immunofluorescence imaging showing the
localization of biotin-AAO05 and HADHA in cells. Mitotracker was used to label
mitochondria, and DAPI was used to label nuclei. Three different biological repli-
cates were tested. Scale bar, 10 pm. e Schematic representation of the discovery of
interacting proteins of AAOOS using chemical proteomics. f Mitochondrial fractions
of 3T3-L1 cells were incubated with biotin or biotin-AAOOS in the presence or
absence of a 5- or 10-fold excess of unlabeled AAOOS. The proteins were then pulled
down with streptavidin-agarose, and western blotting was performed to detect
HADHA. Three different biological replicates were tested. g Structural overview of
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the predicted HADHA-AAO0O05 complex model. The docking result was performed
by Swiss-docking method. The protein is shown in cartoon, and AAOOS is shown in a
stick representation. Residues around the predicted binding pocket were high-
lighted with a red rectangle. On the right is the zoomed-in view of the predicted
HADHA-AAOOS interface. Potential key interface residues (V174, L175, L202, T203,
R205, T294, Q293, E500, K505, M506, P581, V582, E590, G708, G709, and L708) in
HADHA were colored in green and labeled. h Microscale thermophoresis (MST)
binding assay determined the K4 value (WT, Ky =11 pM; Mut-V174, Kq4=9.6 uM;
L175, K4 =20 pM; L202, K4 = 6.1 pM) for the binding of AAOOS toward wild and
mutant HADHA. Three different biological replicates were tested.

i Immunoprecipitation analysis of the physical interaction between wild and
mutant HADHA and biotin-AA00S. Three different biological replicates were tes-
ted. j On day 8 after induction of adipogenesis, 3T3-L1 cells with normal HADHA
expression (3T3-L1-NC) or cells with Hadha knockdown (3T3-L1-siHadha) were
stained with Oil-Red-O. Scale bar: 10 um. Three different biological replicates were
tested. Data are mean + SEM. Source data are provided as a Source Data file.

of AAOOS in mice and to eliminate the interference of high-fat diet
factors, we administered a single oral gavage of different concentra-
tions of high-dose AAOO5 to mice on a chow diet for acute toxicity
assessment. The mice were continuously observed for one week for
phenotype, behavioral status, body weight, and food intake after
administration. The results of this experiment indicate that compared
with the control group, the mice in all dosed groups maintained a good
survival status. Even the mice treated with the highest dose of AAOOS5
(1000 mg/kg) did not exhibit significant adverse reactions

(Supplementary Table 4). This suggests that the maximum tolerated
dose of a single administration of AAOOS is greater than 1000 mg/kg.
Remarkably, pharmacokinetic analysis revealed a significant enrich-
ment of AAOOS in adipose tissue (Fig. 4a). Additionally, we examined
the tissue distribution after 22 weeks of long-term AAOOS treatment
and obtained similar results (Supplementary Fig. 8b). To elucidate the
primary role of Hadha in adipose tissues, we generated adipose-
specific Hadha-deficient (Hadha**°) mice using the CRISPR-Cas9
system. This was achieved by crossing Hadha floxed mice (Hadha™")
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Fig. 4 | AAOOS resists HFD-induced obesity in mice by targeting HADHA.

a Heatmap and histogram depicting the tissue distribution of AAOOS in mice at
various time points after AAOOS administration (n =3 per group). b Weight gain of
male littermates fed a high-fat diet (HFD) in Hadha™ and Hadha*'®*° (adipose
Hadha deficiency) mice was recorded for 18 weeks (n = 6). ¢ Representative pho-
tograph of Hadha™ and Hadha**“"° mice fed HFD at experimental endpoint. Scale
bar, 1 cm. d Fat and lean mass were recorded after 18 weeks treatment (n=>5). e Fat
weight of IWAT, asWAT, eWAT, rWAT, mWAT, and BAT in Hadha"* and Hadha*®»
mice fed HFD (n = 6). Glucose tolerance test (GTT) (f), and insulin tolerance test
(ITT) (g) performed on Hadha™ and Hadha*'“*° mice fed HFD (n= 6 for each
group). h Comparison of body temperature between the two groups (n=5 per
group). Three different biological replicates were tested. Mice at the end of week 17

were performed metabolic cage assays for comparison of 24 h energy expenditure
between Hadha™" and Hadha****° mice fed HFD (i) (n=5 per group); The adjusted
means of energy expenditure in the two groups analysed by ANCOVA. (j) (n=5); O,
consumption (k, I) and CO, production (m, n) measured during a 24 h period (k, m)
(n=35); Average values for the light and dark periods, respectively (I, n) (n=5).

0, Weight gain recorded over 20 weeks (n = 6) in male littermates fed HFD with or
without AAOOS5 treatment in Hadha*“*° mice. Glucose tolerance test (GTT) (p), area
under the curve (AUC) of GTT (q), insulin tolerance test (ITT) (r), and AUC of ITT (s)
performed on vehicle and AAQO5-treated Hadha**” mice (n= 6). Data are pre-
sented as mean + SEM. Unpaired, two-tailed Student’s t test. *P < 0.05, **P < 0.01,
***P < 0.001, NS indicates not significant. Source data are provided as a Source
Data file.

with Adiponectin-Cre mice (Supplementary Fig. 8c). The Hadha*®°
mice were born healthy, viable, and exhibited normal Mendelian ratios.
The efficient deletion of the Hadha allele specifically in adipose tissue
was confirmed through Western blotting (Supplementary Fig. 8d).
We proceeded to investigate whether adipose-specific loss of
Hadha would confer resistance to obesity in mice (Supplementary
Fig. 8e). As anticipated, Hadha*“* mice exhibited a notable resistance
to HFD-induced body weight gain (Fig. 4b, c), providing further evi-
dence for the substantial impact of Hadha ablation on weight loss.
Analysis of adipose tissue content and morphology confirmed that
control mice displayed significant fat deposition following high-fat
feeding, whereas Hadha**** mice demonstrated significantly reduced
fat mass, and area of iWAT and eWAT adipocytes and reduced the size
of LDs in BAT (Fig. 4d, e and Supplementary Fig. 8f-i). Importantly,
Hadha**° mice exhibited improved glucose tolerance (Fig. 4f and
Supplementary Fig. 8j) and insulin resistance (Fig. 4g and Supple-
mentary Fig. 8k). As expected, Hadha*** mice displayed a phenotype

