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Abstract Liver kinase B1 (Lkbl) and mammalian target of
rapamycin (mTOR) are key regulators of energy metabolism
and cell growth. We have previously reported that adipocyte-
specific KO of Lkbl or mTOR in mice results in distinct de-
velopmental and metabolic phenotypes. Here, we aimed to
assess how genetic KO of both Lkbl and mTOR affects adi-
pose tissue development and function in energy homeostasis.
We used Adiponectin-Cre to drive adipocyte-specific double
KO (DKO) of Lkbl and mTOR in mice. We performed indi-
rect calorimetry, glucose and insulin tolerance tests, and
gene expression assays on the DKO and WT mice. We found
that DKO of Lkb1 and mTOR results in reductions of brown
adipose tissue and inguinal white adipose tissue mass, but in
increases of liver mass. Notably, the DKO mice developed
fatty liver and insulin resistance, but displayed improved glu-
cose tolerance after high-fat diet (HFD)-feeding. Interestingly,
the DKO mice were protected from HFD-induced obesity
due to their higher energy expenditure and lower expression
levels of adipogenic genes (CCAAT/enhancer binding pro-
tein o and PPARY) compared with WT mice.ll These results
together indicate that, compared with Lkb1 or mTOR single
KOs, Lkbl/mTOR DKO in adipocytes results in overlap-
ping and distinct metabolic phenotypes, and mTOR KO
largely overrides the effect of Lkb1 KO.—Xiong, Y., Z. Xu, Y.
Wang, S. Kuang, and T. Shan. Adipocyte-specific DKO of
Lkbl and mTOR protects mice against HFD-induced obe-
sity, but results in insulin resistance. J. Lipid Res. 2018. 59:
974-981.
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Adipose tissue, consisting of mature adipocytes and pre-
adipocytes, plays crucial roles in regulating whole-body
glucose homeostasis and energy metabolism. In mammals,
three types of adipocytes, including white, brown, and beige
adipocytes, have been identified (1, 2). White adipocytes,
the principal cell type of the white adipose tissue (WAT),
store triglycerides as energy and are closely associated with
obesity (3). Brown adipocytes, the major cells in brown
adipose tissue (BAT), contain numerous mitochondria
with high expression of uncoupling protein 1 (UCP1) (4, 5).
Beige adipocytes, identified from subcutaneous WAT, also
have lots of mitochondria and a high level of UCP1 ex-
pression (1, 2). Both brown and beige adipocytes have the
capacity to burn lipid to heat that can enhance energy ex-
penditure and combat obesity (1-3). Thus, understanding
the biological and molecular regulation of adipose tissue
could provide useful information for controlling obesity as
well as the other metabolic diseases, such as type 2 diabetes
and cardiovascular disease.

Liver kinase B1 (Lkbl), also known as the serine/threo-
nine kinase 11 (Stk11), is a tumor suppressor and plays es-
sential roles in various metabolic tissues and cells (6-9).
Lkb1 phosphorylates 14 kinases of the AMPK subfamily and
regulates systemic glucose and energy homeostasis (10). In
skeletal muscle, Lkb1 ablation affects skeletal muscle devel-
opment and function (7, 11), enhances glucose homeostasis
and insulin sensitivity (12, 13), and decreases the oxidation
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of lipids and fatty acids (8, 14). In adipose tissue, KO of
Lkbl impairs adipose tissue development and function (6,
9). In BAT, deletion of Lkb1l upregulates the expression of
BAT-specific genes and leads to expansion of BAT through
the mammalian target of rapamycin (mTOR) pathway (6).

