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In brief

Sakamoto et al. demonstrate that early
overnutrition-induced insulin resistance
is due to increased SNS activity (SNA),
while cellular insulin signaling is
maintained. Elevated SNA drives
metabolic disease through increased
lipolysis. The findings support a paradigm
shift in our understanding of how obesity
induces insulin resistance.
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SUMMARY

The mechanisms underlying obesity-induced insulin resistance remain incompletely understood, as
impaired cellular insulin signaling, traditionally considered the primary driver of insulin resistance, does
not always accompany impaired insulin action. Overnutrition rapidly increases plasma norepinephrine
(NE), suggesting overactivation of the sympathetic nervous system (SNS). However, the role of the SNS in
obesity is controversial, as both increased and decreased SNS activity (SNA) have been reported. Here,
we show that reducing catecholamine (CA) release from the SNS protects against overnutrition-induced in-
sulin resistance as well as hyperglucagonemia, adipose tissue dysfunction, and fatty liver disease, as we
demonstrate utilizing a mouse model of inducible and peripherally restricted deletion of tyrosine hydroxylase
(th; THAper). A key mechanism through which heightened SNA induces insulin resistance is by triggering ad-
ipose tissue lipolysis. Increased SNA emerges as a critical driver in the pathogenesis of overnutrition-induced

insulin resistance and metabolic disease independent of cellular insulin signaling.

INTRODUCTION

Obesity causes type 2 diabetes and metabolic disease princi-
pally through induction of insulin resistance. The risk of devel-
oping diabetes is over 3-fold in overweight individuals and
more than 10-fold in obese individuals compared with lean in-
dividuals." Insulin resistance can rapidly develop during over-
nutrition even before obesity manifests, resulting in glucose
intolerance, adipose tissue dysfunction, and hepatic steatosis.
Insulin resistance in adipose tissue is a pivotal contributor
to adipose tissue dysfunction, which is characterized by hyper-
trophic adipocytes,” unrestrained lipolysis,® reduced lipogenic
capacity,”” increased adipose tissue inflammation,®’ and
fibrosis.”” Insulin resistance in the liver manifests as unre-
strained hepatic glucose production (hGP), a key driver of fast-
ing hyperglycemia in diabetes.® Hepatic insulin resistance is
also believed to contribute to hepatic steatosis that can prog-
ress to metabolic dysfunction-associated fatty liver disease
(MAFLD). MAFLD is present in more than 70% of all type 2 dia-
betes cases®'? and is the most common reason for fibrosis and
liver failure.

The mechanisms of insulin resistance in obesity remain
incompletely understood. According to the prevailing paradigm,
obesity causes insulin resistance by disrupting intracellular insu-
lin signaling through the canonical insulin receptor-IRS-phos-
phatidylinositol 3-kinase (PI3K)-AKT-FoxO1 signaling cascade
in target tissues such as liver and adipose tissue.'' However,
in the early stages of obesity, cellular insulin signaling appears
intact in these tissues, despite the inability of insulin to suppress
lipolysis and hGP."?'® Hence, impaired cellular insulin signaling
in target tissues may not fully account for organismal insulin
resistance, defined as reduced suppression of glucose and fatty
acids by insulin.

An alternative mechanism contributing to obesity-induced
insulin resistance could be heightened counterregulatory
signaling resulting from increased sympathetic nervous system
(SNS) activity (SNA) and its principal hormone, norepinephrine
(NE), which induces adrenergic signaling. The role of the
SNS in obesity is controversial, as both increased'*'® and
decreased'®"” SNA have been reported. These discrepant find-
ings may be attributed to limitations in the methods employed to
assess SNA. Studies that directly measure SNA via nerve
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recordings, NE turnover, or plasma NE levels frequently report
increased SNA in obesity.'®'° By contrast, studies of adrenergic
signaling or effector pathways such as adipose tissue lipolysis®°
often report reduced activation by catecholamine (CA), which is
interpreted to reflect reduced SNA in obesity. This paradox
may be explained by CA resistance, namely the failure to mount
a normal physiological response to CA stimulation due to
the reduced expression of the B-adrenergic receptor or adren-
ergic desensitization, resulting in lower levels of the second
messenger cyclic AMP (cAMP).%"?? CA resistance is commonly
observed in obesity?’ and can arise from chronic sympathetic
overactivation.*?4

While the principal transmitter of the SNS is NE, an integral
part of the SNS is the adrenal gland, which releases epinephrine;
the SNS also controls glucagon release from the pancreatic o
cell.® These hormones antagonize insulin action by increasing
hGP and inducing lipolysis in adipose tissue.”® NE has been re-
ported to increase after 4 weeks of high-fat diet (HFD) feeding in
mice,'® a commonly employed model for overfeeding leading to
obesity and insulin resistance. The contribution of epinephrine to
obesity-induced metabolic disorder is controversial. Although
HFD feeding reportedly increases plasma epinephrine in
mice,”” adrenal epinephrine secretion is not increased in obese
humans.?® Well accepted is the role of hyperglucagonemia in
obesity-induced insulin resistance, where glucagon secretion
is aberrantly increased®® due to « cell dysfunction, defined as
a failure of glucose to suppress glucagon secretion from the
pancreatic o cells.*° It is commonly assumed that « cell dysfunc-
tion is mainly due to the failure of B cells to increase insulin secre-
tion when glucose levels rise, as insulin suppresses glucagon
secretion from o cells.>® To what extent increased SNA may
contribute to obesity-induced hyperglucagonemia remains
unclear.

To delineate the role of the SNS in overnutrition and obesity-
induced insulin resistance and metabolic disease, our study
initially focused on assessing the impact of overnutrition on
SNA and then studied the role of the SNS using a recently devel-
oped mouse model of peripherally restricted and inducible dele-
tion of tyrosine hydroxylase (th). In these mice, sympathetic CA
levels are markedly reduced in peripheral tissues, while central
nervous system (CNS) CA levels are maintained. Unlike previous
sympathectomy models, this approach avoids potential devel-
opmental effects or local inflammation as caused by surgical
or chemical sympathectomy. Our findings unveil that overnutri-
tion triggers a surge in SNA, which accounts for the insulin resis-
tance, adipose tissue dysfunction, and hepatic steatosis. A pri-
mary mechanism through which increased SNA causes
metabolic disease is increased adipose tissue lipolysis, a key
target of the SNS.

RESULTS

Short-term overnutrition induces glucose intolerance
and insulin resistance and impairs insulin’s ability to
suppress WAT lipolysis

Male C57BL/6 mice fed an HFD for either 3 or 10 days displayed
increased adiposity, even though body weight gain did not reach
statistical significance (Figures S1A and S1B). Blood glucose
was increased in the fasting and fed state (Figure S1C)
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despite hyperinsulinemia (Figure S1D). Glucose tolerance and
insulin sensitivity were impaired after HFD feeding (Figures S1E
and S1F), consistent with insulin resistance, as previously
reported.®’*?

Short-term HFD feeding impaired the ability of insulin to
reduce activation of hormone-sensitive lipase (HSL) in epidid-
ymal white adipose tissue (eWAT) after HFD feeding (Figures
S1G and S1H), indicative of adipose tissue insulin resistance.
Consistent with impaired lipolytic regulation, both fasting and
random-fed plasma glycerol were elevated following HFD
feeding (Figure S1l).

Intriguingly, insulin signaling remained intact in eWAT, liver,
and muscle in HFD-fed mice as indicated by comparable
induction of the phosphorylation of Akt (Ser 473 and Thr 308)
(Figures S2A-S2H). These findings demonstrate that short-
term HFD hampers the ability of insulin to inhibit lipolysis in adi-
pose tissue, a key aspect of insulin action in this tissue, even
though cellular insulin signaling seems intact.

Activation of HSL, an accepted indicator of SNA of adipose tis-
sue,**% reflects the balance of cellular insulin signaling and
cAMP signaling, primarily induced by adrenergic signaling. As
cellular insulin signaling was unaltered, increased adrenergic
signaling induced by NE may account for the impaired ability
of insulin to suppress lipolysis by inhibiting HSL phosphorylation.
Plasma NE was increased after short-term HFD (Figure S2I),
indicative of an increase in global SNA. Epinephrine, glucagon,
and corticosterone were not increased (Figures S2J-S2L), sug-
gesting that increased SNS release of NE may drive adipose tis-
sue lipolysis before hyperglucagonemia develops.

To test whether elevated NE is sufficient to impair glucose
homeostasis and adipose tissue function, we infused NE for
14 days subcutaneously, increasing plasma NE levels (Fig-
ure S3A). Indeed, NE impaired insulin action (Figures S3B and
S3C) and trended to increase HSL phosphorylation without
altering body weight, plasma insulin, or basal phosphorylation
of Akt (Figures S3D-S3F). NEFA levels were not increased
likely due to a compensatory increase in fatty acid utilization
(Figure S3G), while acute NE administration robustly increased
plasma NEFA levels and the phosphorylation of HSL (Fig-
ure S3H, I).