similar to that of AAOO5-treated mice, including elevated body tem-
perature and substantially increased energy expenditure (Fig. 4h-j).
This was further confirmed by the observed increase in O, consump-
tion (Fig. 4k, 1) and CO, production (Fig. 4m, n). Similar to the results
after AAOOS treatment, the RQ values of mice with hadha adipose
tissue deficiency showed no significant difference during the daytime,
but were reduced at night (Supplementary Fig. 8q). Importantly
adipose-specific Hadha-deficiency did not affect serum insulin levels,
fecal calories, activity levels, and dietary intake in mice (Supplemen-
tary Fig. 8l-p). We compared the body weight and fat content of
control and Hadha*“* mice fed a control diet (CD) and found no
significant changes in Hadha**** mice compared to wild-type controls
(Supplementary Fig. 9a-d). Morphological, glycemic, and energy
metabolic analyses, assessing overall vitality of the mice, revealed no
significant abnormalities in Hadha*'®"° mice fed CD for 18 weeks
(Supplementary Fig. 9e-q), thus excluding any toxicity associated with
adipose-specific deletion of Hadha in mice. Furthermore, we
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administered AA0O5 to Hadha*®° mice to evaluate its therapeutic
effect on high-fat diet-induced obesity. The results demonstrated that
the weight loss effect in Hadha*® mice remained largely unchanged
after AAOOS treatment compared to vehicle-treated Hadha**° mice
(Fig. 40-s and Supplementary Fig. 10). This suggests that adipose
Hadha knockout mice no longer respond to AAOOS treatment. In
summary, these findings indicate that AAOOS exerts its anti-obesity
effects in mice by targeting HADHA.

AAO00S treated mice and Hadha*** mice exhibit similar
alterations in cardiolipin profiling

Previous studies have highlighted the role of the hetero four polymer
complex consisting of HADHA and HADHB in catalyzing mitochondrial
long-chain fatty acid B-oxidation**. To investigate how AAQOS affects
these biological functions of HADHA, we examined whether AAOO5
influences the endogenous expression of HADHA. Our results
demonstrated that AAOOS did not impact the expression of HADHA
either in vitro or in vivo (Fig. 5a, b). Furthermore, through detailed
analysis, we observed that AAOO5 had no effect on the enzymatic
activity of ECH and HACD (Fig. 5c-e), which are the two protein
domains responsible for the execution of long-chain fatty acid f-
oxidation functions in HADHA. Additionally, AAOO5 did not influence
the enzymatic activity of HADHB (Fig. 5f). These findings suggest that
the function and mechanism of AAOOS5 differ from those of inhibitors
targeting mitochondrial trifunctional protein complexes, such as
trimetazidine®. This result aligns with previous reports indicating that
trimetazidine does not induce weight loss in obese mice fed a high-fat
diet®.

Recent studies have highlighted the similarity between some
amino acid sequences of HADHA and MLCLAT-1, a protein involved
in cardiolipin maturation*®. To investigate this further, we conducted
a comparison of the amino acid sequences and structures of these
two proteins. We found that the C-terminal residues of HADHA were
identical to those of MLCLAT-1, spanning 573 residues (Supplemen-
tary Fig. 11). Additionally, the three-dimensional structures of the two
proteins exhibited remarkable similarity (Fig. 5g). These findings
suggest that HADHA likely performs MLCLAT-1-like functions
(Fig. 5h). According to previous study®’, we tested the effect of
AAO0O0S on the expression of Miclat-1 and tafazzin genes, and the
results showed that AAOOS5 had no effect on the expression of Miclat-
1 and tafazzin genes (Fig. 5i). However, compared with the wild type,
the Miclat-1 gene in the BAT tissue of adipose tissue-specific HAHDA
knockout mice was significantly reduced (Fig. 5k). More importantly,
compared with the control group, AAOO5 treatment or fat-specific
knockout of hadha gene can significantly reduce the expression of
MLCLAT-1 protein (Fig. 5j, ). Under normal physiological conditions,
MLCLAT-1 is involved in the maturation of cardiolipin*®. To evaluate
the effects of Hadha deficiency on cardiolipin expression, we
extracted brown adipose tissue from both Hadha***° mice and
control mice treated with a high-fat diet (using epididymal white
adipose tissue (eWAT), representative of white fat, and inguinal white
adipose tissue (iWAT), representative of beige fat, as controls)*.
Utilizing real-time fluorescence quantitative PCR, we detected the
mRNA levels of BAT-specific marker genes Ucpl and Cidea, with the
results indicating good purity of the brown adipose tissue (Supple-
mentary Fig. 12a). As monolysocardiolipin (MLCL) can serve as a
substrate for various enzymes, including MLCLAT-1, to participate in
the maturation of cardiolipin®®, we also analyzed the content of
MLCL. The results showed that, compared to the control group,
there was a slight increase in the levels of certain species of MLCL in
mouse brown adipose tissue following treatment with AAOOS or in
the absence of hadha function (Supplementary Fig. 12b). Subse-
quently, we analyzed the changes in the cardiolipin profile of the
mice from different groups using LC-MS/MS methods. The findings
revealed that, in comparison with the control mice, the deficiency of

Hadha led to an increased expression of immature cardiolipins and a
decreased expression of mature cardiolipins among the top 50 most
abundant cardiolipins. Interestingly, after treatment with AAOOS, a
similar alteration in cardiolipin expression was observed, consistent
with the findings in Hadha*“*° mice (Fig. 5m). Cardiolipin is primarily
located in the inner mitochondrial membrane and plays a crucial role
in maintaining the normal structure and function of mitochondria®.
Considering the potential differences in mitochondrial load in the
brown adipose tissue of AAOOS-treated and untreated, as well as
wild-type and Hadha-deficient mice, which could affect the changes
in cardiolipin profiles among the groups. To assess the differences in
mitochondrial content in the brown adipose tissue of mice from each
group, the mitochondrial DNA (mtDNA) copies was measured using
real-time quantitative PCR. mtDNA, which is usually located at the
mitochondrial matrix, encodes several key components of respira-
tory chain complexes that produce cellular energy through oxidative
phosphorylation®**, The results showed that there was no sig-
nificant difference in the levels of mtDNA in the brown adipose tissue
cells among all mouse groups (Supplementary Fig. 12¢), suggesting
that there was no obvious change in the mitochondrial levels in the
brown adipose tissue cells of the mice in each group. To further rule
out the impact of mitochondrial levels on the cardiolipin profile, we
recalibrated and analyzed the cardiolipin data according to the
mtDNA content of each group (Supplementary Fig. 12d). The results
obtained are in agreement with the previous findings (Fig. 5m),
indicating that the changes in the cardiolipin profile detected in each
group of mice are mainly due to AAOOS treatment or Hadha defi-
ciency, rather than mitochondrial levels. Considering the key roles of
ubiquinol 9 (CoQ9H2) and ubiquinol 10 (CoQ10H2) in the mito-
chondrial respiratory chain and cellular homeostasis™*, we mea-
sured the levels of CoQ9H2 and CoQ10H2 in equal amounts of mouse
brown adipose tissue. The results indicate that, compared to the
control group, there was no significant difference in the levels of
CoQ9H2 and CoQ10H2 after treatment with AAOOS5 or in the absence
of Hadha function (Supplementary Fig. 12e, f). This finding is con-
sistent with our observation of essentially unchanged mtDNA con-
tent across the mouse groups, suggesting that treatment with AAOOS5
or the lack of Hadha function in adipose tissue does not affect the
normal function of mitochondria. The combined results suggest that
AAOO5 may affect the maturation of cardiolipin by binding to
HADHA and inhibiting its MLCLAT-1 enzyme activity.