As a downstream target of Lkb1 /AMPK, mTOR is a con-
served intracellular protein kinase involved in regulating
protein synthesis, cell growth, and energy metabolism (15).
mTOR interacts with different proteins and forms two dis-
tinct complexes: mTOR complex (mMTORC) 1 and mTORC2
(16). Both complexes play important roles in regulating
adipogenesis, lipid homeostasis, glucose metabolism, and
insulin actions (15, 17-21). In adipocytes, deletion of
mTORCI or mTORC2, respectively, results in severe but dif-
ferent metabolic complications (22). Adipocyte-specific KO
of mTORCI causes lipodystrophy, insulin resistance, and se-
vere hepatic steatosis, but enhances energy expenditure and
counteracts high-fat diet (HFD)-induced obesity (22—-24). In
BAT, loss of mTORCI affects the BAT cold-adaptation and
reduces BAT mass and lipid content (23, 25), while activation
of mTORCI in WAT elevates Ucpl, PPARYy coactivator la
(Pgcla), and Ppar expression (26), suggesting a positive
role of mTORCI in regulating brown and beige adipogene-
sis. Adipose-specific mMTORC2 ablation has little effect on fat
cell size or fat mass, but leads to insulin resistance, affects
glucose and lipid metabolism, and protects against HFD-in-
duced obesity (19, 20, 27, 28). Recently, Adipog-Cremediated
deletion of mTOR in adipose tissues not only resulted in ro-
bust reduction of fat mass, but also caused insulin resistance
and fatty liver (21). Together, these reports demonstrate that
both complexes of mTOR play crucial, but distinct, roles in
adipogenesis and lipid metabolism.

More recently, we generated an adipocyte-specific Lkbl
and mTOR double KO (DKO) mouse model (Adipog-Cre/
Lkb P /i TOR""™ mice) to test whether Lkb] regulates
adipose development and growth through the mTOR
pathway (6). Though the body weights of WT and DKO
mice were similar, the DKO mice rescued the BAT expan-
sion phenotype observed in Adipog-Lkbl mice (6), suggest-
ing that Lkbl affects BAT development and growth
through the mTOR pathway. Although much work has so
far focused on the important roles of the Lkbl-mTOR
pathway in adipose development and energy homeostasis,
the direct effect of adipocyte-specific deletion of Lkb1 and
mTOR on adipogenesis has not been reported. Further ef-
fort is required to investigate whether Lkbl and mTOR
DKO in adipocytes impairs glucose or energy metabolism.
Therefore, in this study, we directly examined the effects of
adipocyte-specific Lkbl and mTOR DKO on adipogenesis
as well as glucose and lipid metabolism.

MATERIALS AND METHODS

Animals

All procedures involving mice were guided by Purdue University
Animal Care and Use Committee. All mice were purchased from
Jackson Laboratory under the following stock numbers: Adipog-
Cre (stock #010803), Lkb "™ (stock #014143), and mTOR"*/"™

(stock #011009). The DKO mouse model was prepared as previ-
ously reported (6). Mice were housed and maintained in the ani-
mal facility, with free access to standard rodent chow diet or HFD
(TD.06414 Harlan) and water. Male mice at 8-10 weeks of age
were used unless otherwise indicated.

Indirect calorimetry study and blood glucose measurement

Indirect calorimetry study and blood glucose measurements
were conducted as previously described (21).0Oxygen consump-
tion (VO,), carbon dioxide production (VCOy), respiratory ex-
change ratios (RERs), and heat production were measured using
an indirect calorimetry system (Oxymax; Columbus Instruments).
Blood glucose was measured by a glucometer (Accu-Check Active;
Roche). For glucose tolerance tests (GTTs), mice were given an
intraperitoneal injection of 100 mg ml ™! D-glucose (2 g kgfl body
weight for standard diet, 1 g kg{1 for HFD) after overnight fasting.
For insulin tolerance tests (ITTs), mice were fasted for 4 h before
intraperitoneal administration of human insulin (Santa Cruz)
(0.75 U kg~ " body weight). After injection, tail blood glucose con-
centrations were measured.

Primary adipocyte isolation, culture, and differentiation
BAT and WAT stromal vascular fraction cells were isolated using

collagenase digestion. For adipogenic differentiation, cells were

induced to differentiate when they reached 90% confluence.

Oil Red O staining

Oil Red O staining was conducted as previously described (21).
Briefly, cultured cells or liver sections were stained using the Oil
Red O work solutions containing 6 ml Oil Red O stock solution
(5 g/lin isopropanol) and 4 ml ddH,O for 30 min. After staining,
the cells or liver sections were washed and photographed.

Total RNA extraction, cDNA synthesis, and real-time PCR

Total RNA was extracted from tissues or cells using Trizol re-
agent. The purity and concentration of total RNA were measured,
and then 5 pg of total RNA was reversed transcribed. Real-time
PCR was carried out and the 2~ **“" method was used to analyze
the relative changes in gene expression normalized against 18S
rRNA as internal control.