Reduction of CA release from the SNS through
peripheral deletion of th prevents insulin resistance and
glucose intolerance induced by short-term overnutrition
We next examined whether THAper mice, a mouse model allow-
ing for the inducible and peripherally restricted deletion of th,*®
provide protection from HFD-induced metabolic dysfunction.
Tamoxifen injection resulted in the deletion of th in peripheral
tissues including liver, spleen, BAT, eWAT, and inguinal WAT
(IWAT), but not in the brain and spinal cord (Figure 1A), due to
the peripherally restricted expression of Cre recombinase (Fig-
ure 1B). Upon th deletion, NE was reduced by more than 90%
in peripheral tissues of THAper mice, while NE levels in the brain
were not altered (Figure 1C). Cold tolerance was reduced in
THAper mice fed rodent chow diet (RC), as we reported previ-
ously,®® and also after HFD for 12 weeks (Figures S4A and
S4B). Interestingly, while th deletion reduces BAT thermogenesis
as indicated by the two-way ANOVA genotype effect (p =
0.0001), BAT thermogenesis was significantly lower in the
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Figure 1. Reduction of SNA through peripheral deletion of th prevents glucose intolerance induced by short-term overnutrition
(A) Th expression is markedly reduced in peripheral tissues but not in the brain and spinal cord of THAper mice (n = 4-15).
(B) Cre recombinase protein is expressed only in peripheral tissues but not in the brain of THAper mice.
(legend continued on next page)
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THAper mice only during RC but not during HFD feeding as as-
sessed through infrared thermal imaging of the BAT region
compared with hindquarter region (Figures S4C and S4D). This
may be due to impaired BAT thermogenesis after HFD in wild
type (WT),%® which is expected to reduce the difference in BAT
thermogenesis. Nevertheless, the body core temperature of
THAper mice at room temperature was comparable to that of
WT mice, demonstrating that these mice are able to maintain
thermogenesis at room temperature.

Further confirmation of reduction of SNA was obtained by
studying counterregulation after administration of 2-deoxy-D-
glucose (2-DG), which increases SNA and secretion of counter-
regulatory hormones by inducing neuroglycopenia. THAper mice
exhibited impaired counterregulation with lower glucose excur-
sions and reduced CA and glucagon levels (Figures S4E and
S4F). Gene expression of npy, a sympathetic cotransmitter,
was comparable in the eWAT of both THAper mice and WT
mice (Figure S4G), suggesting that npy expression in sympa-
thetic nerve fibers is unaffected by the th deletion. Hence,
THAper mice serve as a valuable pharmacogenetic model to
test the role of sympathetically released CA and increased SNA.

14 days of HFD-increased body weight and adiposity equally
in THAper and WT mice (Figures 1D and 1E) with lean mass un-
altered (Figure S4H). Overnutrition-induced increases in fasting
glycemia were prevented in THAper mice (Figure 1F) with com-
parable fasting insulin levels (Figure 1G). Moreover, the overnu-
trition-induced glucose intolerance after 3 or 10 days of HFD
feeding was profoundly improved in THAper mice feeding
(Figures 1H and 1l), coinciding with a blunted increase in NE
levels in the HFD-fed THAper mice (Figure 1J). Notably, while
HFD feeding up to 14 days did not increase fasting epinephrine
and glucagon in WT mice, epinephrine and glucagon were signif-
icantly lower in THAper mice fed either RC or HFD (Figure S4l).

Surprisingly, even though the SNS is a key driver of lipolysis,®’
neither NEFA nor glycerol levels were lower in THAper mice fed
RC, suggesting the presence of a compensatory mechanism
that maintains normal NEFA and glycerol levels even in the
setting of profoundly reduced adrenergic signaling (Figures 1K
and S4J). By contrast, the increase in fasting plasma glycerol af-
ter 14 days of HFD feeding was markedly reduced in THAper
mice (Figure 1K), consistent with the improved ability of insulin
to reduce HSL phosphorylation after overnutrition in THAper
mice (Figure 1L). These results demonstrated that increased
lipolysis induced by overnutrition is ameliorated in THAper mice.

Insulin-induced phosphorylation of the insulin receptor
(liver, eWAT), Akt (liver, eWAT, iWAT), and glycogen synthase
kinase-3 beta (GSK3p) (liver) were similar in both THAper mice
and WT mice fed RC and HFD compared with saline-injected
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controls (Figures S5A-S5C). This indicates that the metabolic
improvement in the THAper occurs independent of alterations
in cellular insulin signaling. Taken together, these results demon-
strate that preventing an increase in SNS outflow and adrenergic
signaling ameliorates the glucose intolerance and restores insu-
lin action in adipose tissue without affecting cellular insulin
signaling in a mouse model of short-term overnutrition.

Reduction of SNA improves long-term HFD feeding-
induced glucose intolerance

After 10 weeks of HFD feeding, THAper mice continued to
exhibit comparable weight gain, food intake, and body composi-
tion compared with WT littermates (Figures 2A-2C), indicating
that the metabolic protection conferred by a reduction of SNA
during long-term HFD feeding occurred independent of differ-
ences in body weight, food intake, or adiposity.

While insulin levels were comparable after 12 weeks of HFD
feeding, glucose tolerance was markedly improved in the
THAper mice (Figures 2D and 2E), with similar glucose excursion
between the HFD-fed THAper mice and those of RC-fed WT
mice, suggesting that impaired insulin action was improved in
THAper mice.

Insulin signaling in liver, eWAT, and muscle was comparable in
THAper and WT mice fed either RC (Figures 2F-2l) or HFD for
12 weeks (Figures 2F and 2J-2L). Plasma NEFA and glycerol
were lower in the THAper mice fed HFD (Figure 2M), consistent
with protection against arise in lipolysis despite comparable gain
in adiposity. To confirm that diet-induced obesity increases
SNA, we performed nerve recording studies. These demon-
strated that SNA is elevated in both eWAT and iWAT after
16 weeks of HFD feeding (Figure 2N). Furthermore, THAper
mice were protected from the 12 weeks of HFD-induced in-
creases in NE, epinephrine, and glucagon (Figure 20), indicating
that the increase of these counterregulatory hormones in the
setting of obesity is largely due to increased SNA and sympa-
thetically released CA. Of note, corticosterone, which is under
the control of the hypothalamic-pituitary-adrenal (HPA) axis,
was not different between WT and THAper mice (Figure 20).

Reducing sympathetic activation ameliorates HFD-
induced hepatic insulin resistance

We assessed hepatic insulin action in THAper and WT mice fed
with HFD for 16 weeks by performing hyperinsulinemic-euglyce-
mic clamps combined with tracer dilution technique (Figure 3A).
Throughout the clamp, euglycemia was similarly maintained in
the THAper and WT mice (Figure 3B), and there was a compara-
ble increase in plasma insulin in the two strains (Figure 3C), while
plasma glucagon levels were lower in THAper mice (Figure 3D).

(C) NE is markedly reduced in peripheral tissues but not in the brain of THAper (n = 6-17).

(D) Body weight of THAper mice and WT mice fed RC or HFD (n = 8-11).

(E) Fat mass of THAper mice and WT mice fed RC or HFD for 3 or 10 days (n = 8-11).
(F and G) Fasting plasma glucose (F) and insulin (G) of THAper mice and WT mice fed RC or HFD for 3 or 14 days (n = 8-11).
(H and I) Glucose tolerance of THAper mice and WT mice fed RC or HFD for 3 (H) or 10 days (l) (n = 3-6). Right: AUC of blood glucose.

(J) Plasma NE of THAper mice and WT mice fed RC or HFD (n = 7-11).

(K) Plasma glycerol of THAper mice and WT mice fed RC or HFD for 3 or 14 days (n = 8-10).

(L) Insulin’s impaired ability to reduce phosphorylation of HSL is ameliorated in e WAT of THAper mice after 14 days of HFD feeding (n = 3-6).

Data are expressed as the mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001; according to a two-sided Student’s t test (H and I: * mean p < 0.05 vs.
THAper fed HFD) or two-way ANOVA with Tukey’s test. AUC, area under the curve; SC, spinal cord.

See also Figures S1-S5.
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The glucose infusion rate (GIR) required to maintain euglycemia
was significantly higher in THAper mice (Figure 3E), indicating an
improvement in the HFD-induced insulin resistance. Notably, the
ability of insulin to suppress hGP was markedly improved in
THAper mice (Figures 3F and 3G), whereas basal hGP was not
reduced. The increase in the glucose utilization rate, as assessed
by the glucose disposal rate (Rd), was comparable in both
groups (Figure 3H), suggesting that the SNS is not a major regu-
lator of peripheral glucose utilization during hyperinsulinemia
and in the setting of chronic HFD feeding.