The Ucpi-mediated thermogenic pathway is activated in AAOOS5-
treated mice and Hadha**” mice

Cardiolipin alterations have been known to impact adipocyte
metabolism®’*, To gain a comprehensive and unbiased understanding
of the molecular mechanisms underlying the anti-obesity effects of
AAO0OS5 and Hadha deletions, we conducted RNA-seq analysis using
fresh residual inguinal white adipose tissue (iWAT) from mice treated
with AA0OS, high-fat diet-fed Hadha*'“"° mice, and untreated control
mice. Strikingly, our analysis revealed a high degree of similarity in the
gene expression profiles between AA0OS5-treated mice and high-fat
diet-fed Hadha*'"* mice (Fig. 6a). We then identified differentially
expressed genes and transcripts for further analysis. Biological func-
tion analysis of these genes revealed the notable activation of Kyoto
Encyclopedia of Genes and Genome (KEGG) terms associated with
“metabolic process” (Fig. 6b). The heatmap visualization demon-
strated that AAOOS treatment and Hadha deficiency predominantly
upregulated genes involved in the thermogenesis signaling pathway,
while downregulating genes related to other pathways such as PPAR
gamma targets, fatty acid metabolism, and cholesterol metabolism
(Fig. 6c). Interestingly, consistent with the strong upregulation of
thermogenesis-associated genes in AAOOS5-receiving mice and high-fat
diet-fed Hadha*'“*° mice, Hadha was identified as a central node in the
network interacting with Ucpl, Ucp2, and Ucp3 (Fig. 6d).
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Fig. 5| AA0O5 treated mice and Hadha*'“?° mice exhibit similar alterations in
cardiolipin profiling. a The protein expression and quantification analysis of
HADHA in 3T3L1 cells after treatment with AAOOS for different days (n=3). b The
protein expression and quantification analysis of HADHA in iWAT from vehicle and
AA00S5-treated mice fed CD or HFD (n = 3). ¢ Schematic presentation of HADHA
structure and fatty acid B-oxidation pathway. Left: HADHA structure (from PDB
code: 5ZQ2Z) is colored according to domain architecture (N-terminal ECH domain,
middle core linker, C-terminal HACD domain). ECH domain (residues 37-333) is
colored hot pink; middle core linker (residues 334-349) is colored coral; HACD
domain (residues 350-763) is colored cornflower blue. Right: Schematic diagram of
fatty acid B-oxidation process. ECH domain catalyzes the second step hydration
reaction of FAO, while HACD domain catalyzes the third step dehydrogenation
reaction. In 3T3L1 cells, the activities of ECH (d), HACD (e), and KACT (f) enzymes
were detected after treatment with AAOOS and inducer for 8 days (n = 6 per group).
Three different biological replicates were tested. g Structure of HADHA was

obtained from human mitochondrial trifunctional protein (TFP) (PDB code: 5ZQZ).
MLCLAT-1structure model was predicted by I-TASSER server and colored pink. The
region corresponding to MLCLAT-1in HADHA was colored light blue, and the extra
N-terminal 190 residues were colored green-yellow respectively. h Schematic dia-
gram of how HADHA works to remodel CL. i Relative mRNA levels of Miclat-1 and
Tafazzin genes in BAT of vehicle or AAQO5-treated HFD-fed mice (n=35). j The
protein expression and quantification analysis of HADHA and MLCLAT-1 in BAT of
vehicle or AAOO5-treated HFD-fed mice (n=3). k Relative mRNA levels of Miclat-1
and Tafazzin genes in BAT of Hadha"" and Hadha*“*° mice fed HFD. (n=5). 1 The
protein expression and quantification analysis of HADHA and MLCLAT-1 in BAT of
Hadhd™" and Hadha**** mice fed HFD. (n = 3). m Heatmaps of saturation immature
cardiolipin (CLs,) (upper) and unsaturation mature cardiolipin (CLynsa) (Iower)
species level in BAT. (n=5 per group, Data are presented as mean + SEM. Unpaired,
two-tailed Student’s t test. *P< 0.05, **P< 0.01, **P < 0.001). Source data are pro-
vided as a Source Data file.

Nature Communications | (2024)15:9100


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53118-3

a b Number of enriched genes d
0 10 20 30
¥ . h i
105 0 -05-1 Generation of precursor metabolites and energy o
[ ii— Energy derivation by oxidation of organic compounds
ﬁ Fatty acid metabolic process
§ I | E' ﬂ Cellular respiraqon Agets
Response to peptide ~
é Mitochondrial transport o ’ Uigapd
2 ]‘ | Response to peptide hormone < 7 Z \
3 I Aerobic respiration SR
< e o TN - Haibp
© [THN ATP metabolic process i
£ | | Cellular ketone metabolic process
‘:E B | Cellular response to peptide hormone stimulus S
Ll Regulation of cysteine-type endopeptidase activity PN 't
Oxidative phosphorylation = & -4 Pmvk
Regulation of cellular ketone metabolic process %1—;;»— e,
Establishment of protein localization to mitochondrion AT ‘:@
Protein localization to mitochondrion !m '
protein targeting to mitochondrion N S
Mitochondrial transmembrane transport
c Regulation of fatty acid metabolic process
05 -1 Negative regulation of viral process
- 0o 1 2 3 4 5
Proportions of enriched genes
e . 20 s f )
Vehicle  AA005 ® ] Hadha™ Hadha4Adico "
BAT —° 2 par 2d adha 2
35 315 ° 35— >
e gRR®® cr1 2" A ucP1 &
25 £ o 25 £
210 °
: Phospho- £ o e Phospho- S
[} 1)
0o emgme PKA 2 5™ - T#mes | PKA £
] — == — Substrate &= |'! 20 = == == | Sybstrate 5
T, - x©,
_ AAOO5- + -+ -+ - bo- + -+ -+
70 —1 - Phospho N U e\ 107 . B 8 B | Phospho- - Hadhadbe N~ e
HSL N, O HSL A N
) WY oF 4eP Q" ) W R e Q!
40 ~{ . mm =m = ee == | B-Actin &2 40— o—a == == —= = —~ | B-Actin @
ul 2 \SOQ’
% )
D
g gaa Acute cold IWAT BAT
3
o1 NS \s *hk
5 =) NS * & 20000
g € ot w00y
3 o 36 &
- = £ 15000 <€ 3000 :
3 34+ s = 8
£ © 10000 & 2000
>3 2 5 H
2 %7 -o-veicle g 3 .
@ -~ AA005 £ 5000 5 1000
30 — T T T T T <
0 3 6 9 12 15 18 21 0 3 s s 0
Time (h) \e ) 3 o
\© N R ®
N KA
i Acute cold J )
_— s Chronic cold
BAT Vehicle AA005 % e 38+
[ —~
35 —| e — - e e | (CP1 k) m e s
25 —| c10 ° [ NS NS
2 5 374
) - S % NS » . . .
" Phospho- g o s ag_
ss—|be PKA R . £ 5]
Y Substrate 2 i<
40 — 14 g -O-Vehicle
- b ] -o- AA005
. 35 T T T T T T T
Chronic cold Time (d)
k IWAT Chronic cold
° 15000 BAT Vehicle AA005 15 .
@ _— — »
9o — _| ° (]
_ch NE . gg T e e o UCP1 q>)
>l 2 E =30
g 10000 ! P o
S 8 70 —| - Phospho- g
2 @ - PKA © 5wk
3 5000 2 2 .- 2
ol 8 a 40 —| _ - o= = | Substrate & [l
=1 =3 = 4 5]
g 3 - x
0 -+ -+ AA005
‘ wmmmmm—n &
\)O Q’Q\S‘b\ee
o
N

