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SUMMARY

Brown adipose tissue (BAT) thermogenesis dissipates energy through heat production and thereby it op-
poses metabolic disease. It is mediated by mitochondrial membrane uncoupling, yet the mechanisms sus-
taining the mitochondrial membrane potential (DJm) in brown adipocytes are poorly understood. Here we
show that isocitrate dehydrogenase (IDH) activity and the expression of the soluble adenylate cyclase 10
(ADCY10), a CO2/bicarbonate sensor residing in mitochondria, are upregulated in BAT of cold-exposed
mice. IDH inhibition or ADCY10 deficiency reduces cold resistance of mice. Mechanistically, IDH increases
the DJm in brown adipocytes via ADCY10. ADCY10 sustains complex I activity and the DJm via exchange
protein activated by cAMP1 (EPAC1). However, neither IDH nor ADCY10 inhibition affect uncoupling protein 1
(UCP1) expression. Hence, we suggest that ADCY10, acting as a CO2/bicarbonate sensor, mediates the ef-
fect of IDH on complex I activity through cAMP-EPAC1 signaling, therebymaintaining theDJmand enabling
thermogenesis in brown adipocytes.

INTRODUCTION

Brown adipose tissue (BAT) has the distinct capacity to generate

heat, which is important for maintaining body temperature upon

exposure to cold. Brown adipocytes are rich in mitochondria

containing high amounts of uncoupling protein 1 (UCP1). UCP1

resides in the inner mitochondrial membrane (IMM) and medi-

ates proton leak through the IMM leading to generation of heat

at the expense of ATP production.1 Its expression is upregulated

by b3 adrenergic signaling upon exposure to cold or intake of en-

ergy-rich food.1,2 b3 adrenergic signaling activates transmem-

brane adenylate cyclases (tmAC), which produce cAMP. This

leads to protein kinase A (PKA) activation, which triggers hor-

mone-sensitive triglyceride lipase (HSL)-dependent lipolysis

and generation of free fatty acids (FFA), the latter activating

UCP1-dependent proton leak.3,4 Due to the role of BAT in dissi-

pating energy, recruitment of BAT is viewed as a promising tool

to combat obesity and associated metabolic perturbations.5–7

Indeed, evidence in humans suggests that BAT thermogenesis

associates with improved glucose homeostasis.8–10

Efficient thermogenesis requires elevatedmitochondrial respi-

ration in brown adipocytes, which is fueled by the tricarboxylic

acid (TCA) cycle intermediate succinate through the function of

complex II (succinate dehydrogenase, SDH).1 In BAT of cold-

exposed animals, succinate is sequestered from the circulation

and drives SDH-mediated reactive oxygen species (ROS) pro-

duction, which promotes thermogenesis.1,11 However, the role

of the endogenous TCA cycle of brown adipocytes in the regula-

tion of thermogenesis is poorly understood.

Here we show that isocitrate dehydrogenase (IDH) activity in-

creases in BAT upon cold exposure and IDH inhibition impairs

cold resistance in mice and mitochondrial function in brown ad-

ipocytes. We suggest that CO2 generated by IDH can activate

the soluble adenylyl cyclase ADCY10, which localizes in different

cellular compartments includingmitochondria.12,13 In contrast to

tmAC, ADCY10 is not regulated by G proteins.14–16 Instead,

ADCY10 activity is sensitive to local concentrations of ATP,

free Ca2+ and CO2/bicarbonate.
14–16 Previous reports showed

that mitochondrial ADCY10 promotes electron transport chain

(ETC) function and concomitant ATP production upon sensing

bicarbonate.17–19 We show that ADCY10 is highly expressed in

BAT and its expression is upregulated by cold exposure.

ADCY10 deficient mice have impaired cold resistance and

ADCY10 inhibition diminishes the mitochondrial membrane

potential (DJm) in brown adipocytes. We suggest that the

IDH-ADCY10-cAMP axis maintains the DJm in brown adi-

pocytes thereby supporting UCP1 function and promoting

thermogenesis.
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Figure 1. IDH promotes brown adipose tissue thermogenesis

(A) TCA cyclemetabolite levels or ratios in BAT ofWTmice kept for 8 h at 4�C (CT) or room temperature (RT, 22�C)measured by LC-MS/MS (n = 6mice per group).

(B) NAD+ and NADP+-dependent IDH activity normalized to protein concentration in BAT of WT mice kept for 8 h at CT or RT (n = 6 mice per group).

(C) Relative gene expression of Idh3a and Idh3g in BAT of mice kept for 8 h at CT or RT. Gene expression is set as 1 for RT samples (n = 6 mice per group).

(D and E) DJm and mitochondrial load measured by TMRE and MitoTracker Green FM staining, respectively, and fluorescence-activated cell sorting (FACS) in

brown preadipocytes (cell line) 48 h after transfection with siRNA against Idh3a or siCtrl (n = 6).