Despite markedly improved hepatic insulin action, hepatic in-
sulin signaling was similar in THAper and WT mice at the conclu-
sion of the hyperinsulinemic clamp (Figures 31 and 3J). Of note,
the degree of hyperinsulinemia induced during the clamp was
within a physiological range (Figure 3C), allowing for the exami-
nation of insulin signaling during physiological hyperinsulinemia.
Insulin signaling and phosphorylation of phosphodiesterase 3B
(PDE3B) were not different in eWAT of THAper mice compared
with WT (Figures 3K and 3L). However, the ability of insulin to
suppress phosphorylation of HSL and perilipin as well as activa-
tion of protein kinase A (PKA) was markedly improved in eWAT
during the hyperinsulinemic clamp study (Figures 3K, 3M, and
3N), consistent with improved adipose tissue insulin action
reduced fasting NEFA and glycerol in THAper mice fed HFD
(Figures 2M and 30). These results support the notion that
increased SNA, rather than reduced cellular insulin signaling, ac-
counts for the insulin resistance in chronic obesity.

Reducing sympathetic activity ameliorates adipose
tissue dysfunction
We next examined the role of the SNS in obesity-induced adi-
pose tissue dysfunction, characterized by reduced lipogenic ca-
pacity,” adipocyte hypertrophy,® unrestrained lipolysis,® '
metabolic inflammation,® fibrosis, and senescence.®® To assess
de novo lipogenesis (DNL), we examined the protein and mRNA
expression of key DNL enzymes such as fatty acid synthase
(FAS), ATP-citrate lyase (ATPCL), and acetyl-coenzyme A
(CoA) carboxylase (ACC) and phosphorylation of ATPCL. Sup-
pression of DNL in eWAT after HFD feeding was prevented in
THAper mice (Figures 4A, 4B, and S6A), which was also reflected
in a marked increase in the insulin-sensitizing lipokine C16:1-pal-
mitoleate, which is produced by DNL in WAT*® (Figure 4C).
Interestingly, basal phosphorylation of HSL and perilipin was
markedly reduced after HFD feeding (Figures 4A and 4D),
possibly due to chronic overstimulation and CA resistance.'”
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Increased adipocyte size is commonly associated with insulin
resistance in obesity and inversely correlates with metabolic
health,” while a higher number of small adipocytes, indicative
of higher adipogenesis rates, is often associated with a metabol-
ically healthier phenotype in individuals*' and rodents*? with
obesity. Notably, THAper mice exhibited reduced adipocyte
area, diameter, and volume in eWAT after 16 weeks of HFD
feeding, while the weight of eWAT remained comparable,
consistent with an increase in the number of smaller adipocytes
in the THAper mice (Figures 4E-4G and S6B). Additionally, the
HFD-induced suppression of genes that are upregulated during
adipogenesis, such as pparg and cebpa, was ameliorated in
THAper mice (Figure S6C), consistent with the increased number
of smaller adipocytes in THAper mice.

Adipose tissue inflammation after HFD feeding was amelio-
rated in THAper mice, as illustrated by the reduced number of
crown-like structures composed of macrophages surrounding
dead or dying adipocytes and lower mRNA levels of inflamma-
tory cytokines (cc/2 and tnfa) and macrophage markers (f4/80,
cd11c, and cd68) (Figures 4H and 4l). Expression of fibrosis-
related genes such as fibronectin1 (fn7), collagen 16a1
(col16al), itgb2, matrix metalloproteinase12 (mmp12), mmp19,
pcolce2, acta2, and tgfb was ameliorated in THAper mice (Fig-
ure S6D). Adipose tissue fibrosis is believed to arise from hypox-
ia due to the expansion of adipose tissue and ensuing induction
of the hypoxia-inducible factor 1-alpha (hif1a).” Indeed, HFD-
induced hifla expression was ameliorated in the THAper mice
(Figure S6D). Masson’s trichrome staining of fibrillar collagen |
and lll demonstrated that HFD led to the development of thick
collagen sheets consistent with fibrosis, which was ameliorated
in THAper mice (Figure 4J). This indicates that adipose tissue
fibrosis occurs independent of adipose tissue mass but is a
consequence of increased SNA. Finally, THAper mice were
protected from an increase in the expression of senescence
markers such as gonmb,*® cdknla, and cdkn2a after HFD
feeding in eWAT (Figure 4K). In summary, these results provide
strong evidence that increased SNA is a key driver of multiple as-
pects of obesity-induced adipose tissue dysfunction.

Reducing SNA ameliorates HFD-induced fatty liver

MAFLD is a common hepatic manifestation of metabolic dis-
ease. Impaired lipid metabolism is believed to be a key driver
of fatty liver. Given that THAper mice exhibit markedly improved
adipose tissue function and lipid metabolism, we next tested
whether a suppression of SNA protects from HFD-induced

Figure 2. Reduction of SNA through peripheral deletion of th improves long-term HFD feeding-induced glucose intolerance
(A) Body weight of THAper mice and WT mice fed RC (n = 4-5) or HFD (n = 9-13).

(B) Food intake of THAper mice and WT mice fed HFD (n = 5-7).

(C) Fat mass and lean mass of THAper mice and WT mice fed RC or HFD (n = 6-7).

(D) Glucose tolerance of THAper mice and WT mice fed RC or HFD for 12 weeks (n = 5-7). Right: AUC of blood glucose.

(E) Fasting plasma insulin of THAper mice and WT mice fed RC or HFD for 12 weeks (n = 10-19).

(F-L) Insulin-induced phosphorylation of Akt in liver (G and J), eWAT (H and K), and muscle (I and L) displayed similar increases in both THAper mice and WT mice

fed RC or HFD (n = 3-7).

(M) Plasma NEFA and glycerol of THAper mice and WT mice fed HFD for 12 weeks (n = 7-9).
(N) Direct multiunit recordings of gonadal and inguinal SNA were obtained in mice fed RC (lean) or 16 weeks of HFD (obese). Segments of original records of

baseline SNA and average data are shown (n = 5-8).

(O) Plasma NE (n = 4-5), epinephrine (n = 3-8), glucagon (n = 4-8), and corticosterone (n = 4-9) of THAper mice and WT mice fed RC or HFD for 12 weeks.
Data are expressed as the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; according to a two-sided Student’s t test (D: * mean p < 0.05 vs. THAper

fed HFD) or two-way ANOVA with Tukey'’s test.
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hepatic steatosis. H&E staining revealed the presence of hepatic
steatosis after 16 weeks of HFD feeding (Figure 5A). This obser-
vation was further confirmed by oil red O staining (Figures 5B and
5C) and biochemical quantification of triglyceride (TG) content
after Folch extraction (Figure 5D). Importantly, hepatic steatosis
was significantly alleviated in THAper mice.

A contributor to hepatic steatosis is increased hepatic lipogen-
esis, in part through increased expression of DNL enzymes
(FAS, ATPCL, and ACC). HFD feeding significantly increased
FAS, phosphorylation of ACC, and phosphorylation of ATPCL
(Figures 5E and 5F). Phosphorylation of ACC and ATPCL were
decreased in THAper mice compared with WT mice fed an
HFD, indicating reduced lipid biosynthesis in the livers of THAper
mice. The fatty acid transport protein CD36 facilitates fatty acid
uptake from plasma into the liver and can contribute to hepatic
steatosis.** HFD-induced CD36 overexpression was attenuated
in THAper mice (Figures 5E and 5G), suggesting that THAper
mice may be protected from hepatic steatosis in part through
decreased lipid uptake into the liver.

Within hepatocytes, glycerol kinase (GK) phosphorylates glyc-
erol into glycerol-3-phosphate, which is a substrate for TG syn-
thesis or gluconeogenesis.*® The HFD-induced increase in GK
protein expression was ameliorated in THAper mice (Figures
5E and 5G), which may contribute to the reduced hGP and he-
patic lipid accumulation. HFD-increased mRNA expression of
aquaglyceroporin3 (agp3) and agp9, which facilitate glycerol up-
take by the liver, and several enzymes that participate in TG
synthesis, including gk, glycerol-3-phosphate acyltransferase
(GPAT1, encoded by gpam), diacylglycerol acyltransferase 1
(dgat1), and monoacylglycerol acyltransferase 1 (mogat?),
were ameliorated in THAper mice (Figure 5H).

Steatosis is a precursor to steatohepatitis primarily through
inflammation. Notably, the induction of phosphorylated nuclear
factor kB (NF-kB) and IkB after HFD feeding was prevented in
the THAper mice (Figures 5E and 5G). HFD-induced mRNA in-
duction of inflammatory markers associated with steatohepatitis
such as macrophage inflammatory protein 2 (mip2); chemokines
interferon gamma-induced protein 10 (ip70), interleukin-1a. (i/7a),
interleukin-1 (il11b), and tnfa; and macrophage markers (f4/80
and cd68) were substantially reduced in THAper mice (Figure 5I).