To validate the results obtained from RNA-seq analysis, we con-
ducted real-time RT-PCR and Western blot analyses to assess the
mRNA and protein levels of specific marker genes associated with the
UcpI-mediated thermogenic pathway. Consistently, we observed a
significant increase in the expression of BAT-specific marker Ucpl in
adipose tissue of high-fat diet-fed AAOO5-receiving mice and
Hadha*“"° mice. Furthermore, the mRNA levels of other thermogenic

genes, Pgc-1 a, Dio2, Cidea, Tfam, Pgc-1 B, and Prdm16, and the protein
levels of p-PKA substrate, p-HSL were significantly elevated in both
AAO0O5-treated and Hadha-deleted mice (Fig. 6e, f, and Supplementary
Fig. 13a-h)

To further investigate the role of AAOOS in regulating body tem-
perature defense, we examined the response to acute hypothermia
exposure. We found that a substantial enhancement of acute cold

Nature Communications | (2024)15:9100

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53118-3

Fig. 6 | The UcpI-mediated thermogenic pathway is activated in AA0O5-treated
mice and Hadha* "7 mice. a Heatmap generated by RNA-seq analysis displaying
differentially regulated genes between AAOO5-treated and Hadha*'“?° mice fed
HFD in iWAT (n=5). Red and blue colors indicate upregulated or downregulated
genes. b Significant enrichment in KEGG terms. Bars indicate the number or pro-
portions of genes within each functional class, ranked based on protein coverage.
¢ Heatmap showing the mean fold-change of the indicated metabolic processes in
vehicle control, AAOO5-treated and Hadha*'“*° mice fed HFD. Red and blue colors
indicated upregulated or downregulated genes. d Hadha as the central node in the
network of gene interactions with thermogenesis pathways. The protein expression
and quantification analysis of UCP1, p-PKA, and p-HSL in BAT tissue derived from
vehicle- or AAOO5-treated mice fed HFD for 22 weeks (e), as well as Hadha™® or
Hadha*“?° mice fed HFD for 18 weeks (f) (n=3). Actin was used as the loading

control. g-1 Vehicle- or AAOOS-treated mice fed CD subjected to cold room stress
before analysis. Rectal temperature of vehicle- or AAOO5-treated mice (4 °C acute
cold in (g) programmed cooling to 6 °C chronic cold in (j), n=5 per group).
Representative western blot and quantification of UCP1 and PKA activation in the
BAT (acute cold in (i), chronic cold in (I)) (n=3). Representative images of hae-
matoxylin and eosin (H&E) stained of iWAT and BAT (acute cold in (h), iWAT,

n =248 (vehicle) and 301 (AAOOS) adipocytes per group; BAT, n = 287 (vehicle) and
193 (AA0OS) LDs per group, chronic cold in (k), iWAT, n =100 (vehicle) and 309
(AA0O05) adipocytes per group; BAT, n=600 (vehicle) and 478 (AA0O0S) LDs per
group; Scale bar, 50 um. Data are presented as mean = SEM. Unpaired, two-tailed
Student’s t test. *P < 0.05, **P < 0.01, **P < 0.001). Source data are provided as a
Source Data file.

tolerance and reduced area of iWAT adipocytes and reduced the size
of LDs of BAT in AAOO5-treated mice (Fig. 6g, h). In accordance, an
elevated expression of UCP1 in BAT (Fig. 6i) were observed in AAOO5-
treated mice. AAOOS-treated mice showed similar effects to chronic
hypothermia exposure (Fig. 6j-1). Consistently, in vitro experiments
demonstrated that AAOOS5 was capable of inducing increased UCP1
expression and modestly elevated expression of mitochondrial genes,
as well as an increased oxygen consumption rate (OCR) in brown
adipocytes (Supplementary Fig. 13i-1).

The Ucpi-mediated thermogenic pathway contributes to the
anti-obesity effect of AAOOS

UcpI™" mice were subjected to a high-fat diet to induce obesity, with or
without AAOOS treatment (Fig. 7a, Supplementary Fig. 14). At the end
of week 20, it was observed that AAOO5 did not induce weight loss in
UcpI™ mice (Fig. 7b, c). Consequently, the effects of AAOOS5 on adipose
tissue content, morphology, and blood glucose levels in obese Ucpl”~
mice were no longer observed (Fig. 7d-k). These findings suggest that
the UcpI-mediated thermogenesis pathway is essential for AAOOS to
exert its anti-obesity pharmacological effects.

Discussion

Although annonaceous acetogenins, natural products derived from the
Annonaceae family, have demonstrated significant antitumor
activity?>”>, many other pharmacodynamics and mechanisms remain
unclear. In our study, we introduce AAOOS5, a mimic of annonaceous
acetogenins, as an anti-obesity compound that selectively targets
HADHA, thereby enhancing energy expenditure without affecting food
intake or lean mass. Mechanistically, AAOOS enters adipocyte mito-
chondria and binds to HADHA, inhibiting cardiolipin maturation and
causing alterations in cardiolipin expression profiles. Consequently, this
process activates the UcpI-mediated thermogenic pathway, leading to
heightened mitochondrial thermogenesis. These mechanisms elucidate
the observed pharmacological effects of AAOOS, which include brown-
like changes in adipose tissue, increased energy expenditure, weight
loss, and improved glucose metabolism in obese mice (Fig. 7I). This
study unveils a previously unrecognized pharmacological activity of
annonaceous acetogenins. Based on the data presented herein, further
exploration and development of AAOOS as a potential therapeutic agent
for obesity and metabolic diseases are promising.

