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SUMMARY
Organismal stressors such as cold exposure require a systemic response to maintain body temperature.
Brown adipose tissue (BAT) is a key thermogenic tissue in mammals that protects against hypothermia in
response to cold exposure. Defining the complex interplay of multiple organ systems in this response is
fundamental to our understanding of adipose tissue thermogenesis. In this study, we identify a role for hepat-
ic insulin signaling via AKT in the adaptive response to cold stress and show that liver AKT is an essential cell-
nonautonomous regulator of adipocyte lipolysis and BAT function. Mechanistically, inhibition of forkhead
box O1 (FOXO1) by AKT controls BAT thermogenesis by enhancing catecholamine-induced lipolysis in the
white adipose tissue (WAT) and increasing circulating fibroblast growth factor 21 (FGF21). Our data identify
a role for hepatic insulin signaling via the AKT-FOXO1 axis in regulating WAT lipolysis, promoting BAT ther-
mogenic capacity, and ensuring a proper thermogenic response to acute cold exposure.
INTRODUCTION

The ability tomaintain body temperature is essential for mamma-

lian survival. Upon an organismal stressor such as cold expo-

sure, mammals increase heat production by both shivering and

non-shivering thermogenesis, where the brown adipose tissue

(BAT) serves as the major site for cold-induced non-shivering

thermogenesis (Cannon and Nedergaard, 2004). BAT uses mul-

tiple substrates to convert chemical energy to heat via the highly

enriched mitochondrial uncoupling protein 1 (UCP1), a hallmark

of brown adipocytes. UCP1 resides within the mitochondrial in-

ner membrane of brown adipocytes, and, when activated, UCP1

dissipates the proton gradient generated, increasing electron

transport chain activity and heat production (Jacobsson et al.,

1985).

Upon cold exposure, the sympathetic nervous system (SNS)

triggers the release of the catecholamine norepinephrine (NE),

which acts on b-adrenergic receptors on adipocytes to stimulate

the production of cyclic adenosine monophosphate (cAMP) and

activation of protein kinase A (PKA) (Bartness et al., 2010; Morri-

son et al., 2012). Once activated, PKA coordinates a host of

metabolic actions, including glucose and lipid uptake in BAT to

promote non-shivering thermogenesis (Smith and Horwitz,
This is an open access article under the CC BY-N
1969; Himms-Hagen, 1976; Cannon and Nedergaard, 2004;

Heine et al., 2018). Moreover, PKA signaling induces lipolysis

in the white adipose tissue (WAT) by stimulating the cAMP/

PKA-dependent phosphorylation of hormone-sensitive lipase

(HSL) and perilipin (Egan et al., 1992; Zechner et al., 2012).

Even though cold exposure increases intra-BAT lipolysis (Can-

non and Nedergaard, 2004), this process is not required for the

thermogenic response. Rather, WAT lipolysis is necessary to

provide free fatty acids (FFAs) to fuel the thermogenic response

upon cold exposure when exogenous nutrients are limiting

(Schreiber et al., 2017; Shin et al., 2017).

In addition to the cell-autonomous control of adipocyte func-

tion and activity, the liver is an important systemic regulator of

carbohydrate and lipid homeostasis. Central to liver metabolic

function is the insulin-dependent activation of protein kinase B,

also known as AKT. Three AKT isoforms exist in mammalian sys-

tems (AKT1, AKT2, and AKT3); however, AKT1 and AKT2 are the

dominant functional isoforms in insulin-responsive metabolic tis-

sues such as muscle, adipose tissue, and liver, while AKT3 is

mainly expressed in the brain and testis (Walker et al., 1998;

Cho et al., 2001; Easton et al., 2005; Lu et al., 2012; Shearin

et al., 2016; Jaiswal et al., 2019). Upon insulin stimulation, AKT

is activated in a phosphatidylinositol 3-kinase (PI3K)-dependent
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manner (Burgering and Coffer, 1995; Manning and Toker, 2017).

One of themajor downstream targets of AKT is the family of fork-

head box O (FOXO) transcription factors, in which phosphoryla-

tion by AKT causes acute translocation of FOXO proteins from

the nucleus into the cytoplasm, thus inhibiting the FOXO tran-

scriptional program (Brunet et al., 1999; Kops et al., 1999). This

AKT-dependent inhibition of FOXO is central to the control of he-

patic lipid synthesis and glucose production (Titchenell et al.,

2017). Moreover, insulin inactivation of FOXO1, the main isoform

of the FOXO family in the liver, is necessary for cell-nonautono-

mous control of hepatic glucose production via enhancing insu-

lin sensitivity in the WAT (O-Sullivan et al., 2015; Perry et al.,

2015; Titchenell et al., 2015, 2016; Tao et al., 2018).

In addition to cell-intrinsic signaling mechanisms, hepato-

kines, in particular, fibroblast growth factor 21 (FGF21), are

important regulators of peripheral metabolism (BonDurant and

Potthoff, 2018). FGF21 signals through the cell-surface FGF

receptor 1c (FGFR1c) isoform and its co-receptor b-klotho, a sin-

gle-pass transmembrane protein (Ogawa et al., 2007; Kharito-

nenkov et al., 2008; Suzuki et al., 2008; Ding et al., 2012).

FGF21 activation of the FGFR1c/b-klotho complex leads to

several signaling events, including the phosphorylation of

FGFR substrate 2a and phosphorylation of the Raf-1 and extra-

cellular signal-regulated kinases (ERK1/2) (Kharitonenkov et al.,

2005; Ogawa et al., 2007). In rodents, cold exposure induces

Fgf21 gene expression in BAT, iWAT, and liver, while in humans,

cold exposure increases circulating FGF21 levels (Lee et al.,

2013; Huang et al., 2017; Ameka et al., 2019; Hollstein et al.,

2020). Recent studies suggest that hepatic FGF21 also stimu-

lates BAT activity via central brain action, which in turn increases

sympathetic nerve activity (SNA) in BAT (Ameka et al., 2019).

Recent work demonstrates that during acute cold exposure,

FFAs are liberated from the WAT and lead to the generation of

liver-derived acylcarnitines and triglyceride-rich lipoproteins

(TRL) that are important stimulators of the BAT thermogenic

response (Simcox et al., 2017; Heine et al., 2018). However, sig-

nificant gaps remain in our understanding of how the generation

of these circulating substrates are coordinated and to what

extent the liver is involved in orchestrating this response. New

evidence indicates that insulin levels rise during acute cold expo-

sure (Heine et al., 2018), leading us to hypothesize that hepatic

insulin action is an important integrator of the systemic response

to cold. In this study, we uncover a role for hepatic insulin

signaling via the AKT-FOXO1 axis in regulating WAT lipolysis,
Figure 1. The loss of liver AKT reduces BAT thermogenic capacity

(A) Western blot analysis of phosphorylated (p-)AKT (Ser473/474), p-Akt (Ser474)

60 min and before and after 30 min of CL i.p. injection.

(B) Western blot analysis of AKT1, AKT2, and IGFBP1 from primary hepatocytes a

after AAV8 injection housed at RT.

(C) Hematoxylin and eosin staining of BAT from control and L-AktDKO mice hou

(D) Relative mRNA levels of Ucp1 and Dio2 in BAT from control and L-AktDKO m

(E) Western blot analysis of UCP1 of BAT from control and L-AktDKO mice hous

(F) Rate of oxygen consumption (VO2) of control and L-AktDKOmice housed at 25

5 for L-AktDKO mice).

(G) Core body temperature of control and L-AktDKO mice during a fasting acute

AktDKO mice).

Data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S1 and S2.
maintaining BAT thermogenic capacity, and ensuring a proper

thermogenic response to prolonged fasting and acute cold

exposure.