(legend continued on next page)
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RESULTS

Isocitrate dehydrogenase is required for BAT
thermogenesis
First, we asked whether TCA cycle activity in brown adipocytes

plays a role in thermogenesis. To this end,we analyzed TCAcycle

metabolite amounts by liquid chromatography-tandem mass

spectrometry (LC-MS/MS) in BAT of C57BL/6N wild-type (WT)

mice kept from birth at ambient temperature 22�C and at the

age of 8–12 weeks exposed or not for 8 h to cold temperature

(CT, 4�C). Cold exposure resulted in drop of body core tempera-

ture (Figure S1A) and increased Ucp1 and Pgc1a mRNA and

UCP1 protein expression in BAT (Figures S1B and S1C). Citrate,

cis-aconitate, a-ketoglutarate and succinate amountswere upre-

gulated in BAT of cold-exposed animals, while isocitrate, fuma-

rate and malate levels remained unaltered (Figure 1A). The

observed increase of a-ketoglutarate and succinate levels in

BATofmice uponcold exposurewas in accordancewithprevious

studies.11,20 While succinate is sequestered from the systemic

circulation in BAT upon cold exposure, a-ketoglutarate is not.11

Moreover,weobserved an elevateda-ketoglutarate/isocitrate ra-

tio indicating increased isocitrate dehydrogenase (IDH) activity in

BAT of cold-exposed mice (Figure 1A). Confirming, NAD+ and

NADP+-dependent IDH activity was elevated in BAT of cold-

exposedmice (Figure 1B). In contrast, the succinate/a-ketogluta-

rate ratio and a-ketoglutarate dehydrogenase (a-KGDH, oxoglu-

tarate dehydrogenase [OGDH]) activity was not increased in

BAT of cold-exposed mice (Figures 1A and S1D). Hence, IDH

but not OGDH activity was upregulated by cold in BAT.

Threemammalian IDH isoforms exist. IDH1 (residing in the cyto-

plasm and peroxisomes) and IDH2 (residing in the mitochondrial

matrix) catalyze the NADP+-dependent conversion of isocitrate

to a-ketoglutarate; IDH3 catalyzes the NAD+-dependent conver-

sion of isocitrate to a-ketoglutarate and localizes in the mitochon-

drialmatrix.21 Idh3a and Idh3g expressionwas upregulated inBAT

of cold-exposed mice (Figure 1C), standing in accordance with

previous reports,20 while Idh1 and Idh2 expression remained un-

changed (FigureS1E). Idh3asilencing inbrownpreadipocytes (Fig-

ure S1F) reduced the DJm, measured by Tetramethylrhodamine,

ethyl ester (TMRE) staining (Figure 1D), without affecting the mito-

chondrial load, measured by MitoTracker Green FM staining (Fig-

ure 1E). However, Idh3a silencing or Idh3a overexpression or

Idh2 overexpression in brown preadipocytes did not alter Ucp1

gene expression (Figures S1F–S1H). For IDH2 inhibition we used

AG-221 (enasidenib), which although designed to inhibit mutant

IDH2, was also reported to inhibit wild-type IDH2.22 Indeed, AG-

221 decreased the NADP+-dependent IDH activity in brown

adipocytes but did not affect the NAD+-dependent IDH activity

(Figure 1F), indicating that AG-221 inhibits IDH2 but not IDH3.

AG-221decreased theDJm(Figure1G)withoutaffecting themito-

chondrial load in brown adipocytes (Figure 1H). Accordingly, IDH2

overexpression in brown preadipocytes increased the DJm and

AG-221 diminished it (Figure S1I). In order to examine the impact

of IDH2 inhibition on BAT thermogenesis, mice were treated by

oral gavage with AG-221 and were then exposed for 8 h to cold.

AG-221 treatment significantly decreased cold resistance of

mice (Figure 1I) suggesting that IDH2promotes cold-induced ther-

mogenesis. Hence, IDH activity promotes DJm in brown adipo-

cytes and cold resistance in mice.

In contrast, Ogdh silencing or overexpression did not alter the

DJm in brown preadipocytes (Figures S1J and S1K). Moreover,

inhibition of OGDH and pyruvate dehydrogenase (PDH) with CPI-

613 did also not affect theDJm in brown adipocytes (Figure S1L).

These metabolic changes were specific for BAT, as levels of

citrate, cis-aconitate, a-ketoglutarate and succinate were not

altered upon cold exposure in inguinal subcutaneous adipose tis-

sue (SAT), despite the fact that Ucp1 and Pgc1a mRNA expres-

sion was increased, indicative for SAT ‘‘beiging’’ (Figures S2A

and S2B). Idh1 and Idh2 expression and NADP+-dependent

IDH activity remained unaltered while Idh3a expression increa-

sed upon cold exposure in SAT (Figures S2C and S2D). In

gonadal adipose tissue (GAT), neither Ucp1, Pgc1a, Idh1, Idh2,

and Idh3a mRNA expression nor the amounts of TCA cycle me-

tabolites increased upon cold exposure (Figures S2E–S2G).

Moreover, Idh2, Idh3a, Idh3g, andNAD+- andNADP+-dependent

IDHactivity remained unchanged upon cold exposure in gastroc-

nemius (Figures S3A and S3B) and quadriceps muscles (Fig-

ure S3C). These data collectively suggest that IDH activity is up-

regulated by cold in BAT, but not SAT, GAT, or skeletal muscle.

ADCY10, a bicarbonate sensor, promotes brown
adipose tissue thermogenesis in a UCP1-independent
manner
The IDH-dependent oxidative decarboxylation of isocitrate to

a-ketoglutarate produces CO2, which is transformed to bicarbon-

ate by carbonic anhydrases (CA).13 We asked whether the TCA

cycle-deriving CO2/bicarbonate plays a role in brown adipocyte

thermogenesis. CA inhibition by acetazolamide reduced the

DJm in brown adipocytes (Figure 2A). In accordance, incubation

of brown adipocytes in a CO2 – free atmosphere (while maintain-

ing the pH constant at 7.4) diminished the DJm (Figure 2B) and

oxygen consumption rate (OCR) (Figure 2C) in brown adipocytes.