Obesity is a chronic disease influenced by various factors,
including genetics, lifestyle, and imbalanced energy metabolism.
Current anti-obesity drugs target specific mechanisms, such as lipase
inhibition (e.g., orlistat), incretin modulation (e.g., liraglutide), central
nervous system modulation (e.g., lorcaserin), and mitochondrial
uncoupling (e.g., 2,4-dinitrophenol). However, long-term use of these
drugs often leads to limited weight loss, and their associated side
effects cannot be overlooked. For instance, orlistat can cause sig-
nificant gastrointestinal discomfort and even lead to liver damage and
acute pancreatitis®’. Liraglutide commonly elicits adverse reactions
like nausea, vomiting, and hypoglycemia®. Weight-loss drugs that

target the central nervous system are associated with headaches,
fatigue, and even potential risks of cancer, mental illness, and cardio-
vascular disease®. Recently, there has been growing interest in the
development of drugs that increase energy expenditure as a promising
and appealing strategy against obesity. In our research, multiple lines
of evidence support the idea that AAQOS5 exerts its anti-obesity effects
primarily by enhancing Ucpl-mediated thermogenesis in adipocytes,
which suggests AAOOS5 may serve as an anti-obesity agent via a non-
classical target.

Notably, the mitochondrial uncoupling agent DNP has demon-
strated favorable effects on obesity in preclinical models. However, its
clinical application is hindered by its excessive toxicity. DNP functions
as a proton carrier within the human body, facilitating the entry of
protons into the inner mitochondrial membrane while bypassing ATP
synthase. Consequently, this process reduces cellular efficiency in ATP
synthesis. As the concentration of DNP increases, the metabolic rate
escalates, leading to uncoupling and the generation of substantial
heat, resulting in increased fat consumption. It is important to note
that this phenomenon is considered “non-genomic”. DNP induces an
elevation in cyclic adenosine monophosphate (cCAMP), a second mes-
senger, most likely through the activation of adenylate cyclase. The
production of cAMP transitions the non-genomic event into a genomic
event, thereby triggering the expression of numerous genes. Conse-
quently, excessive and prolonged usage of DNP may result in uncon-
trolled fever and even death®>®, In the present study, AAOOS emerges
as a class of anti-obesity compounds exhibiting a distinctive mechan-
ism of action and several desirable features. Unlike the mitochondrial
uncoupling agent DNP, the target of AAOOS is the protein HADHA, and
protein signaling pathways that play a role in metabolic processes in
vivo are relatively mild and controllable. AAOOS binds to HADHA,
inhibiting the enzymatic activity of mitochondrial cardiolipin matura-
tion. Consequently, this inhibition promotes the activation of UCPI-
mediated thermogenic pathways, contributing to resistance against
obesity without inducing toxic side effects. In contrast to DNP,
although AAOQO05 also increases energy expenditure, long-term
administration of AAOOS in mice resulted in only a modest increase
in body temperature, ~1°C, as opposed to a sustained and substantial
elevation. This outcome can be attributed to the mild nature of
mitochondrial uncoupling achieved by AAOO5 through oral adminis-
tration, as well as the robust regulatory mechanisms governing body
temperature homeostasis in mice. Furthermore, pharmacokinetic
studies have revealed that AAOOS is predominantly distributed in
adipose tissue, limiting its absorption in tissues other than fat. More-
over, AA0OS is rapidly metabolized with a half-life of approximately 5 h
and does not exhibit significant accumulation in mice. This rapid
metabolism serves as an additional safety mechanism, preventing the
potential buildup of excessive AAOOS.

Previous studies have emphasized the involvement of the het-
erotetrameric complex composed of HADHA and HADHB in facilitat-
ing the oxidation of long-chain fatty acids within the mitochondria.
Intriguingly, mice with homozygous deletion of Hadha and Hadhb
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exhibited characteristics such as low birth weight, neonatal hypogly-
cemia, and experienced sudden death within 6-36 h after birth®. This
unforeseen phenomenon cannot be solely accounted for by the
established functions of HADHA and HADHB, implying the potential
existence of novel biological functions associated with lipid metabo-
lism for these proteins.

In this study, we made an intriguing discovery regarding the
amino acid sequences and protein structures of HADHA and MLCLAT-
1, the enzyme responsible for cardiolipin maturation. Through lipi-
domic analysis of brown adipose tissue from different mouse groups,
we observed striking similarities in the changes of cardiolipin

expression profiles between AA0OS-treated mice and mice with
adipose-specific deletion of Hadha, as depicted in Fig. 5m. These
findings suggest that HADHA may possess a function akin to that of
MLCLAT-1, playing a crucial role in the anti-obesity effect of AAOOS by
remodeling cardiolipin. This aligns with the recently reported function
of HADHA in cardiomyocytes®*.

Furthermore, our investigations demonstrated that AAOOS did
not affect the enzymatic activity of ECH and HACD, which are protein
domains responsible for the functions of long-chain fatty acid oxida-
tion in HADHA. Additionally, AAOOS5 did not impact the enzymatic
activity of HADHB. These findings suggest that the function and
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Fig. 7 | The UcpI-mediated thermogenic pathway contributes to the anti-
obesity effect of AA0OS5. a PCR confirmation of Ucpl allele deletion in UcpI™” mice.
Three different biological replicates were tested. b Weight gain recorded over

20 weeks in male littermates fed HFD with or without AAOO5 treatment in UcpI™”~
mice (n = 6 for vehicle-treated UcpI”~ mice, n =7 for AAOO5-treated UcpI™~ mice for
each group). ¢ Representative photograph of vehicle- or AAOO5-treated Ucpl™~
mice fed HFD at experimental endpoint. Scale bar, 1 cm. d The average food intake
of each mouse for 1 week was recorded (n = 6 for vehicle-treated mice, n=7 for
AAO0O5-treated mice). e Fat and lean mass were recorded after 20 weeks treatment
(n= 6 for vehicle-treated mice, n =7 for AAOOS5-treated mice). f Fat weight of iWAT,
asWAT, eWAT, rWAT, mWAT, and BAT in UcpI”~ mice treated with vehicle or
AAO005 (n =6 for vehicle-treated mice, n=7 for AAOO5-treated mice). Glucose tol-
erance test (GTT) (g), area under the curve (AUC) of GTT (h), insulin tolerance test
(ITT) (i), and AUC of ITT (j) in vehicle and AAOOS5-treated UcpI” mice fed HFD (n=6
for vehicle-treated mice, n = 7 for AAOO5-treated mice). k Representative images of

haematoxylin and eosin (H&E) stained of iWAT, eWAT, and BAT. iWAT, n=107
(Vehicle) and 114 (AA0OS) adipocytes per; eWAT, n =115 (Vehicle) and 108 (AA0O0S)
adipocytes per group; BAT, n =473 (Vehicle) and 474 (AAOOS) LDs per group. Scale
bar, 50 pm. 1 AAOOS targets HADHA to counteract obesity by inhibiting cardiolipin
maturation and enhancing UcpI-mediated thermogenesis pathway. AAOOS
demonstrates the ability to induce a brown-like transformation in adipose tissue
and enhance energy expenditure in obese mice, thereby potentially exerting a
pharmacological effect in combating obesity and improving glucose metabolism.
Mechanistically, AAOOS5 selectively enters adipocyte mitochondria and targets the
binding site on HADHA, leading to inhibition of cardiolipin maturation in mito-
chondria. Consequently, AAOOS alters the expression profile of cardiolipin. Nota-
bly, the presence of immature cardiolipin activates the UcpI-mediated thermogenic
pathway, consequently promoting mitochondrial thermogenesis. Data are pre-
sented as mean + SEM. Unpaired, two-tailed Student’s t test. NS indicates not sig-
nificant. Source data are provided as a Source Data file.