RESULTS

Hepatic AKT regulates BAT thermogenic capacity
Insulin rises 2-fold and is required for the thermogenic

response to acute cold exposure (Heine et al., 2018). Given

that hepatic insulin signaling is central to the systemic effects

of insulin, we assessed liver insulin signaling by measuring

AKT activation in response to acute cold exposure in mice.

Phosphorylation of AKT at Ser473/474 was significantly

increased within 30 min of cold exposure (Figure 1A). In addi-

tion, a single injection of CL-316,243 (CL) (1 mg/kg), a selective

b3-adrenergic receptor agonist known to pharmacologically

mimic cold exposure (Bloom et al., 1992; Cannon and Neder-

gaard, 2004), stimulated robust AKT phosphorylation in liver

(Figure 1A). Notably, this activation of AKT led to a functional

increase in AKT signaling as shown by increased phosphoryla-

tion of the downstream marker ribosomal protein S6 at Ser240/

244 (Figure 1A).

To evaluate the physiological significance of hepatic AKT stim-

ulation, we generated an inducible knockout of both AKT

isoforms (L-AktDKO) specifically in adult mouse liver. In this

study, we injected 6- to 14-week-old adult Akt1loxp/loxp;Akt2loxp/

loxp mice with an adeno-associated virus (AAV) expressing Cre

recombinase under the control of the thyroxine-binding globulin

(Tbg) promoter for liver specificity (AAV8-TBG-CRE) to generate

L-AktDKOmice (Lu et al., 2012). Floxed littermates were injected

with AAV8-TBG-GFP and served as control mice (control). All ex-

periments were performed 2 weeks post-injection to mitigate

any potential compensatory mechanisms. We confirmed liver-

specific knockout by measuring protein levels of AKT1 and

AKT2 in primary hepatocytes as well as in whole liver tissue (Fig-

ure 1B). Residual of AKT1 protein was observed in liver tissue

from L-AktDKO mice; however, primary hepatocytes isolated

from L-AktDKO mice displayed negligible amounts of both

AKT1 and AKT2 protein, indicating that residual AKT1 expres-

sion is due to non-hepatocyte cells present in tissue liver lysates

(Lu et al., 2012; Titchenell et al., 2016). As expected, both AKT1

and AKT2 protein levels were unaffected in BAT of L-AktDKO

mice, confirming the liver selective effect of the AAV8-TBG

approach (Figure 1B). Furthermore, recent data using single-cell
, and p-S6 (Ser240/244) of liver from control mice housed at RT or 4�C for 30 or

nd liver, and AKT1 and AKT2 of BAT from control and L-AktDKO mice 2 weeks

sed at RT or 4�C for 3 h. Scale bars, 100 mm.

ice housed at RT or 4�C for 3 h (n = 6–10 mice per group).

ed at RT or 4�C for 3 h.
�C after 1mg/kg norepinephrine (NE) i.p. injection (n = 6 for control mice and n =

cold tolerance test for 3 h (RT/4�C) (n = 8 for control mice and n = 9 for L-
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Figure 2. Inhibition of hepatic AKT in-

creases fat mass via increased energy

intake

(A) Body composition of control and L-AktDKO

mice housed at RT (n = 5 per group).

(B) Epididymal (eWAT), inguinal (iWAT), and brown

(BAT) fat pad weights of control and L-AktDKO

mice housed at RT (n = 5–7 per group).

(C) Rate of VO2 consumption of control and L-

AktDKO mice housed at 25�C (n = 7 per group).

(D) Rate of carbon dioxide production (VCO2) of

control and L-AktDKO mice housed at 25�C (n = 7

per group).

(E) Respiratory exchange ratio (RER) of control

and L-AktDKO mice housed at 25�C (n = 7 per

group).

(F) Cumulative food intake of control and L-

AktDKO mice housed at RT before and after

2 weeks post-AAV8 injection (n = 6 for control mice

and n = 7 for L-AktDKO mice).

Data are presented as means ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.
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RNA sequencing (RNA-seq) of mice injected with AAV8-CRE to

induce knockout has further validated this viral approach for

inducible and hepatocyte-specific knockouts in mice (Guan

et al., 2020).

Due to the role of BAT in thermogenesis and cold tolerance, we

first assessed how loss of liver AKT signaling affected BAT

morphology and activity. BAT harvested from ad libitum fed L-

AktDKO mice at room temperature (RT) was paler (data not

shown) and showed a dramatic increase in lipid droplet deposi-

tion (Figure 1C), which correlated with increased expression of

genes involved in fatty acid synthesis (Figures S1A–S1C). To

assess the physiological relevance of these changes in BAT,

we performed an acute cold tolerance test (CTT), which con-

sisted of moving mice from RT to 4�C for up to 5 h without

food. L-AktDKO mice failed to increase Ucp1 and Dio2 gene

expression upon an acute CTT (Figure 1D). This expression

correlated with a significant decrease in UCP1 protein levels in

the BAT of cold-exposed L-AktDKO mice (Figure 1E). To deter-

mine whether these changes in BAT morphology and UCP1

levels affected the thermogenic capacity of L-AktDKO mice,
4 Cell Reports 35, 109128, May 18, 2021
we used metabolic cages to measure ox-

ygen consumption (VO2) upon NE injec-

tion (1 mg/kg). Control mice increased

VO2 ~2-fold, and this response was

markedly blunted in L-AktDKO mice (Fig-

ure 1F). Lastly, L-AktDKO mice displayed

a dramatic increase in cold sensitivity,

losing body temperature rapidly, as

compared to control mice following acute

cold exposure (Figure 1G).

Previous studies have documented

significant systemic and adipose tissue

insulin resistance in L-AktDKO mice (Lu

et al., 2012; Titchenell et al., 2016). There-

fore, we next determined whether these

changes in the BAT of L-AktDKO mice
are driven by insulin resistance in fat tissue. To directly assess

the contribution of adipose tissue insulin signaling, we generated

mice lacking Akt2 specifically in fat cells (F-AKT2KO) and sub-

jected these mice to the same cold-induced thermogenic chal-

lenges. Similar to other models of reduced adipose tissue insulin

signaling (Tang et al., 2016), these mice failed to increase insulin

signaling in epididymal WAT (eWAT) following insulin stimulation

(Figure S2A). However, neither cold sensitivity nor UCP1 protein

levels were affected in F-AKT2KO mice, demonstrating that

reduced insulin signaling in fat cells per se is not sufficient to alter

the thermogenic response, BAT lipid content, or adipose tissue

lipolysis during cold challenge (Figures S2B–S2F). Overall, these

data demonstrate that hepatic AKT signaling regulates the BAT

thermogenic response andmaximal thermogenic capacity, inde-

pendent of AKT signaling directly in fat cells.

Hepatic AKT signaling regulates fat mass by increasing
food intake
Given the dysfunction of BAT in L-AktDKO mice, we measured

the effects on body mass and body composition. Ad libitum
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fed L-AktDKO mice 2 weeks after AAV8 injection showed a

significant increase in total body mass, mainly reflected in

increased fat mass (Figure 2A). This increase in fat mass corre-

lated to an ~0.1-g increase in eWAT and iWAT mass as well as

an ~0.05-g increase in BAT mass when compared to control

mice (Figure 2B). Next, we determined whether the increased

body mass of L-AktDKO mice was due to increased energy

consumption or a reduction in energy expenditure. We placed

control and L-AktDKO mice in metabolic cages to measure the

rate of VO2 consumption and the rate of carbon dioxide pro-

duction (VCO2). L-AktDKO mice had modestly elevated VO2,

VCO2, and respiratory exchange ratio (RER) during the light cy-

cle, consistent with elevated body mass (Figures 2C–2E). Next,

we measured food intake prior to AAV8 injection and 2 weeks

post-injection. Akt1loxp/loxp;Akt2loxp/loxp mice showed no differ-

ence in food intake before AAV8 delivery; however, 2 weeks

post-injection L-AktDKO mice displayed a significant increase

in cumulative food intake (Figure 2F). Collectively, these data

indicate that inhibition of hepatic AKT increases body weight

by increasing food intake, rather than decreasing energy

expenditure.