ADCY10 is a soluble adenylate cyclase residing inmitochondria

and is activated by bicarbonate.17We hypothesized that ADCY10

may sense IDH-generated CO2/bicarbonate and support thermo-

genesis in brown adipocytes. Across different mouse organs and

tissues, Adcy10 was highly expressed in BAT, followed by SAT,

GAT, and kidneys (Figures 2D and 2E). Adcy10 expression in

testes was much (1000-fold) higher compared to the here pre-

sented organs and for visualization reasons was not included in

the graph. Upon cold exposure, Adcy10 mRNA expression

increased in BAT, but not SAT, GAT or skeletal (gastrocnemius,

quadriceps) muscle (Figures 2E, S3A, and S3C). Whole-body

ADCY10 deficient mice (Figure 2F), were engaged in cold

(F) NADP+ and NAD+-dependent IDH activity measured in brown adipocytes (cell line) treated for 18 h with 5 mM AG-221 or same amount of DMSO (n = 6).

(G and H) DJm and mitochondrial load in brown adipocytes (cell line) treated for 18 h with 5 mM AG-221 or same amount of DMSO (n = 6). Mean fluorescence

intensity (MFI) is shown in (D, E, G and H).

(I) Body temperature of mice pre-treated 2 h prior to cold exposure with 40 mg/kg AG-221 or control solution (0.5% methylcellulose/0.2% Tween 80% in water)

and exposed for 8 h to 4�C (n = 7–8 mice per group). All data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ns: not significant.
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resistance studies, which showed that Adcy10�/� mice exposed

to 4�Cwere less cold resistant compared toWT littermate control

mice (Figure 2G). However, ADCY10 deficiency did not affect

UCP1 and PGC1A expression or the expression of other thermo-

genesis-related genes (Prdm16 and Cidea), or the expression of

subunits of ETC complexes in BAT of cold-exposed animals

(FiguresS4A–S4C). In accordance,basal andCL316,243-induced

Ucp1 and Pgc1a expression was not affected by ADCY10 defi-

ciency inbrownadipocytes (FigureS4D).ADCY10overexpression

also did not affect Ucp1 expression in brown preadipocytes

treated or not with the b3 adrenergic receptor ligand isoproterenol

(Figure S4E). In accordance, acetazolamide did not affect Ucp1

expression in brown adipocytes treated with the b3 adrenorecep-

tor agonist CL316,243 (Figure S4F). Of note, there was no differ-

ence in the cell growth and adipogenicdifferentiation of brown ad-

ipocytes isolated fromWT and Adcy10�/� mice (Figures S4G and

S4H). Moreover, ADCY10 deficiency did not alter the core body

temperature, glucose tolerance or whole-body energy expendi-

ture (EE) of mice kept at 22�C (Figures S4I–S4K). Together, these

data demonstrate that ADCY10 is upregulatedby cold specifically

inBAT,but notSAT,GATor skeletalmuscle, and that its deficiency

impairs cold resistance; however, without affecting UCP1 expres-

sion. Nevertheless, at normal ambient temperature (22�C) its role
in whole body metabolism is negligible.

A B C

D E

F G

Figure 2. ADCY10 promotes thermogene-

sis in brown adipose tissue

(A) Brown adipocytes (cell line) were treated for

18 h with 1 mM acetazolamide or carrier (DMSO)

and the DJm was measured by TMRE staining

and FACS (n = 6).

(B) Primary brown adipocytes were kept for 24 h in

a CO2-free atmosphere and the DJm was

measured by TMRE staining (n = 5).

(C) The OCR was measured in primary brown

adipocytes kept for 24 h in a CO2-free atmosphere

(left). Quantification of basal and maximal OCR is

shown (right) (n = 15). OM: oligomycin, R/A: rote-

none/antimycin.

(D) Adcy10 relative gene expression in different

organs and tissues of WT mice (n = 7).

(E) Adcy10 relative gene expression in subcu-

taneous (SAT), gonadal (GAT), and brown adipose

tissue (BAT) in WT mice kept for 8 h at CT or RT

(n = 6).

(F) Adcy10 relative gene expression in BAT of WT

and Adcy10�/� mice; gene expression was set as

1 in WT mice (n = 6).

(G) Body temperature of WT and Adcy10�/� mice

exposed for 8 h to 4�C (n = 10–14 mice per group).

Data are shown as mean ± SEM. *p < 0.05,

**p < 0.01, ****p < 0.0001.

ADCY10 maintains the
mitochondrial membrane potential
in brown adipocytes via EPAC1
Next, we set out to dissect the mec-

hanism mediating the effect of ADCY10

on BAT thermogenesis. Strikingly, OCR

was strongly reduced in Adcy10�/�

brown adipocytes compared to WT cells measured by Seahorse

technology (Figure 3A), while ADCY10 overexpression increased

the DJm in brown preadipocytes (Figure 3B). Moreover, the

ADCY10 inhibitor KH7 reduced the mitochondrial cAMP

amounts in WT but not Adcy10�/� brown adipocytes, validating

the inhibitory effect of KH7 on ADCY10 (Figures 3C and S4L).