mechanism of AA0O5 differ from those of inhibitors targeting the
mitochondrial trifunctional protein complex, such as trimetazidine.
This result is consistent with a previous report and provides a plausible
explanation for why trimetazidine failed to induce weight loss in obese
mice fed a high-fat diet*. Recent studies have shed light on the critical
role of cardiolipin in promoting and sustaining fat thermogenesis and
glucose uptake®¢, The precise mechanisms underlying the remodel-
ing of cardiolipin by AAOO5 and Hadha warrant further investigation.
Notably, while Hadha homozygous deletion in mice was lethal®,
adipose-specific deletion of Hadha improved obesity and glucose
homeostasis. This suggests that HADHA may serve as a promising
target for guiding the development of more specific weight-loss drugs
that target adipose tissue HADHA.

Pharmacokinetic studies have shown that AAOOS is primarily
distributed in adipose tissue, followed by distribution to liver tissue.
Treatment with AAOOS5 can ameliorate the fatty liver disease induced
by a high-fat diet in obese mice, including reducing the liver weight,
hepatic pathology, and serum TC (Supplementary Fig. 1), suggesting
that AAOOS5 can promote hepatic fatty acid metabolism. Recently, it
has been reported that overexpression of liver HADHA in mice can
reverse gluconeogenesis in the liver, protect the body against dis-
ruptions in glucagon response, and perform its functions indepen-
dently of HADHB®. Perhaps AAOO5 can exert beneficial effects on
glucose and lipid metabolism by binding to liver HADHA. In this study,
we found that the main mechanism by which AAOOS resists obesity is
that AAOO5 enters the mitochondria of adipocytes and binds to
HADHA, inhibiting the maturation of cardiolipin, and further activating
the UcpI-mediated thermogenic pathway, leading to heightened
mitochondrial thermogenesis. Considering that Ucpl primarily func-
tions in adipose tissue, if liver-specific Hadha knockout mice can also
resist obesity, then the mechanism of resistance to obesity may be
more complex and deserves further investigation in the future.

Methods

Animal experiments and ethics statement

This animal study was conducted in accordance with ethical standards
and was approved by the Animal Care and Use Committee of the
Experimental Animal Research Center at Minhang Hospital affiliated
with Fudan University. The animals received humane care according to
the criteria outlined in the Guide for the Care and Use of Laboratory
Animals prepared by the National Academy of Sciences and published
by the National Institutes of Health. This study utilized Six-week-old
male C57BL/6 mice, four-week-old male ob/ob mice, and Ucpl” mice
purchased from Charles River Laboratories. All animals used in this
research were housed in a specific pathogen-free (SPF) environment
with a 12 h dark/light cycle (lighting from 7:00 to 19:00), constant and
appropriate room temperature (22-25 °C), and had free access to food
and water. The C57BL/6) mice were fed either a normal diet (D12450B,
10% energy from fat, Research Diets, Brunswick, NJ, USA) or a high fat

diet (D12492, 60% energy from fat, Research Diets, Brunswick, NJ, USA)
for at least 12 weeks to establish an obesity model. The Hadha™ mouse
line was generated by genome editing using CRISPR/Cas9. There were
20 exons in Hadha gene, and exon 3 (71 bp) was selected as flox region.
LoxP sites were localized to ~100-200bp introns upstream and
downstream of exon 3 by homologous recombination. The Hadha™?
mouse line was generated and had been backcrossed into the genetic
background of C57BL/6. Hadha™* mice were intercrossed with Adipog-
Cre (JAX) transgenic mice expressing the Cre recombinase under the
control of Adipog promoter to generate adipocyte-specifc Hadha-
knockout mice, and their wild-type littermates were used as a control
group throughout the experiments. In metabolic balance studies, mice
were placed in metabolic cages (Columbus Instruments) for 48 h to
assess their food intake, energy expenditure, O, consumption, CO,
production, and physical activity. Rectal temperature was measured
with a model BAT-12 thermometer (Physitemp Instruments). For
adaptive thermogenic analysis, mice were maintained at thermal
neutrality, followed by short-term acute cold exposure in a 4 °C cold
chamber and observed for 1 day, during which mice had free access to
water and food. For metabolic analysis after chronic cold stimulation,
mice were placed in a cold chamber and subjected to programmed
cooling to 6 °C for up to 8 days with free access to water and food®.
Only male mice were used in the experiments. At the end of the
experiments, mice were euthanized by inhalation of carbon dioxide
(CO,) followed by cervical dislocation as a secondary method of
euthanasia, after which the tissues were harvested and collected for
biochemical studies.

Chemicals and reagents

Annonaceous acetogenin mimic AAOO5 was dissolved in dimethyl-
sulfoxide. Antibodies against AIF (#4642), PPARy (#2443), LaminB1
(#12586), Cox IV (#4844), UCP1 (#72298), Phospho-PKA Substrate
(#9624), HSL (#4107), Phospho-HSL (Ser563) (#4139), and f-actin
(#3700) were purchased from Cell Signaling Technology (Beverly, MA,
USA), NDUFB6 (#16037-1-AP) and HADHA (#ab203114) were pur-
chased from Proteintech Group.

Glucose and insulin tolerance tests

For glucose tolerance testing, mice were fasted for 14 h and injected
with glucose (2 g/kg) intraperitoneally. For insulin tolerance testing,
mice were fasted for 6 h and injected with recombinant human insulin
(0.75U/kg) (Actrapid, Novo Nordisk, Bagsveerd, Denmark) intraper-
itoneally. We measured mouse blood glucose levels with whole blood
from the tail vein using a glucose meter (Ascensia, Contour, Bayer
Healthcare, Oslo, Norway).

Immunohistochemical staining
Immunohistochemical (IHC) staining was applied to detect the protein
levels of AIF and NDUFB6 in vehicle or AAOO5-treated mice fed CD or
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HFD with anti-AlF (#4642, Cell Signaling Technology, Danvers, MA,
USA) or anti-NDUFB6 (16037-1-AP, Proteintech Group, Chicago, IL)
antibodies. IHC staining was performed according to the manu-
facturer’s protocol. For immunostaining quantification, the H-score
system was obtained by multiplying staining intensity (O for no stain-
ing, 1 for weak staining, 2 for moderate staining, and 3 for intense
staining) by the percentage (0-100) of cells showing that intensity.