Protein extraction and Western blot analysis

Total protein was extracted from cells or tissues using RIPA
buffer. Protein separation and Western blot analysis were con-
ducted as previously described (21). The UCP1 antibody was from
Abcam (Cambridge, MA); the pS6 and S6 antibodies were from
Cell Signaling; and all other antibodies were from Santa Cruz Bio-
technology (Dallas, TX).

Data analysis

All experimental data are presented as mean + SEM. Compari-
sons were made by unpaired two-tailed Student’s ttests. Effects
were considered as significant at < 0.05.

RESULTS

DKO of Lkb1l and mTOR in adipocytes affects BAT,
inguinal WAT, and liver mass

First, we directly examined the effects of Lkbl and mTOR
ablation in adipocytes on animal growth and tissue/organ
weight by using the DKO mouse model generated previ-
ously (6). We found that the DKO mice were born at nor-
mal Mendelian ratios, with normal body weight and similar
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growth rate to WT littermates under standard chow diet. At
8 weeks of age, the DKO mice were indistinguishable from
their WT littermates (Fig. 1A). The body weight of the DKO
mice was similar to WT mice (Fig. 1B). Notably, the mass of
BAT and inguinal WAT (iWAT) from the DKO mice was
30% and 37% less than that of WT littermates, respectively
(Fig. 1C, D). However, the weight of epididymal WAT
(eWAT) and anterior subcutaneous WAT (asWAT), as well
as muscle mass, from the DKO mice were unchanged (Fig.
1D, E). In addition, the mass of heart, lung, spleen, and
kidney was unchanged (Fig. 1F). Strikingly, liver weight was
dramatically increased (Fig. 1F). Taken together, adipocyte-
specific deletion of Lkbl and mTOR led to reduction of
BAT and iWAT, but expansion of liver.

Adipocyte-specific deletion of Lkbl and mTOR results in
insulin resistance

Adipose tissues regulate whole-body glucose hemostasis
and insulin sensitivity (29). To determine whether reduction
of BAT and iWAT mass in DKO mice affected whole-body
glucose metabolism and insulin sensitivity, we conducted
GTTs and ITTs. Compared with WT littermates, the DKO
mice had higher blood glucose levels after fasting for 16 h
(Fig. 2A). However, the DKO mice had similar glucose
levels after glucose injection compared with WT mice
(Fig. 2B). Notably, slower insulin-stimulated glucose clear-
ance was observed in DKO mice compared with WT mice
(Fig. 2C). In addition, the DKO mice had similar rates of

VO, and VCO,, RER, and heat production compared with
WT mice (Fig. 2D-G). Taken together, these results sug-
gest that loss of Lkbl and mTOR in adipocytes does not
affect energy metabolism, but causes severe insulin resis-
tance under chow diet conditions.

DKO mice are resistant to HFD-induced obesity

To examine the long-term effect of DKO on insulin sen-
sitivity and energy metabolism, we fed the DKO mice and
WT littermates with HFD for 10 weeks. The DKO mice
were observed to be much leaner than WT mice after HFD
feeding (Fig. 3A). Although the body weight of DKO mice
was similar to WT mice before HFD feeding, the body
weight gain of the DKO mice was less than that of WT mice
starting at 2 weeks after HFD feeding, even though larger
amounts of food were consumed (Fig. 3B, C). After HFD
feeding, the body weight of WT mice was 44.6 + 1.8 g, while
that of the DKO mice was only 33.2 + 2.0 g (Fig. 3D). Nota-
bly, the mass of BAT, iWAT, asWAT, and eWAT from the
DKO mice was 77, 87, 87, and 88% less than that of WT
littermates, respectively (Fig. 3E). Muscle mass and organ
weight in DKO mice were similar to WT mice (Fig. 3F, G).
Liver mass in the DKO mice was significantly increased
(DKO 3.98 + 0.36 g vs. WT 2.27 + 0.21 g) (Fig. 3H). More-
over, the DKO mice had better glucose tolerance, but less
insulin sensitivity, than WT mice after HFD feeding (Fig.
4A-D). In addition, the DKO mice had higher VO, and
VCO, production, higher heat production, and lower RER
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Fig. 1.