Mitochondrial isolation was confirmed by succinate dehydroge-

nase B (SDHB) positivity (Figure S4M). KH7 also blunted the in-

crease in the DJm, which was induced by Idh2 overexpression

(Figure 3D), suggesting that ADCY10 lies downstream of IDH2 in

the regulation of the DJm.

cAMP generated by ADCY10may activate at least two distinct

pathways, the PKA or the exchange protein activated by cAMP

(EPAC1)-dependent pathway.13,17,18,23 While treatment with

the PKA inhibitor H89 did not affect the DJm neither at basal

conditions nor after ADCY10 overexpression (Figure 3E),

EPAC1 inhibition by (R)-CE3F4 reduced the DJm in brown pre-

adipocytes overexpressing ADCY10 (Figure 3F). In accordance,

the membrane-permeable cAMP analogue 8-CPT-2Me-cAMP

restored the DJm of brown adipocytes treated with the

ADCY10 inhibitors KH7 or LRE1 (Figures 3G and 3H).

ADCY10 was reported to promote complex I and II activ-

ities.17,18,24,25 In brown adipocytes, ADCY10 inhibition by LRE1

reduced pyruvate and malate-driven complex I activity, as
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assessed by high-resolution respirometry (Figure 3I). In contrast,

succinate-driven complex II (SDH) or complex IV activity was not

affected by LRE1 (Figures 3I and 3J). Similarly, the EPAC1 inhib-

itor (R)-CE3F4 decreased complex I but not complex II activity

(Figure 3K). Hence, we suggest that ADCY10 through EPAC1 in-

creases complex I activity, which sustains theDJm in brown ad-

ipocytes, thereby allowing UCP1 function and thermogenesis.

DISCUSSION

BAT thermogenesis counters metabolic disease.5–7 It is medi-

ated by uncoupling of oxidative phosphorylation via UCP1, the

function of which relies on the efficiency of the ETC to maintain

the DJm.26 Although regulation of UCP1 expression by the ner-

vous, endocrine or immune systems has been extensively stud-

ied,5,6,27 less is known about the mechanisms sustaining the

DJm in brown adipocytes. Here, we report a cell metabolic

mechanism, which maintains the DJm in brown adipocytes

and promotes thermogenesis. We show that upon cold expo-

sure, IDH activity and the expression of the soluble adenylate

cyclase (ADCY10) are upregulated in BAT of mice. This effect

is specific for BAT and is not observed in SAT, GAT or skeletal

muscle. Moreover, IDH inhibition or ADCY10 deficiency reduce

cold resistance in mice, interestingly, without affecting UCP1

expression in BAT. Instead, our in vitro experiments in primary

brown adipocytes and a brown adipocyte cell line suggest that

the IDH-ADCY10 axis sustains the DJm in brown adipocytes

thereby allowing efficient thermogenesis.

In contrast to tmAC, ADCY10 localizes in different subcellular

compartments, includingmitochondria.12Specifically, according

to a recent study in cardiomyocytes, ADCY10 likely localizes in

the intermembrane space (IMS) of mitochondria.13 Previous

studies showed that mitochondrial ADCY10 functions as a bicar-

bonate sensor andgenerates cAMP, a secondmessenger,which

signals promoting ETC function and concomitant ATP produc-

tion.17–19We propose that in brown adipocytes CO2/bicarbonate

generated by IDH activitymay activate ADCY10, which produces

cAMP in mitochondria. The latter sustains the DJm through

EPAC1 activation thereby facilitating the function of UCP1. Our

data togetherwithdata of previous studies in other cell types sug-

gest that mitochondrial ADCY10 via positive regulation of ETC

function may promote either thermogenesis or ATP production

depending on the cell type and UCP1 expression levels: low

UCP1 expression allowing high ATP production as in hepato-

cytes17 or cardiomyocytes,13 while high UCP1 expression medi-

ating thermogenesis, as shown here in brown adipocytes.

Interestingly, although CO2 in mitochondria derives from dec-

arboxylation of different TCA-linkedmetabolites, that is pyruvate,

a-ketoglutarate and isocitrate, only isocitrate decarboxylation

was found to be coupled to increased DJm and thermogenesis

in brown adipocytes. The reason underlying this specificity for

mitochondrial IDH activity remains unclear. However, our find-

ings stand in accordance with reports in D. melanogaster

showing that IDH activity is required for oxidative phosphoryla-

tion in myocytes.28 Accordingly, IDH2 deficient mice have

reduced mitochondrial function and BAT activity and gain more

weight when fed a high-fat diet.29 Moreover, a-ketoglutarate

was shown to be required for active DNA demethylation of the

Prdm16 promoter in brown adipocytes thereby promoting brown

adipogenesis.30 On the contrary, IDH1, the cytoplasmic IDH iso-

form, was reported to inhibit brown adipogenesis.31

ADCY10 was shown to mediate its effects in mitochondria via

cAMP coupled to either PKA17,19 or EPAC1 signaling.13,18,32 We

demonstrate that in brown adipocytes the effect of ADCY10 on

the DJm is mediated by EPAC1 and not PKA. Moreover, simi-

larly to previous reports, we found that the ADCY10-EPAC1

axis promotes complex I activity without affecting complex II

or IV activities.18,24 In conclusion, we suggest that the IDH-

CO2/bicarbonate-ADCY10-EPAC1-complex I axis is essential

for maintaining the DJm in brown adipocytes thereby enabling

UCP1 function and efficient thermogenesis. These findings

reveal a novel regulatory mechanism of BAT function and may

be valuable in the pathophysiology and management of meta-

bolic disease.