Considering that inflammation associated with MAFLD con-
tributes to hepatic fibrosis, we assessed hepatic expression
of fibrosis-related genes (col3a1, cold4al, colbal, col5a2,
col6al, col14al, col16al, fn1, Igals3, loxI2, pcolce, and acta?)
and tissue matrix remodeling components (mmp2, mmp19,
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and timp1). HFD feeding resulted in an increase in mRNA levels
of fibrosis markers, which was mitigated in THAper mice (Fig-
ure 5J), suggesting a key role of increased SNA in driving hepat-
ic fibrosis development. Collectively, these findings underscore
that the prevention of excessive SNA in obesity results in a
comprehensive improvement of hepatic metabolism encom-
passing a reduction in steatosis and restrained hGP, along
with reduced inflammation and possibly a reduced risk of
fibrosis development.

Reducing sympathetic activation ameliorates HFD-
induced CA resistance

On a cellular level, CA resistance manifests as reduced B-adren-
ergic signaling due to reduced expression of the 3-adrenergic re-
ceptor (Adrb),?>“® lower cAMP signaling in response to p-ago-
nists, and consequently a decrease in CA-induced lipolysis in
adipose tissue. Long-term HFD suppressed protein expression
and phosphorylation of HSL (Figure 4D), which may be due to
CA resistance induced by chronic SNS overdrive, as SNA to ad-
ipose tissue (Figure 2N) and plasma NE levels (Figure 20)
continue to be high after long-term HFD. Hence, we assessed
CA resistance by administering the B3 agonist CL 316,243
(CL). CL raised plasma NEFA levels, and this response was
markedly impaired in mice fed long-term HFD (12 weeks), while
those on short-term (3 weeks) HFD showed no such impairment
(Figures 6A and 6B), demonstrating that CA resistance is
induced only after long-term HFD feeding. The compromised
physiological response to adrenergic stimulation after HFD
feeding was ameliorated in the THAper mice as evidenced by
a trend toward increased NEFA levels after CL (Figure 6C) and
improved HSL activation in eWAT in THAper mice (Figure 6D).
This improvement can be attributed to the maintenance of
mRNA expression of Adrb3 (Figure 6E). These results suggest
that THAper mice are protected from CA resistance likely due
to reduced chronic sympathetic stimulation.

Adipose tissue lipolysis is required for SNA-induced
glucose intolerance

A key role of the SNS is to stimulate lipolysis in adipose tissue.
Unrestrained adipose tissue lipolysis due to elevated SNA may
contribute to insulin resistance by providing the gluconeogenic
precursor glycerol*” and NEFA, which support increased hGP.
Here, we tested whether lipolysis is required for the SNA-
induced insulin resistance. We found that administration of NE
robustly impaired insulin action (Figures 7A and 7B), but the

Figure 3. Reducing sympathetic activation ameliorates HFD-induced insulin resistance

(A) Schematic representation of hyperinsulinemic-euglycemic clamp protocol. THAper mice (n = 4) and WT mice (n = 5).

(B) Blood glucose of THAper mice and WT mice fed HFD for 16 weeks during hyperinsulinemic clamps.

(C and D) Plasma insulin (C) and glucagon (D) during the basal and hyperinsulinemic clamp period.

(E) GIR required to maintain euglycemia during the hyperinsulinemic clamps is higher in THAper mice. Upper right: AUC of GIR.
(F) hGP during basal and clamp periods. The ability of insulin to suppress hGP was markedly improved in THAper mice.

(G) Percentage suppression of hGP.

(H) The increase in the glucose utilization rate was comparable in THAper mice and WT mice during the hyperinsulinemic phase.
(I and J) Phosphorylation of Akt and GSK3p in liver was comparable in THAper mice and WT mice during the hyperinsulinemic phase.
(K and L) Phosphorylation of insulin receptor (Insr), Akt, GSK3p, and PDE3B in eWAT was comparable in THAper mice and WT mice during the hyper-

insulinemic phase.

(M and N) The ability of insulin to suppress activity of HSL, perilipin (M), and PKA (N) in e WAT is improved in THAper mice.

(O) Plasma NEFA during the basal and hyperinsulinemic clamp periods.

Data are expressed as the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; according to a two-sided Student’s t test.
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impairment was reversed upon pharmacological inhibition of
lipolysis by oral administration of the adipose triglyceride
lipase (ATGL) inhibitor ATGListatin (Figures 7A-7C).*® We next
tested the role of adipose tissue lipolysis in obesity-induced in-
sulin resistance by using mice that carry an adipose tissue-spe-
cific deletion of ATGL (AAKO) and feeding them an HFD for
28 days. AAKO mice exhibited markedly reduced atgl expres-
sion in eWAT (Figure 7D), comparable weight gain, adiposity,
and food intake as WT controls (Figures 7E and 7F), but were
protected from HFD-induced insulin resistance (Figure 7G),
consistent with a previous report.*> AAKO mice exhibited
reduced plasma NEFA levels (Figure 7H), reduced mRNA levels
of inflammatory cytokines as well as macrophage markers (Fig-
ure 71), and lower liver TG content (Figure 7J). These studies indi-
cate that SNA overdrive is sufficient to induce insulin resistance
and that the SNS-induced insulin resistance requires lipolysis.
Likewise, lipolysis is required for HFD-induced insulin resistance.

DISCUSSION

Here, we investigated mechanisms underlying overnutrition-
induced insulin resistance, specifically the role of the SNS and
CA using THAper mice, a mouse model of peripherally restricted
CA deficiency that allows to study the role of CA released from
the SNS. Our studies led to four key findings. First, overnutrition
leads to a rapid impairment of insulin action along with increased
SNA and adipose tissue lipolysis despite intact cellular insulin
signaling. Second, THAper mice are protected from HFD-
induced glucose intolerance and insulin resistance and maintain
hepatic insulin sensitivity despite comparable weight and
adiposity gain, food intake, and cellular insulin signaling. Third,
THAper mice are protected from key manifestations of HFD-
induced metabolic disease, including adipose tissue dysfunction
and fatty liver. Fourth, increased adipose tissue lipolysis is a key
mechanism through which increased SNA induces insulin resis-
tance. These findings demonstrate that increased SNS outflow is
a key driver of insulin resistance and metabolic disease in diet-
induced obesity.

Our studies in the THAper mice revealed that increased SNA
drives insulin resistance independently of changes in cellular in-
sulin signaling during both short-term and long-term HFD
feeding. While impairment in cellular insulin signaling is
commonly deemed the principal driver of insulin resistance, pre-
vious studies reported both impaired®® and intact®" cellular insu-
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lin as assessed through Akt phosphorylation in liver, adipose tis-
sue, and skeletal muscle after HFD feeding, suggesting that
impaired cellular insulin signaling may not always or fully account
for insulin resistance. Here, we examined insulin signaling in the
setting of HFD feeding after acute and maximal insulin stimula-
tion, as well as after the induction of physiological hyperinsuline-
mia. Both approaches did not reveal differences in cellular insulin
signaling between THAper and WT mice, suggesting that the
marked improvement of hepatic insulin action in the THAper
mice after HFD feeding is not due to enhanced cellular insulin
signaling but rather due to the attenuation of increased SNA.

This study provides important insights into the key role of the
SNS in driving the dysregulation of counterregulatory hormones
in obesity-induced insulin resistance. The finding that reducing
CA release from the SNS prevents the obesity-induced hyper-
glucagonemia suggests that inappropriate SNA is a key culprit
of a cell dysfunction in obesity and diabetes and not necessarily
due to a failure of B cells as insulin levels remained comparable.
Importantly, glucagon is not increased during the early phases of
obesity development, which supports the notion that sympathet-
ically released NE is the key driver of the insulin resistance
that develops as early as after only 3 days. Of note, while the
HFD-induced rise in NE,'® epinephrine,”” and glucagon®® was
completely prevented in THAper mice, the increase in glucocor-
ticoid levels after HFD feeding was not reduced, suggesting that
obesity-induced insulin resistance can be ameliorated even
though the HPA axis remains activated and/or that an increased
activation of the HPA axis in the absence of a fully functional SNS
is insufficient to cause obesity-induced insulin resistance.