Effect of Lkbl and mTOR DKO on body weight and tissue mass. A: Representative image of WT and DKO mice. B: Body weight of

WT and DKO mice (male, n = 6; female, n = 5). C: Representative images of BAT and iWAT depots. D-F: Weights of adipose (D) and nonadi-
pose tissues (E, F) (n = 6). Comparisons were made by unpaired two-tailed Student’s ttests. Error bars, SEM; *P < 0.05. TA, tibialis anterior
muscle; GAS, gastrocnemius muscle; Hrt, heart; Lun, lung; Liv, liver; Spl, spleen; Kid, kidney. Male mice at 8-10 weeks of age were used un-

less otherwise indicated.
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Fig. 2. Induced insulin resistance in DKO mice. A: Fasting glucose levels (n =9). B, C: Blood glucose concentrations during intraperitoneal
GTTs (B) (n=9) and intraperitoneal ITTs (C) (WT, n = 8; DKO, n =9) performed on WT and KO mice. D-G: Average VO, (D), VCO, (E),

RER (F), and heat production (G) performed on WT and DKO mice
ttests. Error bars represent SEM. *P< 0.05, *P< 0.01.

than the WT mice after HFD feeding (Fig. 4E-H; supple-
mental Fig. SIA-D), reflecting an increase in energy ex-
penditure and fatty acid oxidation. Furthermore, the liver
mass of the DKO mice was larger than that of WT mice
under standard chow diet or under HFD (Figs. 1F, 3H;
supplemental Fig. S2A). Notably, the lipid content was
much higher in the livers of the DKO mice compared with
WT mice after HFD feeding (supplemental Fig. S2B).
These results together suggest that adipocyte-specific dele-
tion of Lkbl and mTOR results in fatty liver, but protects
against HFD-induced obesity.

Lkbl and mTOR deficiency affects adipogenesis through
downregulating PPARy and C/EBPa

To further investigate how Lkbl and mTOR DKO pro-
tects against HFD-induced obesity, we examined the mito-
chondrial function- and adipogenesis-related genes.
Consistent with our previous results (6), Lkb1 deficiency in
BAT expressed higher levels of UCP1 and the mTOR sig-
naling protein, pS6, and lower levels of pAMPK than WT
BAT (supplemental Fig. S3A). Notably, the DKO BAT ap-
peared whiter than that of WT mice (Fig. 1C), indicating
that Lkbl and mTOR deficiency drives whitening of BAT.
Indeed, Lkbl and mTOR DKO dramatically decreased the
expression of UCP1 and PGCla in BAT tissue (supplemen-
tal Fig. S3A). Consistently, the expression of UCP1, PGCla,
and PPARa in DKO BAT was lower than that of WT mice
after HFD feeding (Fig. 5A, B). The lipid accumulation
and mRNA levels of Uep1, Pgcla, and Pparain cultured DKO
BAT adipocytes were dramatically decreased (Fig. 5C, D).

(n = 5). Comparisons were made by unpaired two-tailed Student’s

Together, these results demonstrate that DKO of Lkb1 and
mTOR may impact UCP1 and mitochondrial-related gene
expression.

To further confirm that DKO could affect the expression
of mitochondrial-related genes, we examined the expres-
sion of mitochondrial proteins using the mitochondrial
antibody cocktail (21). We found that Lkbl-deficient BAT
expressed higher levels of mitochondrial function-related
proteins than WT BAT (supplemental Fig. S3B). Remark-
ably, DKO BAT expressed lower levels of mitochondrial
function-related proteins, including ubiquinol-cytochrome
c reductase core protein II, cytochrome c oxidase I, succi-
nate dehydrogenase complex iron sulfur subunit B, and
NADH:ubiquinone oxidoreductase subunit B8 (supple-
mental Fig. S3B). In addition, similar expression of mito-
chondrial proteins in iWAT was found between the DKO
and WT mice (supplemental Fig. S3B). Likewise, lower lev-
els of UCP1, PGCla, and PPARa in HFD-fed DKO iWAT
were found (supplemental Fig. S4A, B). Consistently, Lkb1
and mTOR DKO reduced the lipid accumulation and the
expression Ucpl, Pgcla, and Ppara in iWAT adipocytes
(supplemental Fig. S4C, D). These results indicated that
DKO of Lkbl and mTOR decreases the expression of the
mitochondrial-related proteins in adipose tissues.