Limitations of the study
In summary, we show that IDH and ADCY10 regulate BAT ther-

mogenesis via sustaining the DJm in brown adipocytes. A limi-

tation of the study is that the significance of this mechanism was

not studied in the context of obesity and metabolic disease.

Figure 3. ADCY10 maintains the mitochondrial membrane potential via cAMP-EPAC1

(A) OCR measured in WT and Adcy10�/� primary brown adipocytes (left) and quantification of basal and maximal OCR (right) (n = 12).

(B) Brown preadipocytes were plasmid transfected to overexpress ADCY10 and 48 h later the DJm was measured by TMRE staining and FACS (n = 6).

(C) Brown adipocytes (cell line) were treated for 2 h with 10 mM KH7 and cAMP was measured in isolated mitochondria (n = 3–4).

(D) Brown preadipocytes (cell line) were transfected with Idh2-overexpressing plasmid or control plasmid for 48 h and treated with 10 mM KH7 or control carrier

(DMSO) for 2 h; the DJm was measured by TMRE staining and FACS (n = 6).

(E) Brown preadipocytes (cell line) were transfected with an ADCY10-overexpressing or a control plasmid for 48 h and treated the last 24 h with 10 mM H89 or

DMSO; the DJm was measured by TMRE staining and FACS (n = 3).

(F) Brown preadipocytes were plasmid transfected for 48 h to overexpress ADCY10 and treated for 2 h with 10 mM (R)-CE3F4 or DMSO. TheDJmwasmeasured

by TMRE staining and FACS (n = 6).

(G and H) Brown adipocytes (cell line) were treated for 18 h with 10 mM KH7 or 50 mM LRE1 or DMSO and 100 mM 8-CPT-2Me-cAMP or PBS and the DJm was

measured by TMRE staining and FACS (n = 5–6).

(I and K) Brown adipocytes (cell line) were treated for 2 h with 50 mM LRE1, 10 mM (R)-CE3F4 or DMSO and complex I and II activity was measured by high-

resolution respirometry by sequential addition of 5 mM pyruvate, 2 mM malate, 5 mM ADP+Mg2+, 0.5 mM rotenone, 10 mM succinate, 12.5 mM thenoyltri-

fluoroacetone (TTFA) and 2.5 mM antimycin (AMA) (n = 3–5).

(J) Brown adipocytes (cell line) were treated for 2 h with 50 mMLRE1 and complex IV activity wasmeasured by high-resolution respirometry by addition of 0.5 mM

tetramethyl-p-phenylenediamine (TMPD) and 40 mM sodium azide (Azd) (n = 4). Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not

significant.
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Moreover, we did not study the relevance of this mechanism in

human BAT.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-UCP1 Abcam ab10983; RRID: AB_2241462

anti-PGC1A Merck Millipore AB3242

Total OXPHOS Rodent WB Antibody Cocktail Abcam ab110413; RRID: AB_2629281

anti-SDHB Sigma-Aldrich HPA002868; RRID: AB_1079889

Anti-Vinculin Santa Cruz Biotechnology sc-25336; RRID: AB_628438

anti-b-Actin Cell Signaling #4970

Chemicals, peptides, and recombinant proteins

AG-221, Enasidenib Selleckchem S8205

D-(+)-glucose Sigma-Aldrich G8270

Collagenase type I Thermo Fisher Scientific 17100017

DMEM, high glucose, GlutaMAXTM Supplement, pyruvate Thermo Fisher Scientific 31966021

Fetal Bovine Serum (FBS) Thermo Fisher Scientific 10270106

Triiodothyronine (T3) Sigma-Aldrich 642511

Insulin Sigma-Aldrich I5500

Isobutylmethylxanthine (IBMX) Sigma-Aldrich I5879

Dexamethasone Sigma-Aldrich D4902

Indomethacin Sigma-Aldrich I7378

Lipofectamine RNAiMAX transfection reagent Thermo Fisher Scientific 13778150

Lipofectamine LTX Reagent Thermo Fisher Scientific 15338100

Acetazolamide Sigma-Aldrich A6011

KH7 MedChemExpress HY-103194

LRE1 MedChemExpress HY-100524

(R)-CE3F4 MedChemExpress HY-108539A

8-CPT-2Me-cAMP Tocris 1645

CPI-613 Cayman Chemical 16981

CL316,243 MedChemExpress HY-116771A

Isoproterenol Sigma-Aldrich I6504

H89 Selleckchem S1582

Digitonin Sigma-Aldrich D5628

Malate Sigma-Aldrich M1000

Pyruvate Sigma-Aldrich P2256

Succinate Sigma-Aldrich S2378

Rotenone Sigma-Aldrich R8875

Thenoyltrifluoroacetone (TTFA) Sigma-Aldrich T27006

Antimycin Sigma-Aldrich A8674

Tetramethyl-p-phenylenediamine (TMPD) Sigma-Aldrich T3134

Ascorbate Sigma-Aldrich A4544

Sodium azide Sigma-Aldrich S2002

MitoTrackerTM Green FM Thermo Fisher Scientific M46750

TMRE Thermo Fisher Scientific T669

PrestoBlueTM Cell Viability Reagent Thermo Fisher Scientific A13261

Oil Red O dye Sigma-Aldrich 1024190250

Critical commercial assays

cAMP Assay kit Abcam ab138880

(Continued on next page)

iScience 28, 111833, February 21, 2025 e1

iScience
Article

ll
OPEN ACCESS



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The mice were kept from birth at an ambient temperature of 22�C in standard housing conditions. Littermates of the same sex were

randomly assigned to experimental groups. Mice with whole-body ADCY10 deficiency (Adcy10�/�) were previously developed.34