Inhibition of hepatic FOXO1 by AKT is required for
proper BAT thermogenic capacity
AKT signals through many downstream signaling pathways to

regulate systemic metabolism. In liver, the phosphorylation and

inhibitionof theFOXOtranscription factorsare importantdetermi-

nants of glucose and lipid homeostasis (Titchenell et al., 2017).

FOXO1, the main isoform of the FOXO family in hepatocytes, is

known to be active in insulin-resistant mouse models (Aoyama

et al., 2006; Titchenell et al., 2016). Consistent with previous re-

ports, L-AktDKO mice have increased IGFBP1 levels, a direct

transcriptional targetof FOXO1 (Figure1B). Todeterminewhether

increased hepatic FOXO1 in L-AktDKOmice was responsible for

the decreased thermogenic response, we injected AAV8-TBG-

CRE intoAkt1loxp/loxp;Akt2loxp/loxp; FoxO1loxp/loxpmice to generate

L-AktFoxo1TKO (Lu et al., 2012) and AAV8-TBG-GFP to litter-

mate mice to serve as controls. Following AAV8-TBG-CRE

injection, AKT1, AKT2, and FOXO1 protein levels were ablated

in isolated primary hepatocytes fromL-AktFoxo1TKOmice; how-

ever, there was no change in expression of these proteins in the

BAT (Figure 3A). Two weeks post-injection, both control and L-

AktFoxo1TKO mice displayed identical body and adipose tissue

mass (eWATand iWAT), andonly amodest increase inBATmass,

which is in stark contrast to the previously described L-AktDKO

mice (Figures 2B, 3B, and 3C). Unlike L-AktDKO mice, BAT

from L-AktFoxo1TKO mice appeared histologically normal and

expressed normal levels of UCP1protein at bothRT and 4�C (Fig-

ures 3D and 3E). Moreover, L-AktFoxo1TKO mice had a normal

increase in the oxygen consumption response upon NE injection

and were able to defend their body temperature during an acute

CTT (Figures 3F and 3G). These data indicate that AKT inhibition

of hepatic FOXO1 is required for regulation of body mass, BAT

thermogenic capacity, and acute cold tolerance.

Next, we sought to determine whether increased hepatic

FOXO1 was sufficient to impair adipose tissue thermogenesis.

We injected Foxo1AAAloxp/loxp mice (Ouyang et al., 2012) with

AAV8-TBG-CRE/GFP to generate mice with acute, liver-specific
activation of FOXO1 (L-Foxo1AAA) or control mice, respectively.

L-Foxo1AAA mice lack the AKT-dependent inhibition by having

its regulatory phosphorylation sites mutated to alanine leading

to constitutive activity. We confirmed increased liver FOXO1 ac-

tivity and specificity by observing only increased liver gene

expression and protein levels of IGFBP1, a direct FOXO1 tran-

scriptional target, and not in BAT (Figures S3A–S3C). Two weeks

post-injection, L-Foxo1AAA mice displayed impaired glucose

tolerance and fasting hyperinsulinemia (Figure S3D and S3E),

indicating an insulin-resistant phenotype as previously

described by Terry Unterman’s group using a congenital liver-

specific Foxo1AAA mouse model (Zhang et al., 2006). Consis-

tent with our findings in L-AktDKO mice, L-Foxo1AAA mice

showed impaired cold tolerance and decreased UCP1 protein

levels in BAT (Figures S3F and S3G). This reduction in cold toler-

ance correlated with a significant reduction in FFA serum levels

(Figure S3H), further supporting the important role for hepatic

FOXO1 signaling downstream of AKT in the regulation of

thermogenesis.

Liver AKT signaling regulates catecholamine-induced
lipolysis
In addition to intrinsic BAT mechanisms, WAT lipolysis is

required to maintain body temperature during cold exposure,

as mice with adipocyte-specific loss of the lipolysis regulators

adipocyte triglyceride lipase (ATGL) or CGI-58 exhibit profound

cold sensitivity (Schreiber et al., 2017; Shin et al., 2017). Given

the similarities with the L-AktDKOmouse phenotype, we hypoth-

esized that catecholamine-induced lipolysis may be impaired in

L-AktDKO mice. To test this hypothesis, we measured serum

FFA and glycerol levels in response to an intraperitoneal (i.p.) in-

jection of CL (1 mg/kg). L-AktDKO mice displayed a blunted rise

in FFA levels in response to CL, as compared to control and L-

AktFoxo1TKO mice (Figure 4A). Similar to CL administration, L-

AktDKO mice exposed to an acute CTT showed a significant

reduction in serum FFAs when compared to control and L-Akt-

Foxo1TKO mice; this correlated with a decrease in hepatic tri-

glyceride content, suggesting reductions in WAT lipolysis and

liver fatty acid re-esterification (Figures 4B and 4C). Consistent

with defective WAT lipolysis in L-AktDKO mice, phosphorylation

of PKA substrates, phosphorylation of HSL at Ser660 and phos-

phorylation of perilipin at Ser522 were decreased in eWAT of L-

AktDKOmice following acute cold exposure (Figures 4D and 4E).

Villanueva’s group showed that cold-induced activation of WAT

lipolysis is required to increase acylcarnitines for BAT thermo-

genesis (Simcox et al., 2017). Concordant with the impaired

lipolysis observed in L-AktDKO mice, the serum levels of

numerous acylcarnitines were downregulated upon acute cold

exposure in L-AktDKO mice compared to control mice

(Figure S4A).

Surprisingly, glycerol levels of L-AktDKO mice did not track

with changes in serum FFAs (Figure S5A). Since the liver is a

large consumer of glycerol, and hepatic insulin signaling is

known to be involved in glycerol metabolism, we determined

whether L-AktDKO mice have defective glycerol clearance. In

support of this notion, L-AktDKO mice were glycerol intolerant

when subjected to a glycerol tolerance test (Figure S5B), and

this correlated with decreased hepatic gene expression of Gk,
Cell Reports 35, 109128, May 18, 2021 5
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Figure 3. The loss of hepatic FOXO1 is suf-

ficient to rescue thermogenic capacity in L-

AktDKO mice

(A) Western blot analysis of AKT1, AKT2, and

FOXO1 from primary hepatocytes and BAT from

control and L-AktFoxo1TKO mice 2 weeks after

AAV8 injection housed at RT.

(B) Body mass of control and L-AktFoxo1TKO

mice housed at RT (n = 9 for control mice and n =

11 for L-AktFoxo1TKO mice).

(C) Epididymal (eWAT), inguinal (iWAT), and brown

(BAT) fat pad weights of control and L-AktFox-

o1TKO mice housed at RT (n = 7 for control mice

and n = 8 for L-AktFoxo1TKO mice).

(D) Hematoxylin and eosin staining of BAT from

control and L-AktFoxo1TKOmice housed at RT or

4�C for 5 h. Scale bars, 100 mm.

(E) Western blot analysis of UCP1 of BAT from

control and L-AktFoxo1TKOmice housed at RT or

4�C for 5 h.

(F) Rate of VO2 of control and L-AktFoxo1TKO

mice housed at 25�C after 1 mg/kg NE i.p. injec-

tion (n = 4 for control mice and n = 7 for L-Akt-

Foxo1TKO mice).