Our work suggests that SNS-induced insulin resistance is to a
large extent mediated by increased WAT lipolysis. This notion is
supported by two findings, first that NE-induced insulin resis-
tance is prevented by pharmacological inhibition of ATGL and
second that AAKO mice are protected from HFD-induced insulin
resistance. Our data corroborate a previous report that adminis-
tration of ATGListatin prevents long-term HFD-induced insulin
resistance and liver steatosis.”® A caveat of this earlier study
was that long-term treatment with ATGListatin also reduced
body weight and adiposity, and hence it remained unclear if
the improvement in insulin action was due to reduced adiposity
or reduced lipolysis. A strength of our study is that adiposity was
not a confounder. In aggregate, our studies support a model in
which obesity increases the SNS, which triggers WAT lipolysis,
and while increased adrenergic signaling is sufficient to induce

Figure 4. Reducing SNA improves adipose tissue dysfunction

(A and B) THAper mice were protected from 16 weeks of HFD-induced loss of lipogenic capacity in eWAT (n = 4-11).

(C) Lipidomics analysis of plasma revealed that C16:1-palmitoleate was significantly increased in THAper mice fed HFD (n = 3-5).

(D) Phosphorylation of HSL and perilipin was markedly suppressed after HFD feeding (n = 4-11).

(E) H&E staining of representative e WAT sections of the four subgroups (WT, THAper, WT with HFD, THAper with HFD). Crown-like structures (CLSs) are indicated

by arrows. Scale bar, 200 pm.

(F) Weight of eWAT of THAper mice and WT mice fed RC (n = 4-5) or HFD (n = 5-12).
(G) Adipocyte mean area, diameter, volume, and number in eWAT of THAper mice and WT mice fed RC and HFD (n = 4-7).
(H) THAper mice were protected from increased number of CLS induced by HFD in eWAT (n = 4-7).

(I) Pro-inflammatory gene expression in eWAT (n = 4-7).

(J) HFD-induced adipose tissue fibrosis is improved in THAper mice as assessed by Masson’s trichrome staining (n = 4-7). Scale bar, 200 pm.

(K) Senescence gene expression profile in eWAT (n = 4-7).

Data are expressed as the mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001; according to a two-sided Student’s t test or two-way ANOVA with

Tukey’s test.
See also Figure S6.
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Figure 5. Reducing sympathetic stimulation ameliorates HFD feeding-induced fatty liver

(A and B) H&E staining (A) and oil red O staining (B) of representative liver sections of the four subgroups (WT, THAper, WT with HFD, and THAper with HFD). Scale
bar, 100 um.

(C) Percentage of hepatocytes that stained positive with oil red O (n = 3-5).

(D) 16 weeks of HFD-induced steatosis is prevented in THAper mice as assessed by liver TG content after Folch extraction (n = 3-13).

(E and F) Hepatic DNL protein expression is reduced in THAper mice fed HFD (n = 4-10).

(E and G) CD36 and GK protein expression is reduced in THAper fed HFD for 16 weeks. Overnutrition-induced inflammation is prevented in THAper mice as
assessed through the activation states of NF-kB and IkB.

(H) Genes participating in TG synthesis (n = 5-11).

(legend continued on next page)
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Figure 6. Reducing sympathetic activation attenuates HFD-induced CA resistance

(A and B) Plasma NEFA after CL injection in C57BL/6 mice fed RC or HFD for 3 weeks or 12 weeks (n = 5).

(C) Plasma NEFA after CL injection in THAper mice and WT mice fed RC or HFD for 12 weeks (n = 3-10).

(D) Phosphorylation of HSL in eWAT after CL injection in THAper mice and WT fed RC or HFD for 16 weeks (n = 3-4).

(E) Adrb gene expression in eWAT (n = 4-12).

Data are expressed as the mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001; according to a two-sided Student’s t test or two-way ANOVA with

Tukey’s test.

insulin resistance, CA- or HFD-induced insulin resistance is pre-
vented when lipolysis is inhibited, establishing a key role of the
SNS-lipolysis regulation in accounting for obesity-induced insu-
lin resistance, which does not require impaired cellular insulin
signaling.

Interestingly, a prior 4-week CL infusion study showed
improved glucose tolerance, which likely is due to reduced
adiposity.®* Importantly, plasma NEFA levels were profoundly
reduced in this study, consistent with the hypothesis that fatty
acids and lipolysis are key drivers of insulin resistance.

The benefits of suppressing SNA are not limited to improving
insulin resistance but extend to ameliorating adipose tissue
dysfunction, metabolic inflammation, and MAFLD. Our data sug-
gest that reduced lipogenic capacity in adipose tissue may serve
as a surrogate marker for sympathetic overactivation in obesity

and that increased SNS outflow is a key reason for reduced adi-
pogenesis in obesity. While increased circulating fatty acids are
generally associated with insulin resistance, certain fatty acids,
such as palmitoleate,”® endogenously produced through DNL
and secreted from adipose tissue, seem to have favorable
metabolic effects, such as improving insulin action in peripheral
tissue. THAper mice exhibited significant increase of C16:1-pal-
mitoleate in plasma, suggesting that the reason for why palmito-
leate is lower in obesity is due to elevated SNA.

Cold exposure and CL administration can increase DNL pro-
tein expression,®® which may occur in part through the induction
of insulin secretion.’® While WAT DNL (p-Atpcl and Atpcl) tended
to be lower in THAper mice fed RC compared with WT controls,
HFD feeding strongly reduced adipose tissue DNL (FAS, ACC,
p-Atpcl, and Atpcl) in WT mice as described earlier,”* but this

(I) Pro-inflammatory gene expression in liver (n = 3-10).
(J) Fibrosis gene expression profile in liver (n = 3—-11).

Data are expressed as the mean + SEM. *p < 0.05; *p < 0.01; **p < 0.001; ****p < 0.0001; according to a two-sided Student’s t test or two-way ANOVA with
Tukey’s test; (L) $ and # mean p < 0.05 vs. WT RC and WT HFD groups correspondingly.
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Figure 7. Adipose tissue lipolysis is a critical pathway of SNA-induced glucose intolerance

(A) Pharmacological inhibition of lipolysis through ATGListatin ameliorated NE-induced insulin resistance. ATGListatin or corn oil was administered orally by
gavage 60 min before insulin injection. NE or saline were injected 15 min before insulin injection (n = 4-11).

(B) Percentage change from baseline (before insulin injection) blood glucose. Right: AUC of blood glucose.

(C) ATGlListatin reduced fasting plasma NEFA levels (n = 5).

(D) Gene expression of atgl in eWAT (n = 6).

(E and F) Body weight (E), fat mass (E, upper right), and food intake (F) of AAKO mice and WT mice fed HFD for 28 days (n = 4-8).

(G) Plasma glucose during insulin tolerance test of AAKO mice and WT mice fed HFD for 28 days (n = 6-8). Upper right: AUC of blood glucose.

(H and J) Fasting plasma NEFA (H) and liver TG content (J) of AAKO mice and WT mice fed HFD for 28 days (n = 6-8).

(I) Pro-inflammatory gene expression in eWAT (n = 3-6).

AT, ATGListatin. Data expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; according to a two-sided Student’s t test (A and B: * mean
p < 0.05 vs. AT + NE + Ins) or two-way ANOVA with Tukey’s test.

reduction was prevented in THAper mice. These findings sug- DNL and TG synthesis. The observation that AAKO mice on
gest that increased SNA accounts for the reduction in adipose HFD are protected from hepatic TG accumulation suggests
tissue lipogenic capacity in obesity. that SNA-induced unrestrained lipolysis is an important driver

Our study reveals that increased SNA is an important driver of ~ of hepatic steatosis in overfeeding. This evidence is consistent
HFD-induced hepatic steatosis, the initiating event of MAFLD."®  with reports that overexpression of B-ARs in cultured hepato-
Reduced steatosis upon suppression of the SNS in the THAper  cytes induces intracellular lipid accumulation,®” suggesting an
mice may be mediated by multiple mechanisms, including important role of B-adrenergic signaling in hepatic steatosis.
decreased fatty acid flux from WAT and lower fatty acid uptake  NE can trigger hematopoietic stem cell (HSC) activation and pro-
due to reduced expression of CD36 or to decreased hepatic liferation, which in turn promotes liver inflammation, fibrosis,*®
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and progression of steatohepatitis. In addition to steatosis,
THAper mice are also protected from HFD-induced liver inflam-
mation and fibrosis, suggesting that increased SNA may
contribute not only to the initiation but also to the progression
of MAFLD to more advanced stages.

While more studies are needed to further characterize how
SNS overdrive results in CA resistance at a tissue-specific and
molecular level, our observation that CA resistance is markedly
reduced in the THAper mice provides an important insight to un-
ravel apparently conflicting evidence of both SNS overdrive and
insufficiency in obesity. Our studies suggest that SNA is indeed
increased in obesity and an early driver of multiple manifesta-
tions of diet-induced metabolic disease. Prevention of obesity-
induced CA resistance in the THAper mice despite comparable
adiposity gain indicates that SNS overdrive is a key reason for
the CA resistance. Therefore, SNS overdrive rather than insuffi-
ciency emerges as the primary therapeutic target as mitigating
SNS overactivation seems effective to improving various compli-
cations of obesity-induced metabolic disease while also amelio-
rating manifestations of sympathetic insufficiency and adren-
ergic desensitization.