Cold exposure experiments were performed as previously described.36 Ten-weeks-old male Adcy10�/� mice or wt littermates or

wt C57BL/6Nmice (purchased fromCharles River) were kept for 8 h at 4�C during the dark cycle of themice with free access to water

and food. In some experiments mice were treated with 40 mg/kg AG-221 (Enasidenib, from Selleckchem, diluted in 0.5%methylcel-

lulose/0.2% Tween 80% in water) or control solution (0.5% methylcellulose/0.2% Tween 80% in water) through oral gavage 2 h

before cold exposure. The body temperature was measured rectally before and during cold exposure at the indicated time points.

Mice were killed by cervical dislocation, tissues were harvested, snap-frozen in liquid nitrogen and stored at �80�C for further anal-

ysis. For the glucose tolerance test, mice were fasted overnight and intraperitoneally injected with D-(+)-glucose (Sigma-Aldrich) (1

g/kg). Glucose was measured via the tail vein with an Accu-Chek glucosemeter (Roche) at 0, 15, 30, 60, 90 and 120 min.36 In other

experiments, mice were analyzed in metabolic cages (PhenoMaster; TSE Systems, Bad Homburg, Germany).36 Volume of oxygen

consumption (VO2) and carbon dioxide production (VCO2) were determined every 20 min. EE was calculated as (3.941 3 VO2) +

(1.106 3 VCO2). All animal experiments were approved by the Landesdirektion Sachsen Germany (TVV57/2018, TVV67/2023).

Primary brown adipocytes were isolated from BAT of 3 weeks-old wt and Adcy10�/�mice. BAT was chopped and digested for 1 h

at 37�C in 2 mg/mL collagenase type I (Gibco) diluted in DMEM (Gibco) + 4% BSA (Sigma-Aldrich) under rigorous shaking. Then,

samples were passed through a cell strainer (100 mm pore size) and centrifuged for 5 min at 200 g. Cells were washed with

DMEM +4% BSA, centrifuged again for 5 min at 200 g, resuspended in growth medium (high-glucose DMEM, supplemented with

GlutaMAX+ 20% Fetal Bovine Serum (FBS) (Gibco) 1% penicillin/streptomycin (Gibco)) and cultured in 35 mm-diameter dishes.

The used mouse brown adipocyte cell line, described previously,33 was kindly provided by Matthias Bl€uher (University of Leipzig,

Germany). Cells were cultured in high-glucose DMEM, supplemented with GlutaMAX+ 20% FBS 1% penicillin/streptomycin. After

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IDH Assay kit Abcam ab102528

OGDH Activity Assay kit Biomol G-MAES0236.96

Seahorse XF Cell Mito Stress Test Kit Agilent 103015–100

Experimental models: Cell lines

Mouse brown adipocyte cell line Fasshauer et al., 200033

Experimental models: Organisms/strains

Adcy10�/� mice Esposito et al., 200434 provided by Matthias Bl€uher

(University of Leipzig, Germany)

C57BL/6N mice Charles River C57BL/6NCrl

Oligonucleotides

TARGETplus SMARTpool siRNA against Idh3a Horizon Discovery L-061019-01-0005

TARGETplus SMARTpool siRNA against Ogdh Horizon Discovery L-044219-01-0005

Recombinant DNA

Idh2 (NM_173011) Mouse Tagged ORF Clone Origene MR207208

Idh3a (NM_029573) Mouse Tagged ORF Clone Origene MR205632

Adcy10 (NM_173029) Mouse Tagged ORF Clone Origene MR217736

Ogdh (NM_010956) Mouse Untagged Clone Origene MC201038

Software

TSE Phenomaster V7.7.9 TSE-Systems https://www.tse-systems.com/

Synergy HT, Gen5 3.13 Agilent Technologies, Biotek https://www.agilent.com/

Wave 2.6.3.5 Agilent Technologies, Seahorse https://www.agilent.com/

DatLab 7.4.0.4 Oroboros Instruments https://www.oroboros.at/

BD FACSDiva Software v. 6.1.3 BD Biosciences https://www.bdbiosciences.com/

Fiji Schindelin et al., 201235 https://www.nature.com/

articles/nmeth.2019/

Bio-Rad CFX Manager v. 3.1 Bio-Rad https://www.bio-rad.com/

GraphPrism 7.04 GraphPrism https://www.graphpad.com/

Biorender Biorender https://www.biorender.com/
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reaching 100% confluence, they were cultured for another 24 h in induction medium containing 20 nM insulin, 1 nM T3, 0.5 mM iso-

butylmethylxanthine (IBMX, Sigma-Aldrich), 2 mg/mL dexamethasone (Sigma-Aldrich), and 0.125 mM indomethacin (Sigma-Aldrich).