(G) Core body temperature of control and L-Akt-

Foxo1TKO mice during a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 7 for control

mice and n = 9 for L-AktFoxo1TKO mice).

Data are presented as means ± SEM. *p < 0.05.

See also Figure S3.
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Gpd1, and Gpd2 (Figure S5C). Therefore, serum glycerol mea-

surements are a poor indicator of adipose tissue lipolysis in

mice lacking hepatic AKT signaling due to abnormalities in glyc-

erol clearance. Taken together, these data indicate that loss of

hepatic AKT signaling impairs catecholamine-stimulated lipol-

ysis, an effect that is dependent on intact liver FOXO1 signaling.

To determine whether impaired catecholamine-induced lipol-

ysis in L-AktDKO mice lowers core body temperature under

other physiological conditions such as prolonged fasting, we

starved control and L-AktDKO mice for 24 h and measured

core body temperature and FFAs immediately upon food

removal and 24 hours later. L-AktDKOmice showed a significant
6 Cell Reports 35, 109128, May 18, 2021
decrease of ~0.5�C of core body temper-

ature when compared to control mice at

baseline and a further decrease of ~1�C
after 24 h of fasting (Figure 4F). The

decreased core body temperature

tracked with lowered FFA levels both at

0 and 24 h of fasting (Figure 4G). Taken

together, these data indicate that

L-AktDKO mice have impaired cate-

cholamine-induced lipolysis that is

associated with reduced core body

temperature.

Next, we wanted to address whether

providing exogenous nutrients would be

sufficient to rescue the cold sensitivity

observed in L-AktDKO mice. Therefore,

we performed an acute CTT in which L-
AktDKO mice were either fasting for the duration of the experi-

ment or ad libitum fed. As previously observed in Figure 1G,

food deprived L-AktDKO mice were cold sensitive. However,

cold tolerance was rescued in ad libitum fed L-AktDKO mice

(Figure 4H), suggesting that the cold sensitivity developed by

L-AktDKO mice upon acute cold exposure is associated with

depletion of circulating energy substrates. This rescue in cold

tolerance by food was independent of changes of UCP1 protein

levels (Figure 4I). Lastly, we addressed whether the impairment

in catecholamine-induced lipolysis observed in WAT of

L-AktDKO mice was due to a tissue-autonomous or -nonauton-

omous mechanism. We performed a lipolysis ex vivo assay in
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Figure 4. L-AktDKO mice fail to respond to catecholamine-induced lipolysis in WAT

(A) NEFA serum levels of control, L-AktDKO, and L-AktFoxo1TKO mice housed at RT before and after 30 min of CL i.p. injection (n = 5–9 per group).

(B) NEFA serum levels of control, L-AktDKO, and L-AktFoxo1TKO mice after a fasting acute cold tolerance test for 5 h (RT/4�C) (n = 6–15 per group).

(C) Hepatic triglyceride content of control, L-AktDKO, and L-AktFoxo1TKO mice after a fasting acute cold tolerance test for 5 h (RT/4�C) (n = 7–20 per group).

(D) Western blot analysis of p-PKA substrate of eWAT from control and L-AktDKO mice after a fasting acute cold tolerance test for 5 h (RT/4�C).
(E) Western blot analysis of p-HSL (Ser660), and p-perilipin (Ser522) of eWAT from control and L-AktDKO mice after a fasting acute cold tolerance test for 5 h

(RT/4�C).
(F) Core body temperature change of control and L-AktDKOmice housed at RT before and 24 h after fasting (n = 11 for control mice and n = 8 for L-AktDKOmice).

(G) NEFA serum levels of control and L-AktDKO mice housed at RT before and 24 h after fasting (n = 6 for control mice and n = 5 for L-AktDKO mice).

(H) Core body temperature of control and L-AktDKOmice during a fasting acute cold tolerance and L-AktDKOmice during ad libitum fed acute cold tolerance test

for 5 h (RT/4�C) (n = 8 for control mice and n = 7 for L-AktDKO mice per condition).

(legend continued on next page)
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which glycerol and FFA levels were measured in the media of

eWAT explants upon CL treatment. Explants of eWAT from L-

AktDKO mice induced glycerol and FFA levels to a similar extent

as control mice (Figure 4J), suggesting that the impaired cate-

cholamine-induced lipolysis is due to a tissue-extrinsic

mechanism.

Induction of FGF21 by hepatic insulin signaling plays a
key role in acute cold sensitivity
Collectively, our data show that the hepatic AKT-FOXO1axis reg-

ulates BAT thermogenic capacity and catecholamine-stimulated

lipolysis. Therefore, we focused on candidate hepatokines that

may be involved in thermoregulation as well as lipolysis. Endog-

enous FGF21 increases upon acute cold exposure (Lee et al.,

2013; Ameka et al., 2019) and signals to the central nervous sys-

tem to regulate core body temperature (Ameka et al., 2019). Pre-

vious work suggests that FGF21 expression and secretion are

regulated by AKT (Izumiya et al., 2008) and, combined with our

data, indicates a potential link between hepatic AKT-FOXO1

signaling and FGF21 production to regulate adipose tissue ther-

mogenesis and lipolysis. Consistent with this notion, L-AktDKO

mice showed a significant reduction in liver Fgf21 gene expres-

sion compared to control and L-AktFoxo1TKO mice at RT (Fig-

ure 5A). Moreover, L-AktDKO mice failed to stimulate Fgf21

gene expression in response to acute cold exposure (Figure 5A).

This reduction in Fgf21 gene expression correlated to a ~75%

reduction in FGF21 serum levels in L-AktDKO mice (Figure 5B).

Strikingly, both hepatic gene expression and circulating levels

of FGF21 were normal in L-AktFoxo1TKO mice (Figures 5A and

5B). Additionally, L-AktDKO mice tended to have decreased

Fgf21 gene expression in WAT and BAT when compared to con-

trol mice; however, it did not reach statistical significance (Fig-

ures S6A–S6C), indicating that the main effect of hepatic insulin

signaling is on liver-derived FGF21.

Due to the discrepancy between the pharmacological and

physiological role of FGF21 in both thermogenesis and lipolysis,

we focused on the physiological role of FGF21 and determined

whether hepatic AKT-FOXO1 controls thermogenesis and

catecholamine-induced lipolysis via liver-derived FGF21. To

address this question, we used a genetic approach and crossed

Akt1loxp/loxp;Akt2loxp/loxp;FoxO1loxp/loxp mice with Fgf21loxp/loxp

mice to generate Akt1loxp/loxp;Akt2loxp/loxp;FoxO1loxp/loxp;

Fgf21loxp/loxp mice. These mice were injected with AAV8-TBG-

CRE to generate mice lacking AKT1, AKT2, FOXO1, and

FGF21 in the liver (L-AktFoxo1Fgf21QKO), and floxed littermates

were injected with AAV8-TBG-GFP to serve as control mice (Fig-

ures 5C and 5D). First, we addressed the thermogenic capacity

of L-AktFoxo1Fgf21QKO mice by measuring VO2 consumption

in response to NE injection. L-AktFoxo1Fgf21QKO mice dis-

played a significant reduction in VO2 consumption upon NE

compared to control mice, suggesting an impairment in BAT
(I) Western blot analysis of UCP1 of BAT from control and L-AktDKO mice after a

tolerance test for 5 h.

(J) Glycerol and NEFA media levels of control and L-AktDKO mice eWAT fat pads

AktDKO mice).