Morphological analysis

For hematoxylin and eosin (H&E) staining, adipose and liver tissues
were isolated, fixed in 4% paraformaldehyde, embedded in paraffin,
and sectioned at 5 pm for WAT and liver and 3 pm for BAT. The size of
lipid droplets in the representative area was counted by AdipoCount®®,

Adipocyte differentiation

Brown preadipocytes were isolated and immortalized as previously
described®. Brown preadipocytes were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). The 3T3-L1 cell line (Cat: #ATCC, CL-173™) is a fibroblast
cell line derived from mouse embryos, purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). 3T3-L1 cells were
cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% bovine growth serum and 1% penicillin-streptomycin, and
maintained at 37 °C in a 5% CO, incubator. To initiate differentiation, a
cocktail containing 0.5mM IBMX, 125 pM indomethacin, and 1 pM
dexamethasone was added to confluent preadipocytes maintained in
DMEM supplemented with 10% FBS, 20 nM insulin, and 1 nM T3. Cells
were switched to differentiation medium (DMEM, 10% FBS, 20 nM
insulin, and 1nM T3) after 2 days. Mitochondrial abundance was
observed following MitoTracker staining under a Leica DM IRB
microscope.

Oil Red O staining

Differentiated adipocytes were fixed with 4% paraformaldehyde
(Sigma-Aldrich, P6148) in PBS and were washed twice with PBS. Com-
pletely air-dried at room temperature, cells were then incubated with
Oil Red O working solution (Servicebio, G1016) at room temperature
for 1h. Cells were washed three times with PBS before images were
acquired for analysis.

Immunofluorescence

3T3-L1 cells were crawled onto cover slides. After treated with 10 pM
biotin-AAOOS for 4 h, 3T3-L1 cells were incubated in the mitochondrial
probe mito-tracker (1 uM)-containing medium for 30 min. Then, cells
were fixed with 4% paraformaldehyde and permeabilized with 0.3%
Triton X-100 for 10 min. Slides were blocked with 1% bovine serum
albumin and incubated with streptavidin-FITC (1:100) overnight at
4 °C. After washing in PBS, the cells were stained with nuclear coun-
terstaining DAPI. Fluorescence signals were detected on a Olympus
BX-51 fluorescence microscope (Tokyo, Japan).

Subcellular cell fractionation and mitochondria purification

Cells were separated into different fractions according to previously
described methods’™”". In brief, cells were harvested and rinsed with
mitochondria isolation buffer (MIB, 0.25M sucrose and 10 mM Tris-
HCI, pH 7.4), resuspended in MIB supplemented with 1% protease
inhibitor cocktail, and homogenized using a glass Dounce homo-
genizer (Kontes, Sigma-Aldrich) with 20 strokes at 4 °C. The homo-
genate was centrifuged at 1000 x g for 10 min to pellet the nucleus.
The supernatant was centrifuged at 15,000 x g for 20 min at 4 °C to
pellet the raw mitochondria. Cytoplasmic proteins in the post-
mitochondria supernatant were precipitated with chloroform and
methanol according to Klotz’s methods’. To further enrich the mito-
chondria, the pellet of raw mitochondria was resuspended in 36%
iodixanol (Sigma-Aldrich) and overlaid with 30% and 10% iodixanol.

The gradient was ultracentrifuged (80,000 x g, 3 h) at 4 °C. The pur-
ified mitochondria were collected at the interface between 10% and
30% iodixanol and washed twice with MIB. Samples of each fraction
were prepared by addition of sample buffer and subjected to immu-
noblot analysis.

Western blots

Cells were rinsed with ice-cold 1xPBS and lysed in nonreducing buffer
containing 100 mM Tris-HCI, pH 6.8, 2% SDS, 50 mM IAA, supple-
mented with PMSF and cocktail, or reducing buffer containing an
additional 100 mM DTT. Cell lysates were separated on a 8-12.5% SDS-
polyacrylamide gel, transferred to a nitrocellulose membrane (Bio-
Rad, Richmond, CA), blocked with 5% nonfat milk in PBS, and immu-
noblotted with the indicated antibodies. After incubation with the
horseradish peroxidase-linked second antibody (Cell Signaling, Bev-
erly, MA, USA) at room temperature, detection was performed using
the SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce,
Rockford, IL) according to the manufacturer’s instructions. Uncropped
blots and gel images were provided in the Source Data file.

Pull-down and MS analysis of AA005-bound proteins

The mitochondria was isolated from 3T3-L1 cells, and the mitochon-
drial fractions lysates were incubated with biotin or biotin-AA00S5
overnight at 4 °C, followed by pull-down with streptavidin-agarose
beads, and the bead-bound proteins were separated by SDS-PAGE and
visualized by Coomassie blue staining. The protein-containing band in
the gel was excised, followed by in-gel digestion and analysis by LC-
MS/MS. Pull-down and MS analysis was performed, and the data were
analyzed according to our previous report®“°,

Microscale thermophoresis analysis

A human epithelial-like cell line 293 T (Cat: #ATCC, CRL-3216™)
derived from a patient’s kidney was transfected with empty-negative
control plasmid pFlag-EGFP-CMV4 (NC), or plasmid pFlag-EGFP-CMV4-
HADHA (WT) to overexpress wild-type HADHA protein or HADHA
protein containing mutant sites (Mut-Vall74; Mut-Leul75; Mut-
Leu202) respectively. The five group cell lysates were kept equal of
total proteins and AAOOS was titrated from1x10°Mto1x 10> M. The
affinity was determined. The samples were incubated at room tem-
perature for 10 min before the measurements. The binding assay was
performed in a buffer with 20 mM Tris, 100 mM NaCl, and 0.02%
Tween-20. A NanoTemper Monolith Instrument (NT.115) was used for
measuring thermophoresis.