For differentiation, preadipocytes were grown in culture medium supplemented with 20 nM insulin (Sigma-Aldrich) and 1 nM triiodo-

thyronine (T3) (Sigma-Aldrich). After 4 more days of culture in differentiation medium, cells exhibited a fully differentiated phenotype

with massive accumulation of multilocular fat droplets. Medium was changed every day. Cells were cultured at 37�C and 8% CO2.

The cell line was tested mycoplasma free.

METHOD DETAILS

Cell transfections and treatments
Undifferentiated brown adipocytes were transfected with TARGETplus SMARTpool siRNA against Idh3a orOgdh or control non-tar-

geting siRNA (all at 30 nM and from Horizon Discovery) using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scien-

tific), according to manufacturer’s instructions. Cells were analyzed 48 h after siRNA transfection.

Undifferentiated cells were transfected with plasmids (all mouse tagged ORF Clones from Origene) overexpressing Idh2

(NM_173011), Idh3a (NM_ 029573), Adcy10 (NM_ 173029), or Ogdh (NM_ 010956) or pCMV control plasmid using Lipofectamine

LTXReagent (Thermo Fisher Scientific) according tomanufacturer’s instructions. Cells were analyzed 48 h after plasmid transfection.

Brown adipocytes were treated with 5 mM AG-221, 1 mM acetazolamide (Sigma), 10 mM KH7 (MedChemExpress), 50 mM LRE1

(MedChemExpress), 10 mM H89 (Selleckchem), 10 mM (R)-CE3F4 (MedChemExpress), 100 mM 8-CPT-2Me-cAMP (Tocris), 10 mM

CPI-613 (Cayman), 1 mMCL316,243 (MedChemExpress), 1 mM isoproterenol (Sigma) or respective controls as indicated in the figure

legends. In the experiments where cells were cultured for 24 h in 0% CO2, 25 mM HEPES was added to the medium to maintain a

constant pH at 7.4.

Measurement of tricarboxylic acid cycle metabolites
TCA cycle metabolites were determined after methanol extraction by LC-MS/MS as previously described.37,38 Briefly, metabolites

were extracted from tissueswithmethanol, dried, resuspended inmobile phase, and clearedwith a 0.2 mmcentrifugal filter. Following

elution gradient was used: 99% A (0.2% formic acid in water), 1% B (0.2% formic acid in acetonitrile) for 2 min, 100% B at 2.5–

2.65 min, 1% B at 3.4 min, and equilibration with 1% B until 5 min. Multiple reaction monitoring with negative electrospray ionization

was used for quantification.38

Isolation of mitochondria
Tissues or cells were homogenized in isolation buffer (IB) consisting of 100 mM KCl, 50 mM MOPS, 5 mM MgSO4, 2 mM EGTA,

10 mM Na pyruvate and 10 mM K2HPO4 with a glass Dounce homogenizer (33 10 strokes) on ice. Samples were centrifuged for

8 min at 600 g at 4�C, cell pellets were washed with IB, samples were centrifuged for 8 min at 600 g at 4�C, cell pellets were washed

once more with IB and samples were centrifuged for 12 min at 3,200 g at 4�C. Cell pellets were resuspended in lysis buffer for cAMP

measurement or for western blot. The protein content was measured using Pierce BCA Protein Assay Kit (Thermo Scientific).

cAMP measurement
cAMP amounts were measured in isolatedmitochondrial fractions using a fluorometric competitive ELISAmethod (Abcam) following

manufacturer’s instructions. Fluorescence was measured using the Synergy HT microplate reader (BioTek).

Enzyme activity measurement
NAD+ or NADP+-dependent IDH andOGDHactivities weremeasured using colorimetric assay kits (Abcam andBiomol, respectively).

Absorbance was detected using the Synergy HT microplate reader (BioTek).

Seahorse analysis
OCR measurements were performed with the Seahorse XF Cell Mito Stress Test Kit using a Seahorse XF96 Analyzer (Agilent Tech-

nologies) as previously described.37 Cells were plated at 80,000 cells/well in 0.2% gelatin-precoated XF96 cell culture microplate

(Agilent). The experimental medium used was XF BaseMedium supplemented with glucose (10 mM), pyruvate (1 mM) and glutamine

(2 mM) using 2 mMOligomycin, 2 mM FCCP (carbonylcyanide-p-trifluoromethoxyphenylhydrazone) and 0.5 mM Rotenone/Antimycin

per manufacturer’s instructions.

High-resolution respirometry
Brown adipocytes were treated for 2 hwith LRE1 or (R)-CE3F4, and then they were detached from the culture plates by trypsinization.

One million cells were resuspended in 100 mL Mir05 buffer (0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine (Sigma-Aldrich), 10 mM

KH2PO4, 20 mM HEPES, 1 g/L BSA fatty acid free, 60 mM potassium-lactobionate, 110 mM sucrose, pH 7.1), and added to the

chambers of the oxygraphy-O2K (Oroboros Instruments, Innsbruck, Austria) containing 1.9 mL of Mir05 buffer. Digitonin

(4.05 mM, Sigma-Aldrich) was directly added to the O2K chamber simultaneously with the cells. After approximately 15 min, cells

were completely permeabilized and the OCR was stabilized. Oxygen flux was monitored at the basal level and after stimulation
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with 2 mM malate (Sigma-Aldrich), 5 mM pyruvate (Sigma-Aldrich), 5 mM ADP+Mg2+, and 10 mM succinate (Sigma-Aldrich). Rote-

none (0.5 mM, Sigma-Aldrich), thenoyltrifluoroacetone (TTFA, 12.5 mM, Sigma-Aldrich) and finally antimycin (2.5 mM, Sigma-Aldrich)

were injected to determine the oxygen consumption linked to complex I and complex II activities, respectively. For measurement of

complex IV activity, 0.5 mM tetramethyl-p-phenylenediamine (TMPD, Sigma Aldrich) and 25 mM ascorbate (Sigma Aldrich) were

added. After stabilization of the OCR, Complex IV activity was inhibited by addition of 40 mM sodium azide (Sigma Aldrich) and au-

tooxidation of TMPD was corrected. DatLab software was used for acquisition and analysis of data.