Data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S4, S5, S7, and S8.
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thermogenic capacity (Figure 5E). When subjected to an acute

CTT, L-AktFoxo1Fgf21QKO mice displayed mildly impaired

cold tolerance compared to control mice (Figure 5F). This cold

sensitivity did not correlate with decreased UCP1 protein levels

in BAT (Figure 5G), but it was consistent with previous work

demonstrating that FGF21 regulates BAT thermogenesis

through sympathetic nerve activity (Ameka et al., 2019). Non-

esterified fatty acid (NEFA) serum levels and hepatic triglyceride

content of L-AktFoxo1Fgf21QKO mice were significantly

increased compared to control mice despite cold intolerance

(Figures 5H and 5I). Notably, the increase in hepatic triglycerides

in L-AktFoxo1Fgf21QKOmice could also be attributed to FOXO1

inhibition, as L-AktFoxo1TKO mice have increased levels of liver

triglycerides during cold exposure without increased FFAs as

compared to control mice (Figures 4B and 4C). Nevertheless,

these results align with studies indicating an inhibitory role for

FGF21 on lipolysis (Arner et al., 2008; Li et al., 2009; Geng

et al., 2019) andindicate that a FGF21-independent mechanism

must exist for liver AKT to regulate adipocyte lipolysis cell-non-

autonomously. Collectively, our data show that hepatic liver

insulin signaling regulates thermogenesis during thermal chal-

lenge via FGF21-upregulation of BAT activity and by a FGF21-in-

dependent signal that controls adipocyte lipolysis. This demon-

strates an essential role for the hepatic insulin-AKT-FOXO1 axis

in the control of mammalian thermogenesis.

DISCUSSION

BAT confers an evolutionary advantage to mammals by playing

an important and well-established role in non-shivering thermo-

genesis (Cannon and Nedergaard, 2004). While BAT in humans

was long thought to be present exclusively in infants, recent

work revealed that it is also present in adults (Cypess et al.,

2009; Lee et al., 2010). Human studies show that BAT thermo-

genesis after cold training is associated with increased oxidative

capacity, insulin sensitivity, and decreased body fat mass (Yone-

shiro et al., 2013; Blondin et al., 2014; Lee et al., 2014). The ability

of the BAT to increase energy expenditure hasmade it a potential

target to combat obesity and associated diseases (Seale and

Lazar, 2009). However, major gaps remain in our understanding

of BAT regulation, including how other metabolic organs, such

as the liver, coordinate the supply of hepatokines and energy

substrates to activate and fuel BAT thermogenesis. Elucidating

these mechanisms will provide relevant and missing funda-

mental knowledge to the liver’s response to acute cold expo-

sure, in addition to providing an understanding of the inter-tissue

communication system that mobilizes energy for heat

production.

In this study, we tested the direct role of hepatic insulin

signaling via AKT in the regulation of adipose tissue biology dur-

ing acute cold exposure. Consistent with increased insulin levels
fasting acute cold tolerance and L-AktDKO mice after ad libitum fed acute cold

before and after 100 mM CL treatment (n = 3 for control mice and n = 4 for L-
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Figure 5. Hepatic AKT-FOXO1 regulates

liver-derived FGF21 and plays a key role in

cold sensitivity

(A) Relative mRNA levels of Fgf21 in liver from

control, L-AktDKO, and L-AktFoxo1TKO mice

housed at RT or after a fasting acute cold toler-

ance test for 5 h (RT/4�C) (n = 5–14 per group).

(B) FGF21 serum levels of control, L-AktDKO, and

L-AktFoxo1TKO mice after a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 9 per group).

(C) Relative mRNA levels of Akt2, Foxo1, and

Fgf21 in liver from control and L-AktFox-

o1Fgf21QKO mice after a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 6 for control

mice and n = 7 for L-AktFoxo1Fgf21QKO mice).

(D) FGF21 serum levels of control and L-AktFox-

o1Fgf21QKO mice after a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 6 for control

mice and n = 7 for L-AktFoxo1Fgf21QKO mice).

(E) Rate of VO2 of control and L-AktFox-

o1Fgf21QKO mice housed at 25�C after 1 mg/kg

NE i.p. injection (n = 7 for control mice and n = 6 for

L-AktFoxo1Fgf21QKO mice).

(F) Core body temperature of control and L-Akt-

Foxo1Fgf21QKO mice during a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 8 per group).

(G) Western blot analysis of UCP1 of BAT from

control and L-AktFoxo1Fgf21QKO mice after a

fasting acute cold tolerance test for 5 h (RT/4�C).
(H) NEFA serum levels of control and L-AktFox-

o1Fgf21QKO mice after a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 7 for control

mice and n = 8 for L-AktFoxo1Fgf21QKO mice).

(I) Hepatic triglyceride content of control and L-

AktFoxo1Fgf21QKOmiceafter a fasting acute cold

tolerance test for 5 h (RT/4�C) (n = 7 for control

mice and n = 9 for L-AktFoxo1Fgf21QKO mice).

Data are presented as means ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.

See also Figure S6.
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upon acute cold exposure (Heine et al., 2018), our data reveal

that liver AKT signaling is activated by cold and intact insulin

signaling in liver is required for adipose tissue thermogenesis.

In this study, we show a role for liver AKT-FOXO1 signaling in

coordinating the response to cold exposure by two independent

mechanisms: by regulating availability of energy substrates from

the WAT and by producing the hepatokine FGF21 to enhance

BAT function.

In response to cold exposure, the BAT uses different sub-

strates to convert chemical energy to heat (Heine et al., 2018).

Recent studies have challenged the popular idea that lipolysis

and lipid droplets in brown adipocytes are required for BAT ther-

mogenesis. There is increasing evidence that WAT lipolysis is

required to fuel non-shivering thermogenesis during fasting con-

ditions (Schreiber et al., 2017; Shin et al., 2017; Chitraju et al.,

2020). Consistent with this notion, our data indicate that liver
AKT-FOXO1 signaling is required for

proper catecholamine-induced lipolysis

and defense of body temperature during

an acute cold challenge. This cell-nonau-
tonomous regulation of liver insulin signaling on WAT is consis-

tent with FOXO1-dependent regulation on WAT previously re-

ported (Perry et al., 2015; Titchenell et al., 2016; Tao et al.,

2018). Given the robust regulation of FGF21 gene expression

by liver AKT-FOXO1signaling,wehypothesized that liver-derived

FGF21 was a key hepatokine involved in this response. Signifi-

cant controversy exists regarding the role of FGF21 in lipolysis,

with some studies suggesting a lipolysis-promoting effect (Ina-

gaki et al., 2007;Badmanet al., 2009),while other studies indicate

an inhibitory role (Arner et al., 2008; Li et al., 2009; Geng et al.,

2019).

To address this directly, we generated a liver-specific

knockout of AKT1/2, FOXO1, and FGF21 to examine whether

FOXO1 regulation of liver FGF21 directly affects WAT lipolysis.

Surprisingly, our data showed that loss of FGF21 increases

WAT lipolysis, as measured by circulating FFA levels in
Cell Reports 35, 109128, May 18, 2021 9
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response to a cold challenge. These results are in agreement

with an inhibitory role of liver FGF21 on WAT lipolysis and sug-

gest that FGF21-independent mechanisms mediate the im-

provements of the catecholamine response following deletion

of FOXO1 in L-AktDKO mice. Another possible explanation for

the impaired catecholamine response observed in L-AktDKO

mice is decreased expression of b-adrenergic receptors.

However, lipolysis stimulation ex vivo or gene expression of

b-adrenergic receptors from BAT and WAT from control, L-

AktDKO, and L-AktFoxo1TKO mice showed no significant

changes, indicating that a defect in receptor expression

does not underlie this effect (Figure 4J; Figures S7A–S7C).