In summary, this study demonstrates that overnutrition in-
creases SNA and adipose tissue lipolysis, which emerge as
pivotal drivers of obesity-induced insulin resistance as well as
other hallmarks of metabolic disease such as adipose tissue
dysfunction and fatty liver disease. The findings suggest a para-
digm shift in our understanding of how obesity induces insulin
resistance.

Limitations of the study
A limitation of our studies is that the THAper model does not
allow to assess the role of SNA overdrive in specific organs.
Thus, the directionality, dynamics, and other characteristics of
endogenous SNA in adipose tissue or other tissues during HFD
feeding warrant further investigation. Future studies employing
models of organ-specific sympathectomies will be needed to
further elucidate the relative contribution of SNA in specific tis-
sues and determine whether a global rather than tissue-specific
or a peripheral vs. central targeting of SNA is more effective to
ameliorate multi-organ manifestations of metabolic disease in
obesity. The observation that most adrenergic blockers are not
particularly beneficial in obesity suggests that a more targeted
modulation of the SNS may be required to reap the benefits of
reduced SNS overdrive in metabolic disease. Of note, several
adrenergic blockers cross the blood-brain barrier and do not
exhibit peripherally restricted action but also penetrate and act
in the CNS. Further, mixed effects may be exerted when adren-
ergic blockers target adrenergic receptors that are already to
some extent desensitized. Alternative approaches to exploit
our findings for the treatment of metabolic disease in obesity
may include restraining SNS outflow by enhancing brain insulin
action, a potentially important upstream inhibitor of SNS outflow
as we previously reported.'>*"*® Indeed, brain insulin-sensi-
tizing approaches such as intranasal administration of PTP1b in-
hibitors that have been found to improve metabolic control®®
warrant further investigation as potential avenues to modulate
SNS outflow to peripheral tissues.

We studied male mice, as they are more susceptible to
obesity-induced metabolic disorders. Future studies will
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examine the role of the SNS in females and in menopause-
induced insulin resistance.

While our study revealed that acute and chronic NE infusion
impaired insulin action, plasma NE reached supraphysiologi-
cal levels during the NE infusion. However, it is important to
note that the local concentration of NE at the sympathetic
cleft that the adipocyte sees is much higher than plasma
levels. Thus, to experimentally mimic NE levels at the synaptic
cleft, we thought it necessary to elevate plasma NE concen-
trations to higher than physiological plasma levels. While we
believe the results of the NE infusion study are complementary
and support the hypothesis, a caveat of this study is that while
the lipolytic activity of HSL in e WAT trended to be increased in
the NE-infused group, NEFA levels were not different at the
end of the study, likely due to increased NEFA utilization.
Future studies may benefit from utilizing a mouse model that
allows the direct and selective activation of the SNA to adi-
pose tissue.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p-Akt (Ser473) Cell Signaling 9271; RRID: AB_329825
p-Akt (Thr 308) Cell Signaling 2965; RRID: AB_2255933

Akt Cell Signaling 9272; RRID: AB_329827
p-INSR (Tyr1162) Cell Signaling 3918; RRID: AB_10548764
INSR MA-20 Santa Cruz sc-57344; RRID: AB_782041
p-GSK3B (pSer9) Cell Signaling 5558; RRID: AB_10013750
GSK3p Cell Signaling 12456; RRID: AB_2636978
p-PDE3B FabGennix International Incorporated PPD3B-140AP

Fatty acid synthase (FAS) BD Biosciences 610962; RRID: AB_398275
Acetyl-CoA carboxylase (ACC) Cell Signaling 3662; RRID: AB_2219400
Phospho-ACC(Ser79) Cell Signaling 3661; RRID: AB_330337
ATP-Citrate Lyase (ATPCL) Cell Signaling 4332; RRID: AB_2223744
Phospho-ATPCL Cell Signaling 4331; RRID: AB_2257987
Glycerol kinase Abcam ab126599; RRID: AB_11129767
CD36 Abcam ab133625; RRID: AB_2716564
B-actin Santa Cruz sc-81178; RRID: AB_2223230
Perilipin 1 Cell Signaling 9349; RRID: AB_10829911
Phospho-PKA substrate (p-perilipin) Cell Signaling 9624; RRID: AB_331817

TH Millipore Sigma MAB318; RRID: AB_2201528
Cre Recombinase Cell Signaling 15036; RRID: AB_2798694
ATGL Cell Signaling 2138; RRID: AB_2167955
HSL Cell Signaling 4107; RRID: AB_2296900
p-HSL (S563) Cell Signaling 4139; RRID: AB_2135495
p-HSL (S660) Cell Signaling 4126; RRID: AB_490997
NFkBp65 Cell Signaling 8242; RRID: AB_10859369
p-P65 Cell Signaling 3033; RRID: AB_331284
p-IkBa (Ser32) Cell Signaling 2859; RRID: AB_561111

IkBa Cell Signaling 4814; RRID: AB_390781
IRDye 680RD Donkey anti-Mouse IgG LI-COR 926-68072; RRID: AB_10953628
Secondary Antibody

IRDye 800CW Donkey anti-Rabbit IgG LI-COR 926-32213; RRID: AB_621848
Secondary Antibody

Chemicals, peptides, and recombinant proteins

Odyssey LI-COR Blocking Buffer LI-COR 927-40000

NuPAGE 4 to 12% Gel Thermo Fisher WG1403A

QIAzol Lysis Reagent Qiagen 79306

RNeasy Mini Kit Qiagen 74104

SuperScript Ill First-Strand Synthesis SuperMix Thermo Fisher 11752050

SYBR green Thermo Fisher 4309155

Glucose Sigma D9434

Tamoxifen Sigma-Aldrich T5648

CL-316,243 Sigma-Aldrich C5976

2-Deoxy-D-glucose (2-DG) Sigma-Aldrich D6134

DL-Norepinephrine hydrochloride Sigma-Aldrich A7256

el Cell Metabolism 37, 1-17.e1-e6, January 7, 2025

(Continued on next page)



Please cite this article in press as: Sakamoto et al., Overnutrition causes insulin resistance and metabolic disorder through increased sympathetic ner-
vous system activity, Cell Metabolism (2024), https://doi.org/10.1016/j.cmet.2024.09.012

Cell Metabolism

¢? CellPress

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
ATGListatin Selleckchem S7364
HR Series NEFA-HR(2) Color Reagent A Wako 999-34691
HR series NEFA-HR(2) solvent A Wako 995-34791
HR Series NEFA-HR(2) Color Reagent B Wako 991-34891
HR series NEFA-HR(2) solvent B Wako 993-35191
NEFA standard solution Wako 276-76491
Critical commercial assays
BCA protein assay kit Thermo Fisher 23225
Serum triglyceride determination kit Sigma TR0O100
Triglyceride assay kit Thermo Fisher TR22421
Noradrenaline (Norepinephrine) High Sensitive ELISA Eagle Biosciences NOU39-K01
Adrenaline (Epinephrine) High Sensitive ELISA Eagle Biosciences ADU39-K01
Ultrasensitive Mouse Insulin ELISA Mercodia 10-1249-01
Glucagon ELISA Mercodia 10-1281-01
Corticosterone Parameter Assay Kit R&D Systems KGE009
Experimental models: Organisms/strains
THox mjice Dr. R. Palmiter (University N/A

of Washington)
Rosa26CeERT2 mice Taconic model 10471
ATGL"¥1x (BEN.129-Pnpla2'™'Ee/J) mice Dr. Erin E. Kershaw; Strain 024278

B6N.FVB.Tg (Adipog-Cre)1evr/J mice

Jackson Laboratory
Jackson Laboratory

Strain 028020

C57BL/6J mice Jackson Laboratory Strain 000664
Oligonucleotides

Primers for genotyping, see Table S1 This paper N/A

Primers for gPCR, see Table S1 This paper N/A

Software and algorithms

GraphPad Prism 8 software GraphPad N/A

Bioquant Life Science Bioquant Image Analysis N/A

Image J Schneider et al. https://imagej.nih.gov/ij/
Image Studio 5.2 LICOR N/A

Other

SpectraMax i3x Multi-Mode Microplate Reader Molecular Devices i8x

QuantStudio 6 Flex Real-Time PCR Systems Thermo Fisher 4485691
Tissue-Tek O.C.T. Compound VWR 25608-930
Olympus microscope Olympus BX53

LI-COR Odyssey LI-COR Odyssey 9140 CLx
Infrared camera, T530, emissivity of Teledyne FLIR N/A