Mitochondrial load and membrane potential assessment
Brown adipocytes were incubated with 400 nM MitoTracker Green FM or 400 nM TMRE (both from Thermo Fisher Scientific) for

30 min at 37�C in dark, as previously described.37,39 FACS was performed using a BD FACSCanto II (BD Biosciences) and analyzed

with the BD FACSDiva Version 6.1.3 software (BD Biosciences).

Cell growth assessment
Primary brown preadipocytes were seeded at a density of 5,000 cells per well in 96well plates. Six hours after seeding and after 1, 2, 4

and 7 days of culture, cell amounts were determined with the PrestoBlue cell viability reagent (ThermoFisher Scientific) per manu-

facturer’s instructions. PrestoBlue cell viability reagent was added 1/10 v/v to the culture medium and cells were incubated for 1

h. Absorbance was measured at 570 nm using a microplate reader (Biotek).

Oil Red O staining
Differentiated primary brown adipocytes were washed twice with PBS, fixedwith 10% formalin for 1 h, rinsed with distilled water, and

stained for 1 h with Oil Red O dye (Sigma-Aldrich) in 60% isopropanol. Then, they were thoroughly rinsed with distilled water and

images were acquired at bright field with an Axio Observer Z1/7 inverted microscope with Apotome mode (Zeiss) and the ZEN

3.2 blue edition software. At least 5 view-fields were imaged per sample. For quantification, the stain was extracted through incuba-

tion with 100% isopropanol for 5 min. Absorbance was measured at 492 nm using a microplate reader (Biotek).

Western blot
Tissues were lysed with 10 mM Tris-HCl, pH7.4 + 1% SDS +1 mM sodium vanadate supplemented with protease inhibitors (cOm-

plete, Mini Protease Inhibitor Cocktail, Roche), cell lysates were centrifuged at 16,000 g for 5min at 4�C, supernatants were collected

and total protein concentration was measured using Pierce BCA Protein Assay Kit (Thermo Scientific). Protein samples were pre-

pared with 53 Reducing Laemmli buffer and denatured at 95�C for 5 min or at 70�C for 10 min (the latter only for the analysis of

OXPHOS proteins). Then, proteins were loaded on a 10% acrylamide gel (Invitrogen) for sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE). PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) was used as a protein size ladder.

The separated proteins were transferred on Amersham Protran nitrocellulose membrane (GE Healthcare Lifescience). To verify equal

protein loading, membranes were stained with Ponceau S (Sigma-Aldrich). After blocking with 5% skimmed milk in TBS-T (0.1%

Tween 20 (Sigma-Aldrich) in 1x Tris-buffered saline) for 1 h at RT, membranes were incubated overnight at 4�C with anti-UCP1

(1:1,000, Abcam), anti-PGC1A (1:1,000, Merck Millipore), anti-total OXPHOS proteins (1:1,000, Abcam), anti-SDHB (1:1,000,

Sigma-Aldrich), anti-b-Actin (1:1,000, Cell Signaling), or anti-Vinculin (1:1,000, Santa Cruz Biotechnology) diluted in 5% BSA in

TBS-T. After washing, membranes were incubated for 1 h at RT with secondary antibodies: goat anti-rabbit IgG HRP-conjugated

(1:3,000; Jackson ImmunoResearch) or goat anti-mouse IgG HRP-conjugated (1:3,000; Jackson ImmunoResearch), diluted in 5%

skimmed milk in TBS-T. The signal was detected using the Western Blot Ultra-Sensitive HRP Substrate (Takara) and imaged using

the Fusion FX Imaging system (PeqLab Biotechnologie).37,39 Band intensity was quantified with the Fiji/ImageJ software.

Quantitative RT – PCR
Total RNA was isolated from frozen BAT with the TRI Reagent (MRC) after mechanical tissue disruption, extracted with chloroform

and the NucleoSpin RNAMini kit (Macherey-Nagel). Total RNA from sorted cells was isolated with the Rneasy PlusMicro Kit (Qiagen)

according to manufacturer’s instructions. cDNA was synthesized with the iScript cDNA Synthesis kit (Biorad) and gene expression

was determined using the SsoFast Eva Green Supermix (Bio-Rad), with a CFX384 real-time System C1000 Thermal Cycler (Bio-Rad)

and the Bio-Rad CFX Manager 3.1 software, as previously described.37 The relative gene expression was calculated using the DDCt

method, 18S was used as a reference gene. Primers are listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean ± SEM. Statistical analysis was performed with Mann-Whitney U test, Student’s t test or one-way

ANOVA with post-hoc Tukey’s test for multiple comparisons with p < 0.05 set as a significance level using the GraphPrism 7.04 soft-

ware. Further information on data presentation and sample numbers is provided in the figure legends.
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