In addition, it is also plausible that reduced UCP1 expression

per se in L-AktDKO mice can negatively affect the catechol-

amine response and adaptive thermogenesis (Matthias

et al., 2000). Lastly, studies by Saltiel and colleagues have

observed catecholamine resistance and decreased WAT lipol-

ysis in obesity, caused by WAT inflammation and activation of

phosphodiesterase 3B (PDE3B) by the protein kinases IKKε

and TBK1 (Mowers et al., 2013). Consistent with this observa-

tion, we observed an increase in IL-1b gene expression, a

known pro-inflammatory cytokine in the WAT of L-AktDKO

mice, suggesting that inflammation may contribute to the

anti-lipolysis effects (Figure S8A). Nevertheless, future studies

will address the direct mechanism of how liver AKT-FOXO1

signaling regulates adipose tissue metabolic flexibility,

including its regulation of catecholamine-induced lipolysis

and UCP1 expression.

In addition to lipolysis, the physiologic role of endogenous

FGF21 in controlling thermogenesis is debated. Two impor-

tant studies have directly evaluated the role of liver-derived

FGF21 in thermoregulation (Huang et al., 2017; Ameka et al.,

2019). In both studies the same mouse model (strain and

age) was used; however, different conclusions were re-

ported. Huang et al. (2017) argued that loss of FGF21 in

the liver did not have an effect on thermoregulation. In

contrast, Ameka et al. (2019) demonstrated that loss of liver

FGF21 affects thermoregulation following acute short-term

cold exposure. In our study, we sought to determine the

role of endogenous FGF21 in thermoregulation downstream

of hepatic insulin action. We performed loss-of-function ex-

periments that indicated FOXO1 is an important regulator of

FGF21 expression, and this is required for proper cold toler-

ance and BAT thermogenic capacity. However, these effects

were independent of changes in UCP1 and WAT lipolysis,

suggesting that additional FGF21-independent mechanisms

must exist to mediate the control of WAT lipolysis by liver

AKT-FOXO1 signaling. These data support the work of

Ameka et al. (2019) that liver-derived FGF21 plays a role

in the acute cold response and BAT sympathetic nerve ac-

tivity, rather than directly affecting UCP1 expression and

generation of circulating nutrients. In addition, our data sup-

port the concept that liver FGF21, the main contributor of

circulating FGF21 (Markan et al., 2014), is under the direct

control of hepatic insulin signaling via an AKT-FOXO1-

dependent mechanism. This insulin control of FGF21

expression is consistent with human studies as well as in

other mouse models with genetic deletion of hepatic
10 Cell Reports 35, 109128, May 18, 2021
FOXO1 (Haeusler et al., 2010; Ling et al., 2018; Samms

et al., 2017).

In summary, maintaining core body temperature during cold

exposure is essential for survival in mammals and requires

proper inter-organ communication. In recent years, a series of

seminal reports have begun to delineate the mechanisms of

how this inter-organ communication is critical for the acute

response to cold challenge (Schreiber et al., 2017; Shin et al.,

2017; Simcox et al., 2017; Heine et al., 2018; Ameka et al.,

2019). In this study, we showed a role for hepatic insulin action

in response to acute cold exposure and the cell-nonautonomous

regulation of adaptive thermogenesis. Mechanistically, we show

that liver insulin signaling via the AKT-FOXO1 axis orchestrates

the systemic thermogenic response to acute cold by regulating

catecholamine-induced lipolysis in the WAT and inducing the

BAT thermogenesis response via FGF21-dependent and -inde-

pendent mechanisms.
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Antibodies

UCP1 R&D Systems Cat# MAB6158; RRID:AB_10572490

HSP90 Cell Signaling Technology Cat# 4874; RRID:AB_2121214

AKT1 Cell Signaling Technology Cat# 2938; RRID:AB_915788

AKT2 Cell Signaling Technology Cat# 2964; RRID:AB_331162

HSL Cell Signaling Technology Cat# 4107; RRID:AB_2296900

P-HSL (Ser660) Cell Signaling Technology Cat# 4126; RRID:AB_490997

Perilipin Cell Signaling Technology Cat# 9349; RRID:AB_10829911

P-Perilipin (Ser522) Vala Sciences Cat# NC0859674

IGFBP1 Santa Cruz Cat# sc-6000; RRID:AB_2123087

P-PKA Substrate Cell Signaling Technology Cat# 9624; RRID:AB_331817

P-AKT1/2 (Ser473/Ser474) Cell Signaling Technology Cat# 4060; RRID:AB_2315049

P-AKT2 (Ser474) Cell Signaling Technology Cat# 8599; RRID:AB_26303478

S6 Cell Signaling Technology Cat# 2217; RRID:AB_331355

P-S6 (Ser240/244) Cell Signaling Technology Cat# 2215; RRID:AB_331682

P-PRAS40 (Thr246) Cell Signaling Technology Cat# 2997; RRID:AB_2258110

Bacterial and virus strains

AAV8-TBG-CRE University of Pennsylvania Vector Core N/A

AAV8-TBG-eGFP University of Pennsylvania Vector Core N/A

Biological samples
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Murine Brown Adipose Tissue This Paper N/A

Murine White Inguinal Adipose Tissue This Paper N/A

Murine Epididymal Adipose Tissue This Paper N/A

Chemicals, peptides, and recombinant proteins

CL 316,243 Sigma-Aldrich C5976

Norepinephrine Sigma-Aldrich A9512

FluoroBrite DMEM Thermo Fisher Scientific A1896701

Protease Inhibitor Cocktail Tablets Roche 04693159001

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich P5726-5ML

Phosphatase Inhibitor Cocktail 3 Sigma-Aldrich P0044-5ML

M-MuLV New England Biolabs M0253L

SYBR Green Fisher Scientific 4368702

Glycerol MP Biomedicals 800688

10% Buffered Formalin Fisher Scientific SF100-4

TRIzol Fisher Scientific 10-296-028

Critical commercial assays

Free Glycerol Reagent Sigma-Aldrich F6428

Infinity Triglyceride Reagent Thermo Scientific TR22421

NEFA-HR (2) Reagent A Wako Chemicals 999-34691

NEFA-HR (2) Reagent B Wako Chemicals 991-34891

NEFA-HR (2) Solvent A Wako Chemicals 995-34791

NEFA-HR (2) Solvent B Wako Chemicals 993-35191

Insulin ELISA Crystal Chem 90080
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Paul M.

Titchenell (ptitc@pennmedicine.upenn.edu).

Materials availability
This study did not generate new reagents. Mouse lines for this study are available from the lead contact with a completed materials

transfer agreement.

Data and code availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice used in all experiments were on a C57/B6J background and were males. To generate Akt1loxp/loxp; Akt2loxp/loxp; Fox-

o1loxp/loxp; Fgf21loxp/loxp we crossed Akt1loxp/loxp; Akt2loxp/loxp; Foxo1loxp/loxp mice with Fgf21loxp/loxp (kind gift from Dr. Soccio,

UPenn). Akt1loxp/loxp; Akt2loxp/loxp, Akt1loxp/loxp; Akt2loxp/loxp; Foxo1loxp/loxp, Foxo1AAAloxp/loxp mice (kind gift Ming Li, Sloan Ket-

tering) and Akt1loxp/loxp; Akt2loxp/loxp; Foxo1loxp/loxp; Fgf21loxp/loxp were injected at 6-14 weeks of age with 1011 genomic copies of

adeno-associated virus 8 expressing either GFP or Cre recombinase under the liver-specific promoter, thyroxine-binding glob-

ulin (TBG), per mouse to generate Control, L-AktDKO, L-AktFoxo1TKO, L-Foxo1AAA, and L-AktFoxo1Fgf21QKO mice (Lu et al.,

2012; Ouyang et al., 2012). The Control group consisted of GFP-injected littermates floxed for each group. Experiments were

performed 2-weeks post AAV8-injection. AdipoqCre-positive male mice heterozygous for Akt2loxp/loxp were bred to females ho-

mozygous for Akt2loxp/loxp (Leavens et al., 2009), to generate AdipoqCre-positive experimental mice homozygous for Akt2loxp/loxp

(F-AKT2KO) and AdipoqCre-negative male mice homozygous for Akt2loxp/loxp that served as Controls that were used at the ages
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of 8-14 weeks for experiment. All mice were housed at RT (22�C) unless specified otherwise. Animal use followed all standard

and guidelines of the Institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania.