To determine how Lkbl and mTOR ablation affect fat
development and lipid accumulation, we examined the
expression of CCAAT/enhancer binding protein o (C/
EBPa) and PPARYy, two key transcription factors that con-
trol adipogenesis (30). Real-time PCR and Western blotting
results indicated that Lkb1l and mTOR deficiency dramatically
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Fig. 3. Adipocyte-specific deletion of Lkbl and mTOR protects mice from HFD-induced obesity. A: Representatives of WI and DKO mice
fed with HFD for 10 weeks. B, C: Body weight gains (B) and food intake (C) of WT (n =5) and DKO (n = 3) mice during HFD feeding. D-H:
Body weight (D), adipose tissue mass (E), muscle mass (F), and organ mass (G, H) of WT (n = 5) and DKO (n = 3) mice after 10 weeks on

HFD. Comparisons were made by unpaired two-tailed Student’s #tests. Error bars represent SEM. *P < 0.05, ¥¥P< 0.01, ***P < 0.001.

decreased the expression of PPARy and C/EBPa in BAT
after HFD feeding, as well as in BAT cell cultures (Fig. 5A-D).
Consistently, similar results were found using iWAT tissues
and differentiated iWAT adipocytes from the DKO and WT
mice (supplemental Fig. S4). These results reveal a signifi-
cant reduction of adipogenesis-related gene expression,
together with an increase in fatty acid oxidation, both of
which might contribute to the reduced adiposity in the
HFD-fed DKO mice.

DISCUSSION

Here, we generated the adipocyte-specific Lkbl and
mTOR DKO mouse model and directly determined the
effects of Lkbl and mTOR deficiency on adipose develop-
ment, glucose homeostasis, and insulin sensitivity. We pro-
vided evidence that Lkbl and mTOR DKO inhibits BAT
and iWAT development and decreases lipid accumulation
and differentiation of adipocytes. Moreover, we presented
that DKO of Lkbl and mTOR causes downregulation of
mitochondrial-related genes and insulin resistance, but
protects against HFD-induced obesity. We further eluci-
dated that Lkbl and mTOR ablation inhibits adipogenesis
and fat deposition through upregulating fatty acid oxida-
tion and downregulating the C/EBPa and PPARy signal-
ing pathways. Our study directly reveals a regulatory role of
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the Lkbl/mTOR signaling pathway in adipose tissue devel-
opment, energy metabolism, and insulin sensitivity.

The Lkbl and mTOR signaling pathways play crucial roles
in regulating adipose development and growth (6, 9, 21, 22,
31). We found that Lkb1l and mTOR DKO reduces BAT and
iWAT mass under normal chow diet or HFD. Consistent with
our current results, adipocyte-specific deletion of mTOR
inhibits BAT and WAT development and growth (21). In
addition, inhibition of mTORCI or deletion of mMTORCI sig-
naling components, Raptor or S6K1, also results in reduction
of fat mass and fat cell sizes (24, 32, 33) and lipodystrophy
(23), suggesting that mTORCI is a positive regulator of adi-
pose development and growth. Moreover, Ugpl-Cremediated
BAT-=specific deletion of Raptor also reduces BAT mass and
lipid content (23). Differently, these phenotypes were not ob-
served in the Rictordeficient mice (20, 27). Taken together,
we conclude that the reduction of fat mass in DKO mice may
be mainly due to the ablation of mTORCI.

We found that DKO mice are resistant to HFD-induced
obesity. Likewise, Adipog-Cremediated Raptor deletion mice
have normal energy expenditure, but are resistant to HFD-
induced obesity (23). Consistently, the Adipog-Credriven
Rictor ablation mice are resistant to body weight gain on
HFD (28). In addition, Myf5-Creinduced Rictor KO mice
are resistant to diet-induced obesity and hepatic steatosis
when living at thermoneutrality (18). Adipocyte-specific
deletion of Lkbl is also resistant to HFD-induced obesity (6).
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This resistance to dietinduced obesity may be associated
with the expansion of BAT, browning of sWAT, high UCP1
expression, and energy expenditure in the Lkbl deletion
mice (6). Differently, DKO mice had reduction of BAT and
iWAT mass and low levels of UCP1 and mitochondria-re-
lated proteins. Likewise, loss of Raptor in all mature adipo-
cytes affects BAT expansion and adaptation to cold (25).
Without functional mTORCI, Ucpl expression in WAT
cannot be induced by cold or AR3 agonists (34, 35). Inhi-
bition of mTOR with rapamycin blocks WAT browning (34,
35). Activation of mTORCI by deleting its negative regula-
tor, TSCI1, increases the expression of Ucpl, Pgcla, and
Ppara (26). Though mTORC2 is essential for BAT thermo-
genesis, the mitochondrial size and function appear normal
in Rictorablation mice (36). Taken together, the downregu-
lation of Ugpl and mitochondrial proteins in DKO mice is
mainly caused by the deletion of mTORCI in adipocytes.