0.95, FLIR Systems

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mice were fed ad libitum either a standard rodent chow diet (RC, PicoLab Rodent Diet 20-5053; LabDiet, St. Louis, MO, USA) or a
HFD with 60% kcal fat (D12492i; Research Diets, New Brunswick,NJ, USA), or a HFD with 58% kcal fat (D12331; Research Diets,
New Brunswick, NJ). In all studies we used D12492i, except for the nerve recording studies performed in the Rahmouni Lab (Fig-
ure 2N) in which diet D12331 was used. Animals were housed on a 12 h light/12 h dark cycle with lights on at 07:00 and off at
19:00. The ambient temperature was maintained at 21+1 °C. Only male mice were used in this study. We generated inducible pe-
ripheral th knockout mice by crossing TH"° mice (kindly provided by Dr. Richard Palmiter, University of Washington) with tamox-
ifen-inducible Rosa26°ER™2 mice (Taconic #10471, Hudson, NY). TH1*  Rosa26°ERT2+- mice (THAper) and the TH1fox,
Rosa26°ERT2/- (WT littermates) expressed normal levels of TH protein during development and before induction of KO. Deletion
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of the th gene was achieved by intraperitoneal (i.p.) injection of 50 mg/kg tamoxifen (Cat#: T5648; Sigma-Aldrich) daily for five doses
administration and was limited to the periphery, owing to low expression of Cre recombinase in the CNS.%° THAper and WT litter-
mates were both injected with tamoxifen at the age of 8 weeks.

We generated adipose-specific ATGLKO mice by crossing B6N.129-Pnpla2t™'Eek/ g8 (ATGL1fo* kindly provided by Dr. Erin E.
Kershaw) with B6N.FVB.Tg (Adipog-Cre)1evr/J mice (stock No. 028020, Jackson Laboratory, Bar Harbor ME) for at least 10 gener-
ations. The offspring either lacked ATGL in adipose (ATGL""* Adipog-Cre-+/- or AAKO) or were the floxed, cre negative wild type
littermate controls (ATGL"°* Adipoq-Cre-/- or WT).

All animal studies were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committee
(IACUC) in Rutgers Robert Wood Johnson Medical School, Icahn School of Medicine at Mount Sinai, and University of lowa.

Body weight and Food Intake
Eight-week-old male WT and THAper mice were injected with tamoxifen, then fed either HFD or RC, and body weight was measured
for 10 weeks. Food remaining in the hopper of individually housed mice was measured once a week during the 10 weeks.

Body composition
We analyzed body composition (fat and lean mass) using a magnetic-resonance whole-body composition analyzer (Echo MRI, Hous-
ton, TX).

Glucose Tolerance Test
Mice were fasted for 5 hours before i.p. administration of glucose (2 g/kg body weight) dissolved in normal saline. Blood glucose level
was measured with a strip-based glucometer at 0, 15, 30, 60, 90 and 120 min after the glucose injection (Contour next, Ascensia
Diabetes Care US, Parsippany, NJ).

In Figure 1F, the fasting glucose level after 3 days of HFD feeding is derived from the baseline glucose level of the glucose tolerance
test presented in Figure 1H.

Insulin Tolerance Test
Mice were fasted for 5 h before i.p. administration of insulin (1.0 U/kg body mass;) in normal saline. Blood glucose was measured at 0,
15, 30, 60, 90, and 120 after injection.

In Figure S1C, the fasting glucose level after 3 days of HFD feeding is derived from the baseline glucose level of the insulin tolerance
test presented in Figure S1F.

Cold tolerance test
To determine the core body temperature response to an acute cold challenge, mice were single housed at 4°C without food and core
body temperature was assessed via rectal probe every 60 min for 3 hours.

Hyperinsulinemic-Euglycemic Clamps

Carotid and jugular catheters were implanted into mice that had been fed HFD for 16 weeks to allow for sampling and infusion one
week before the clamp study. During the recovery food intake and body weight was followed; mice were required to regain their
pre-surgical body mass (+10%) to be included in the study. One week after catheter implantation mice were studied through a hyper-
insulinemic-euglycemic clamps as described previously.*”°> Two hours before infusions were started food was removed. To deter-
mine glucose fluxes, primed-continuous infusions of [U-'3C-6]-D-glucose (0.6 pmol/kg/min) were started at t = -100 min, at
which time baseline plasma was collected, and the tracer infusions were continued until t = 120 min. Human insulin was primed
(72 mU/ kg / min) at t = 0 min for 1 min and then continuously infused at 4 mU / kg / min for 2 hours. Blood glucose was monitored
every 10 min, and a 20% dextrose solution was infused at a variable rate to maintain euglycemia. Blood was collected into EDTA
tubes at multiple timepoints through tail nicks and processed for measuring plasma insulin and lipids. Animals were anesthetized
with isoflurane and sacrificed at the end of the clamps. Perigonadal adipose tissues, livers, and hypothalamus were harvested,
snap-frozen in liquid nitrogen, and stored at -80°C until further analysis.

Acute NE infusion
We sacrificed mice 15 min after i.p. injection of NE (4 mg/kg) and harvested eWAT.

Chronic NE infusion
Mice were implanted subcutaneously with osmotic minipumps (Alzet #1002, Durect Corporation, Cupertino, CA) delivering either NE;
5.0 mg/kg/day (Sigma #A7256, St. Louis, MO) or saline for 14 days.

Insulin signaling

To determine whether cellular insulin signaling is reduced during overnutrition, we sacrificed mice 15 min after i.p. injection of insulin
(1 U/kg) and harvested tissues. Tissues were also harvested at the end of the hyperinsulinemic euglycemic clamp.
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2-DG Treatment
Mice were fasted for 5 hours before i.p. administration of 2-DG (500 mg/kg) dissolved in normal saline (Cat#: D6134; Sigma-Aldrich).
Blood was collected from the tail vein at 0, 30, 60, 90 and 120 min after injection.

ATGListatin and NE treatment before Insulin tolerance test

To pharmacologically inhibit lipolysis, mice were gavage with corn oil or Atglistatin (S7364; Selleckchem) dissolved in corn oil
(1.4 mg/Kg in a volume of 200 pl) 60 minutes before insulin tolerance test. The mice received either NE (0.5 mg/kg) or saline as vehicle
through i.p. injection 15 minutes before insulin tolerance test.

CL 316,243 treatment
In the fed state, mice were i.p. injected with a bolus of the B3-adrenergic agonist CL 316,243 (CL, C5976 Sigma-Aldrich; i.p. 1 mg/kg
body weight). Blood was collected from the tail vein at 0, 60, and 120 min after injection.

METHOD DETAILS

Western blot

Tissues were homogenized in lysed in ice-cold lysis buffer containing 50mM Tris-HCI pH 7.4, 150mM NaCl, 1mM EDTA, 1.25%
CHAPS, 20 mM sodium fluoride, TmM sodium orthovanadate, 10mM sodium pyrophosphate, 8mM B-glycerophosphate and Com-
plete Protease Inhibitor Cocktail tablet (Roche, Indianapolis, IN). The homogenates were centrifuged at 14,000g for 15 minutes
at —4 °C, and the supernatant was collected. Protein concentration was measured using a bicinchoninic acid (BCA) protein quan-
tification kit (Thermo Scientific, Waltham, MA). Protein extracts were separated on 4-12% NuPAGE gels (Invitrogen, Carlsbad,
CA) and blotted onto Immobilon FL PVDF membranes (Millipore, Billerica, MA). Membranes were blocked at room temperature
for 1 h with Odyssey LI-COR blocking buffer (LI-COR, Lincoln, NE) diluted 1:1 in Tris-buffered saline (TBS). After blocking, mem-
branes were incubated overnight at 4 °C with primary antibodies listed in the key resources table. Membranes were washed consec-
utively three times for 5 min each in TBS-T (0.1%). Blots were incubated with Dylight 680-conjugated goat anti—rabbit IgG and Dylight
800-conjugated goat anti-mouse IgG (Thermo Scientific, Waltham, MA) for 2 h at room temperature in blocking buffer containing
0.1% TBS-T and 0.1% SDS. Blots were washed three more times in TBS-T followed by a final wash in TBS, and the blots were
then scanned with the LI-COR Odyssey (LI-COR, Lincoln, NE). Levels of phosphorylated proteins were normalized to the house-
keeping genes B-actin or B-tubulin.

Preparation of RNA and gene-expression analysis

RNA Extraction and Quantitative Real-time PCR Total RNA from liver and adipose tissue was extracted and processed as previously
described.®® Briefly, homogenized tissue was processed using RNeasy Kit (Qiagen, Valencia, CA) to isolate RNA according to the
manufacturer’s protocol. The quantity and quality of the extracted RNA was assessed using SpectraMax i3x Multi-Mode Microplate
Reader (Molecular Devices, San Jose, CA). cDNA was then synthesized using Superscript Ill Reverse Transcription Supermix;
(Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s protocol. The resulting cDNA was used to determine gene
expression levels via gPCR using SYBR green (Thermo Fisher Scientific, Waltham, MA). Relative gene expression was measured us-
ing the QuantStudio 6 Flex Real-Time PCR Systems (Thermo Fisher Scientific, Waltham, MA). Relative gene expression was calcu-
lated using the comparative Ct method. Data were analyzed with the comparative Ct method. The sequences of the quantitative real-
time PCR primers are listed in the Table S1.