Primary hepatocyte isolation
Hepatocytes were isolated from 8-14 weeks random fed mice 2-weeks post AAV8-injection using a two-step collagenase/DNase

digestion protocol (Titchenell et al., 2015) and plated in M199 media containing 5mM glucose, 10% FBS, 500nM dexamethasone,

1%Pen/Strep, and 100 nM insulin. Following attachment, cells were changed toM199media containing 5mMglucose, 500nMdexa-

methasone. Cells were lysed in RIPA buffer described below and subjected to western blot analysis.

METHOD DETAILS

Cold tolerance test
Mice were transferred from room temperature to single houses at 4�C. Rectal temperature weremeasured every hour andmice were

sacrificed after a 10-degree dropout of initial temperature or up to 5 hours at 4�C.

Body temperature
Core body temperature was measured in mice using a rectal probe (Type T Thermocouple Meter; 91428-02).

Thermogenic capacity and energy expenditure
For thermogenic capacity measurement, CLAMS metabolic chambers (Columbus Instruments) were warmed to 25�C. Mice were

placed in chambers and sedated with 75 mg/kg Pentobarbital. After 3 rounds of reading, mice were injected with 1 mg/kg NE

intra-peritoneally and VO2wasmeasured until mice woke up. For basal energy expenditure, mice were placed into CLAMSmetabolic

chambers warmed to 25�C. Oxygen consumption and carbon dioxide production were calculated asml/hr. For NE response, oxygen

consumption was normalized to initial Control mice response (T0’).

Food intake
Cumulative food intake was determined by manually weighing the food from single cages every six days.

Lipolysis in vivo upon CL 316,243 injection
Ad-libitum fed mice were sedated with 75 mg/kg Pentobarbital. After, mice were injected with 1mg/kg of CL 316,243 intra-peritone-

ally. Retro-orbital blood collection took place before and 30 min after CL injection, to measured FFA serum levels.

Lipolysis ex vivo

Fresh eWAT depots were dissected from ad-libitum fedmice and put into FluoroBrite DMEM. The depots were then cut into 4-6 small

similar-sized pieces and transferred into 150 mL FluoroBrite DMEM supplemented with 2% FA-free BSA in 96-well plates for 30 min

for pre-incubation. To analyze basal lipolysis, tissues were transferred into 150 mL of fresh FluoroBrite DMEM supplemented with 2%

FA-free BSA for 60 min. Then, the tissues were transferred and pre-incubated for 30 min in 150 mL FluoroBrite DMEM supplemented

with 2% FA-free BSA in the presence of 100 mM CL 316,243. To analyze stimulated lipolysis, tissues were transferred into 150 mL

fresh FluoroBrite DMEM supplemented with 2% FA-free BSA and 100 mM of CL 316,243 for another 60 min. Glycerol content

was analyzed by combining 5 mL of supernatant and 200 mL of Free Glycerol Reagent and incubating for 15 min at room temperature

before measuring absorbance at 540 nm. At the end of the experiment, the tissue pieces were delipidated by CHCL3 extraction and

solubilized in 0.3 N NaOH/0.1% SDS at 65�C overnight. Protein content was determined using Pierce BCA Protein assay. Results are

expressed as mmol of glycerol per mg of tissue protein.

Body composition analysis
Body weight and body composition were measured using EchoMRI 3-in-1 system nuclear magnetic resonance spectrometer (Echo

Medical Systems).

Western blotting
Adipose tissue samples were homogenized in RIPA (50mM Tris HCl, 1% Triton x100, 0.5% Sodium deoxycholate, 0.1% SDS,

150 mM NaCl, 2 mM EDTA) buffer supplemented with protease inhibitor cocktail tablets, and phosphatase inhibitor cocktail II and

III in a TissueLyser (QIAGEN). Samples were separated on 4%–15% Mini-PROTEAN TGX pre-cast gels. Primary antibodies used

were UCP1, HSP90, AKT1, AKT2, HSL, P-HSL, Perilipin, P-Perilipin, IGFBP1, P-PKA Substrate, P-AKT1/2, P-AKT2, S6, P-S6,

and P-PRAS40.
e3 Cell Reports 35, 109128, May 18, 2021
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mRNA isolation and real-time PCR
Total RNA was isolated from the frozen livers and adipose tissue samples using the RNeasy Plus kit from QIAGEN. Complementary

DNA was generated using M-MuLV reverse transcriptase and quantitated for the relative expression of genes of interest by real time

PCR using the SYBR Green dye-based assay.

Glucose tolerance test
For glucose tolerance test, overnight fasted mice were injected with 2 g/kg of glucose solution intra-peritoneally. Blood glucose was

measured at 0, 15, 30, 60, 120 min after glucose injection.

Glycerol tolerance test
For glycerol tolerance test, 8 hours fasted mice were injected with 2mg/kg of glycerol solution intra-peritoneally. Glycerol levels were

measured at 0, 30, 60, 90, 120, 150, 180 min after glycerol injection.

Histology
BAT was fixed in 10% buffered formalin overnight, dehydrated in ethanol, paraffin-embedded and sectioned. Sections were stained

with hematoxylin and eosin. Scale bar, 100 mm or 200 mm as indicated.

Hepatic triglyceride
Liver samples were homogenized in cell lysis buffer (140mM NaCl, 50mM pH7.4 Tris, 250 mL 20% Triton-X) the samples were then

solubilized with 20 ml of 1% deoxycholate and incubated at 37�C for 10 min. For triglyceride measurements, 200 ml of infinity triglyc-

eride reagent was added and incubated for 10 min at 37�C. The triglyceride content was determined using a standard curve gener-

ated with triglyceride standard.

Serum collection and extraction for acylcarnitine levels
Blood was collected after a fasting cold tolerance test in a 1.5mL EDTA-free tube, after 30 min at RT the samples were centrifuged at

8000 rpm for 5min at RT. Then, ice-coldmethanol was added to the sample and kept at RT for 20min, before centrifugation at 4�C for

10 min. The supernatant was transfer to a new tube and the pellet was mixed with 40:40:20 ratio of methanol:acetonitrile:water so-

lution and kept on ice for 10min before centrifugation at 4�C for 10min. The supernatant was combinedwith the previous one tomake

a final extract. Finally, the extract was dried and sent for MS analysis by the Penn Metabolomics Core at Princeton University as pre-

viously described (Papazyan et al., 2016).