Previous studies revealed that mTORCI signaling pro-
motes adipogenesis (37, 38), while mTORC2 is dispensable
for adipogenesis (20, 27). C/EBPa and PPARy are the two
key regulators of adipocyte differentiation and lipogenesis
(30). mTORCI promotes the terminal differentiation of pre-
adipocytes and affects lipogenesis by controlling multiple ef-
fectors, including PPARYy, Lipinl, and SREBP-1 (38, 39). We
found that DKO of Lkbl and mTOR decreased the expres-
sion of PPARy and C/EBPa in adipose tissues or in cultured
adipocytes. Thus, the inhibition of adipogenesis leads to the
reduction of adiposity in the HFD-fed DKO mice.

We found that DKO mice have fatty liver and insulin resis-
tance. Similar to our results, Adipog-Cremediated Raptor de-
letion mice develop systemic metabolic disease, including
hepatomegaly, hepatic steatosis, and insulin resistance (23).
Likewise, adipocyte-specific deletion of Rictor leads to insu-
lin resistance and defects in adipocyte glucose uptake, and
elevates lipolysis and steatosis (20, 27, 28). However, DKO
mice exhibit better glucose tolerance and worse insulin sen-
sitivity compared with WT mice after HFD feeding. We spec-
ulate that profound fatty liver or dysplastic hepatic nodules
in DKO mice accompanied by glycogen storage dysfunction
and accelerating glucose utilization might be account for
this phenomenon (40). In addition, another explanation
could be hypersecretion of insulin in DKO mice because of
insulin resistance. Opposite to our current results, ablation
of Lkbl in adipocytes improved insulin sensitivity and de-
creased lipid accumulation in the liver (6). Previous studies
reported that adipose-specific Rictor deletion mice have hy-
perinsulinemia and reduced glucose uptake into adipocytes,
which could promote hepatic glucose and lipid production
and drive hepatic insulin resistance (22, 28, 41). These find-
ings suggest that mTOR in adipocytes controls lipid and
glucose metabolism and impacts hepatic lipid synthase
and metabolism pathways (22). Thus, the insulin resistance
and fatty liver in DKO mice are the result of the loss of func-
tion of mTOR in adipose tissue.

The similarities and differences among the Lkb1-KO
(Adipog-LkbI) (6), mTOR-KO (Adipog-mTOR) (21), and
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Fig. 5. Deletion of Lkbl and mTOR decreases the expression of adipogenesis and mitochondrial function-
related genes in BAT and cultured brown adipocytes. A, B: mRNA (A) and protein (B) levels of adipogenesis
and mitochondrial function-related genes in BAT from WT and DKO mice after 10 weeks of HFD feeding
(n =5). C: Oil Red O staining of cultured WT and DKO brown adipocytes. D: mRNA levels of adipogenesis
and mitochondrial function-related genes in differentiated WT and KO brown adipocytes (n = 3). Compari-
sons were made by unpaired two-tailed Student’s ttests. Error bars represent SEM. *P< 0.05, **P< 0.01.

DKO mouse phenotypes are presented in Fig. 6. In conclu-
sion, we revealed the effects of DKO of Lkbl and mTOR on
adipose growth, energy expenditure, glucose metabolism,
and insulin sensitivity. Our results directly demonstrate the

effects of Lkbl and mTOR during adipogenesis and sug-
gest that that the Lkb1-mTOR signaling pathway could be
used as a potential therapeutic target to combat obesity
and other metabolic diseases. Bl
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Fig. 6. Similarities and differences between the Lkb1-KO [Adipog-LkbI (6)], mTOR-KO [Adipog-mTOR
(21)], and DKO mouse phenotypes.
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