Tissue cardiolipin profiling by LC-MS/MS

Interscapular brown adipose tissue (BAT) was isolated from mice for
cardiolipin profiling. A 100 mg sample was taken in a 2ml EP tube
(L207270p, Eppendorf) and then extracted with chloroform methanol
(vol/vol, 2:1) and dried in a vacuum. Samples were dissolved in iso-
propanol for LC-MS/MS (Bionovogene). Chromatographic separation
was accomplished in a Thermo Vanquish system equipped with an
ACQUITY UPLC BEH C18 (100 x 2.1 mm, 1.7 pm, Waters) column at
50 °C. The temperature of the autosampler was 8 °C. Gradient elution
of analytes was carried out with acetonitrile: water = 60:40 (0.1% for-
mic acid +10 mM ammonium formate) and isopropanol: acetoni-
trile =90:10 (0.1% formic acid +10 mM ammonium formate) at a flow
rate of 0.25 mL/min. Injection of 2 puL of each sample was done after
equilibration. An increasing linear gradient of solvent C (v/v) was used
as follows: 0-5min, 70-57% C; 5-5.1min, 57-50% C; 5.1-14 min,
50-30% C; 14-14.1 min, 30% C; 14.1-21 min, 30-1% C; 21-24 min, 1% C;
24-24.1min, 1-70% C; 24.1-28 min, 70% C. The ESI-MSn experiments
were executed on the Thermo Q Exactive Focus mass spectrometer
with the spray voltage of 3.5kV and -2.5kV in positive and negative
modes, respectively. analyzed and identified using LipidSearch soft-
ware. 20 pL liquid from each sample was used as quality control (QC).
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Tissue distribution study

To investigate the tissue distribution characteristics of AAOOS in mice,
C57BL/6 mice (n=3) were given a single or long-term oral dose of
1.7 mg/kg AAOOS. After 0.25, 1, 2, and 6 h, all tissues, including the
plasma, liver, heart, pancreas, kidney, lung, fat, spleen, brain, testis,
stomach, and intestine were separated and homogenized, and their
AAO0OS5 concentrations were detected by UPLC-MS/MS.

RNA-sequencing

Inguinal white adipose tissue (iWAT) of mice were collected with
Trizol reagent. The total RNA was processed by NEBNext®Poly(A)
mRNA Magnetic Isolation Module to enrich mRNA, and the product
RNA was used for construction Library, via KAPA Stranded RNA-Seq
Library Prep Kit (Illumina). Sequencing libraries, denatured by 0.1M
NaOH to generate single-stranded DNA, as amplified in situ Illumina
cBot (TruSeq SR Cluster Kit v3-cBot-HS (#GD-401-3001, lllumina)).
The ends of the generated fragments were used to run 150 Cycles
by the Illumina HiSeq 4000 Sequencer. RNA-sequencing was per-
formed three times.

Real-time quantitative RT-PCR
Total RNA from the cell lines were extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA) and treated with RNase-free DNase (Pro-
mega, Madison, WI, USA). Quantitative real-time PCR was performed
using the SYBR® Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA). The primers used are listed as follows:
UcpI-5-GGCATTCAGAGGCAAATCAGCT-3'(forward),
Ucp1-5-CAATGAACACTGCCACACCTC-3'(reverse),
Pgcla-5'-AGCCGTGACCACTGACAACGAG-3'(forward),
Pgcla-5-GCTGCATGGTTCTGAGTGCTAAG-3'(reverse),
Dio2-5'-GATGCTCCCAATTCCAGTGT-3'(forward),
Dio2-5-TGAACCAAAGTTGACCACCA-3'(reverse),
PgcifB-5'-TCCTGTAAAAGCCCGGAGTAT-3'(forward),
Pgc1B-5-GCTCTGGTAGGGGCAGTGA-3'(reverse),
Cidea-5’-GCAGCCTGCAGGAACTTATCAGC-3'(forward),
Cidea-5-GATCATGAAATGCGTGTTGTCC-3'(reverse),
Tfam-5'-GGAATGTGGAGCGTGCTAAAA-3 (forward),
Tfam-5-ACAAGACTGATAGACGAGGGG-3'(reverse),
Prdm16-5-CGGAAGAGCGTGAGTACAAATG-3(forward),
Prdmi6-5-TCCGTGAACACCTTGACACAGT-3'(reverse),
Arrpp0-5-GAAACTGCTGCCTCACATCCG-3'(forward),
Arrpp0-5-GCTGGCACAGTGACCTCACACG-3'(reverse),
Tafazzin-5’-GCAGACATCTGCTTCACCAA-3'(forward),
Tafazzin-5-TCTGGTAGACGCCATCTCCT-3'(reverse),
Miclat-1-5-GAAGTCATCCGAATCCTCCA-3'(forward),
Miclat-1-5-TTTCGCTACATCCACACCAA-3 (reverse),
Real-time RT-PCR was performed, and the data were analyzed
according to a previous report’.

Determination of mitochondrial DNA copy number by PCR
Total DNA from mouse brown adipocytes was extracted using the
SpeeDNA Isolation Kit (ScienCell, Cat #MB6918) according to the
manufacturer’s instructions. The mtDNA levels was determined by
real-time quantitative PCR using the Relative Mouse Mitochondrial
DNA Copy Number Quantification qPCR Assay Kit (ScienCell, Cat
#M8938). A segment of mitochondrial genomic was routinely ampli-
fied as mtDNA copy number. All samples were quantitated by SYBR®
Green staining and diluted in TE buffer to equal concentrations of
2.5 ng/pl. 5 ng of each template was added to the reaction. Amplifica-
tion of mouse mtDNA segment was performed using the 2X Gold-
NStart TagGreen qPCR Master Mix (ScienCell, Cat #MB6018a-1). PCR
conditions: (i) 95 °C, 10 min; (ii) 95°C, 20 s; (iii) 52°C, 20's; (iv) 72°C,
45 s; and repeat steps 2-4 for 32 cycles; (v) hold 20 °C. Quantitation of
each amplified product was performed by SYBR® Green staining using
Micro Plate Reader.

Mitochondrial DNA content and respiration

Brown preadipocytes were isolated and immortalized as previously

described’. Mitochondrial DNA content was measured using qPCR

analysis of total DNA isolated from differentiated brown adipocytes.

Primers for mitochondrial DNA (mtND1 and mtCox1) are listed as fol-

lows: mtND1-5-CCTATCACCCTTGCCATCAT-3'(forward),
mtNDI1-5-GAGGCTGTTGCTTGTGTGAC-3'(reverse),
mtCox1-5’-CTACTATTCGGAGCCTGAGC-3'(forward),
mtCoxI-5-GCATGGGCAGTTACGATAAC-3 (reverse),

Oxygen consumption rate in differentiated brown adipocytes was
measured using an Oxygen Meter (Strathkelvin Instruments) with a
Mitocell (MT200) mixing chamber. Cells were suspended in 400 pl
differentiation medium, and oxygen concentration was recorded for
5 min followed by injections of FCCP (25 pM) oroligomycin (5 pg/ml) to
the chamber. Oxygen consumption rate was calculated using software
(782 Oxygen System version 4.0) and normalized to protein content.

Statistical analysis

Each experiment was done independently at least 3 times with similar
results. Data were analyzed using two-tailed Student’s t test for inde-
pendent groups. A p value of 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

The RNA-seq of adipose tissue is publicly available at NCBI site as
BioProject: PRJNA1149567. The raw LC-MS/MS data of cardiolipin
profiling is publicly available at MetaboLights site as identifier
MTBLSI11124. All other data that support the findings of this study can
be found in the manuscript, figures, and supplementary data or are
available from the corresponding authors upon request. Source data
are provided with this paper.
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