Blood chemistry
Serum FFA concentration was measured using NEFA-HR (2) R1 and R2 reagents following manufacture’s instruction, glycerol con-

centrations were measured using 5 mL of sample and 200 mL free glycerol reagent. Both methods were quantified using enzymatic

colorimetric analysis. Blood glucose levels were measured using a glucometer. Insulin levels were measured using an ultrasensitive

ELISA. FGF21 levels were measured using an ELISA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using One-way ANOVAs when more than two groups were compared, Two-way ANOVAs when

two conditions were analyzed, and unpaired two-tailed Students’ t test when two groups were being assayed. All data were pre-

sented as mean ± SEM. * indicates p value < 0.05, ** indicates p value < 0.01, *** indicates p value < 0.001.
Cell Reports 35, 109128, May 18, 2021 e4
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Figure S1. The loss of liver AKT increases BAT fatty acids synthesis genes, Related to Figure 1.
A-C) Relative mRNA levels of Fasn, Acc and Scd1 in BAT from Control and L-AktDKO mice housed at RT 
or 4°C for 3 h (n=3 per group).
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure S2. The acute cold thermogenic response is independent of adipocyte AKT2 signaling, Related 
to Figure 1. 
A) Western Blot analysis of p-AKT (Ser473/474), p-AKT2 (474), p-PRAS40 (Thr246), and p-S6 (Ser240/244) 
of eWAT from Control and F-AKT2KO mice under unstimulated or stimulated conditions with insulin (2 U/kg) 
for 20 min after overnight fasting. 
B) Western Blot analysis of AKT2 and UCP1 of BAT from Control and F-AKT2KO after a fasting cold tolerance 
test for 5 h. 
C) Core body temperature of Control and F-AKT2KO mice during a fasting acute cold tolerance test for 5 h 
(RT→4°C) (n=4 per group).
D) H&E staining of BAT from Control and F-AKT2KO after a fasting cold tolerance test for 5 h. (Scale Bar= 
200µm) 
E) Glycerol serum levels of Control and F-AKT2KO after a fasting cold tolerance test for 5 h (n=3 for Control, 
and n=4 for F-AKT2KO mice). 
F) NEFA serum levels of Control and F-AKT2KO after a fasting cold tolerance test for 5 h (n=3 for Control, 
and n=4 for F-AKT2KO mice). 
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure S3. Hepatic FOXO1 is sufficient to impair cold tolerance, Related to Figure 3.
A) Relative mRNA levels of Igfbp1, Gck, Akt2, and Fgf21 in liver from Control and L-Foxo1AAA mice (n=5 for 
Control mice and n=6 for L-Foxo1AAA mice). 
B) Western Blot analysis of IGFBP1 of liver from Control and L-Foxo1AAA mice. 
C) Relative mRNA levels of Igfbp1, and Gck in BAT from Control and L-Foxo1AAA mice (n=5 for Control mice 
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D) Glucose levels of Control and L-Foxo1AAA mice housed at RT after i.p. injection of 2 mg/kg of glucose 
solution (n=3 for Control mice and n=4 for L-Foxo1AAA mice). 
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F) Core body temperature of Control and L-Foxo1AAA mice during a fasting acute cold tolerance test for 5 h 
(RT→4°C) (n=5 for Control mice and n=6 for L-Foxo1AAA mice). 
G) Western Blot analysis of UCP1 of BAT from Control and L-Foxo1AAA mice after a fasting acute cold toler-
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for Control mice and n=6 for L-Foxo1AAA mice). 
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001. 
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Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001. 



Gk Gpd1 Gpd2
0.0

0.5

1.0

1.5

Liver

R
el

at
iv

e 
Ex

pr
es

si
on

Control
L-AktDKO***

**

**

**

0 30 60 90 120 150 180
0

10

20

30

Glycerol Tolerance Test

G
ly

ce
ro

l (
m

M
) Control

L-AktDKO
*

**

*** ***

Basal Stimulated
0.0
0.2
0.4
0.6
0.8
1.0

G
ly

ce
ro

l (
m

M
) Control

L-AktDKO

*

***
***

***

A)

B)

C)

Figure S5. The loss of hepatic AKT impairs glycerol metabolism, Related to Figure 4.
A) Glycerol serum levels of Control and L-AktDKO mice housed at RT before and after 30 min of CL 316,243 
i.p. injection (n=6 for Control mice and n=7 for L-AktDKO mice). 
B) Glycerol serum levels of Control and L-AktDKO mice housed at RT after i.p. injection of 2 mg/kg glycerol 
solution (n=3 per group). 
C) Relative mRNA levels of Gk, Gpd1 and Gpd2 in liver from Control and L-AktDKO mice after a fasting cold 
tolerance test for 5 h (n=6 for Control mice and n=5 for L-AktDKO mice). 
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure S6. Fgf21 and β-Klotho gene expression in BAT and WAT, Related to Figure 5. 
A-C) Relative mRNA levels of Fgf21, and Klb from BAT, iWAT and eWAT of Control, L-AktDKO and 
L-AktFoxo1TKO mice housed at RT or 4°C for 5 h (n=5-17 per group).
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001. 
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Figure S7. β-Adrenergic receptors gene expression  in BAT and WAT, Related to Figure 4. 
A-C) Relative mRNA levels of Adrb1, Adrb2, and Adrb3 from BAT, iWAT and eWAT of Control, L-AktDKO 
and L-AktFoxo1TKO mice housed at RT or 4°C for 5 h (n=5-17 per group). 
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001 
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Figure S8. The inhibition of hepatic AKT increases IL-1β cytokine levels in WAT, Related to 
Figure 4.
A) Relative mRNA levels of IL-1β, Mcp1, Tnfα, and F4/80 in eWAT from Control, L-AktDKO and 
L-AktFoxo1TKO mice after a fasting acute cold tolerance test for 5 h (RT→4°C) (n=13 for Control 
mice and n=6 for L-AktDKO mice and n=5 for L-AktFoxo1TKO mice).
Data are presented as means ±SEM. *p<0.05, **p<0.01, ***p<0.001.



Table S1. List of real-time PCR Primers listed 5’ to 3’, Related to the STAR Methods 
section. 

Gene Forward Reverse 
Ucp1 TCAGGATTGGCCTCTACGAC TGCCACACCTCCAGTCATTA 
Dio2 AATTATGCCTCGGAGAAGACCG GGCAGTTGCCTAGTGAAAGGT 
Fgf21 GCTGCTGGAGGACGGTTACA CACAGGTCCCCAGGATGTTG 
Akt2 ATGGATTACAAGTGTGGCTCCCC GTGCCTGGTATTCTGCAGAACC 
Foxo1 CTGGGTGTCAGGCTAAGAGT GGGGTGAAGGGCATCTTT 
Fasn GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT 
Acc TGACAGACTGATCGCAGAGAAAG TGGAGAGCCCCACACACA 
Scd1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAA 
Igfbp1 GGAGATCGCCGACCTCAAG CTGCAGCTAATCTCTCTAGCACTTTATAG 
Gck CCCTGAGTGGCTTACAGTTC ACGGATGTGAGTGTTGAAGC 
Gk CCCAAGAGAAGGATGGGTAGAACA GGTCAAGCCACACCACGGCATTAT 
Gpd1 TTCACTGCGGTGTACAAAGTGTGC CATTCACATGTGTTCCGGGTGGTT 
Gpd2 GAAGGGGACTATTCTTGTGGGT GGATGTCAAATTCGGGTGTGT 
Klb GATGAAGAATTTCCTAAACCAGGTT AACCAAACACGCGGATTTC 
Adrb1 GAAAGCAGGTGAATGCAAAGC CCGAACCTCAGAGAGAAAGGA 
Adrb2 TTGCAGTGGATCGCTATGTTG CGATAGCTTTCTTGTGGGTGG 
Adrb3 TCGACATGTTCCTCCACCAA GATGGTCCAAGATGGTGCTT 
IL-1b TGGAGAGTGTGGATCCCAAGCAAT TGTCCTGACCACTGTTGTTTCCCA 
Mcp1 TCACCTGCTGCTACTCATTCACCA TACAGCTTCTTTGGGACACCTGCT 
Tnfa TCTCATGCACCACCATCAAGGACT TGACCACTCTCCCTTTGCAGAACT 
F4/80 TCAAATGGATCCAGAAGGCTCCCA TGCACTGCTTGGCATTGCTGTATC 
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