Hepatic TG Extraction

Folch TG extraction was performed as previously described.®” Briefly, liver tissues (100 mg) were homogenized in a mixture of meth-
anol and chloroform (1:2 ratio). After incubation, 0.1 mol/L NaCl was added to the homogenates, and samples were vortexed. After
centrifugation at 1,000 rpm for 10 min at room temperature, the lower organic phase containing TGs was collected, and evaporated in
a vacuum. 3 mol/L KOH was added to the extracted TGs, and the samples were incubated at 70°C for 1 h. TGs were measured using
a triglyceride kit (Sigma Aldrich, St. Louis, MO) according to the manufacturer’s protocol.

Histology

Fixed Liver and adipose tissue were embedded in paraffin and then sectioned at a thickness of 5 um and stained with hematoxylin
and eosin. Fixed adipose tissue were also stained with Masson’s trichrome stain. Frozen liver samples were embedded in optimal
cutting temperature compound (OCT, cat# 25608-930, VWR, Radnor, PA) and sectioned at a thickness of 5 um. Slides were fixed
and stained with an Oil Red O solution (ORO).

Slides were scanned with magnification of 10x, 20x and 40X using Olympus microscope and at least 4 images per animal were
captured at 20x (adipocyte size measurement, Masson’s trichrome staining) and 40x (oil red O staining) magnification. Percent
and areas containing lipid or fibrillar collagens was calculated using Image J software.

The mean adipocyte weight was calculated as adipocyte volume multiplied by the density of TAG (0.915 g/ml) as described pre-
viously.®® The total adipocyte number in eWAT was determined by dividing the total eWAT weight (milligrams) by the estimated mean
adipocyte weight (milligrams).
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Plasma Assays

Plasma free-glycerol and TGs were measured with a colorimetric assay (Triglycerides Kit; Sigma-Aldrich, St. Louis, MO). NEFA levels
and glycerol were determined using a NEFA kit from Wako (Wako Chemicals USA, Inc. Richmond, VA) and triglyceride determination
kit from Sigma Aldrich (Sigma Aldrich, St. Louis, MO). Plasma insulin, Glucagon, Norepinephrine, Epinephrine, Corticosterone levels
were determined using Ultrasensitive Mouse Insulin ELISA (Cat#: 10-1249-01, Mercodia, Sweden), Glucagon ELISA (Cat#: 10-1281-
01, Mercodia, Sweden), Noradrenaline (Norpinephrine) High Sensitive ELISA (Cat#: NOU39-KO01, Eagle Biosciences, NH, USA),
Adrenaline (Epinephrine) High Sensitive ELISA (Cat#: ADU39-K01, Eagle Biosciences, NH, USA), Corticosterone Parameter Assay
Kit (Cat#: KGE0O09, R&D systems, MN, USA). All assays were performed following the respective manufacturer’s protocol.

Lipidomics analysis

UHPLC chromatography conditions: The reverse phase separation was performed on a Vanquish Horizon UHPLC system (Thermo
Fisher Scientific, Waltham, MA) with a Poroshell 120 EC-C18 column (150 mm X 2.1 mm, 2.7 um particle size, Agilent InfinityLab,
Santa Clara, CA) using a gradient of solvent A (90%:10% H20:MeOH with 34.2 mM acetic acid, 1 mM ammonium acetate,
pH 9.4), and solvent B (75%:25% IPA:methanol with 34.2 mM acetic acid, 1 mM ammonium acetate, pH 9.4). The gradient was
0 min, 25% B; 2 min, 25% B; 5.5 min, 65% B; 12.5 min, 100% B; 19.5 min, 100% B; 20.0 min, 25% B; 30 min, 25% B. The flow
rate was 200 pl/min. Injection volume was 5 pL and column temperature was 55 °C. The autosampler temperature was set to 4°C
and the injection volume was 5puL.

Full scan mass spectrometry: The full scan mass spectrometry analysis was performed on a Thermo Q Exactive PLUS with a HESI
source which was set to a spray voltage of -2.7kV under negative mode and 3.5kV under positive mode. The sheath, auxiliary, and
sweep gas flow rates of 40, 10, and 2 (arbitrary unit) respectively. The capillary temperature was set to 300°C and aux gas heater was
360°C. The S-lens RF level was 45. The m/z scan range was set to 100 to 1200m/z under both positive and negative ionization mode.
The AGC target was set to 1e6 and the maximum IT was 200ms. The resolution was set to 140,000.

BAT thermal imaging
BAT thermal imaging was performed as described previously.®®°” Briefly, an infrared camera (T530, emissivity of 0.95, FLiR Systems)
was placed above the mouse cage used to acquire a dorsal thermal video at a focal length of 30 cm, 3hours after cold exposure.

To analyze thermal images.CSQ video files were imported into the FLIR Tools+ program and the video was scrubbed through to
find frames where mice were in a consistent and standardized outstretched position/orientation, allowing for clear delineation be-
tween the BAT heated interscapular region and relatively cooler hindquarters. Frames from the first three instances of mice in the
standardized position were analyzed by drawing a region of interest (ROI) capturing the hindquarter region of the mouse and a second
ROI capturing the BAT-containing interscapular region of the mice. The consistent mouse orientation allowed for identical sizing of
the ROI boxes, which were sized at 46mm x 27mm.

For each mouse the mean of the warmest points of each ROI across the three frames was determined and used as the primary
variable across conditions. The ratio of BAT/hindquarter temperature was calculated to normalize BAT temperature against general
systemic heat generation and used as a proxy for relative BAT activity. Temperature scaling of representative thermal images was
centered around the mean body temperature of all mice being compared and a scale span of 18 °C was used.

Inguinal and Gonadal SNA Recording

Male C57BL/6J mice were randomly assigned to RC or HFD for the next 16-weeks. For SNA recording, anesthesia was initially
induced with 5% isoflurane and later sustained at 1-2% until the completion of the study. Each mouse was secured on its dorsal
side, then a tapered micro-renathane tubing (MRE-40, Braintree Scientific) was inserted into the right jugular vein for volume infusion
with sterile saline or injection of ketamine for end-point euthanasia. Another tapered MRE-40 catheter was inserted into the left ca-
rotid artery for continuous measurement of arterial pressure and heart rate. Core body temperature was monitored with a use of a
rectal probe and continuously maintained at 37.5 °C with a temperature controller (Physitemp Model MCAT2).

To gain access to the nerve fascicle that innervates iWAT, a small skin incision was performed between the lower abdominal wall
and the right flank just above the hindlimb. A single multi-fiber inguinal nerve embedded in the nearby white fat deposit, was isolated,
placed on a bipolar platinum-iridium electrode (A-M Systems, 36-gauge) and secured with silicone gel (WPI, Kwik-Sil). The electrode
was attached to a high-impedance probe (Grass Instruments, HIP-511) and the nerve signal was filtered at a 100- and 1000-Hz cutoff
and amplified by 10° times with a Grass P511 AC pre-amplifier. The nerve signal was routed to a speaker system and to an oscillo-
scope (Hewlett-Packard, model 54501A) to monitor the audio and visual quality of the nerve recording. The nerve signal was also
directed to a resetting voltage integrator (University of lowa Bioengineering, model B600c) to analyze the total activity (integrated
voltage) and finally to a MacLab analog-digital converter (ADInstruments, Castle Hill, New South Wales, Australia,Model 8S) contain-
ing the software (MacLab Chart Pro; Version 7.0) that utilizes a cursor to count the number of spikes/second that exceed the back-
ground noise threshold. Under a stable plane of anesthesia and strict isothermal conditions (37.5°C), continuous recording of base-
line subcutaneous IWAT SNA was measured over a 30-minute basal period. At the end of the 30-min basal period, the inguinal nerve
was sectioned, and background noise measured to normalize baseline inguinal nerve activity. After the completion of the nerve
recording, the electrode was removed, and the skin incision closed with Vet-Bond.

Next, a small incision through the abdominal skin and muscle was made to access the interior pelvic area. The entire eWAT (right or
left side) was carefully exteriorized and immediately encased in an oil-soaked gauze to protect the adipose tissue from exposure to
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air. Under oil, the gonadal sympathetic nerve was carefully identified and separated from nearby vascular blood vessels at the base of
the adipose tissue pad. A single multi-fiber gonadal nerve was placed on the same bipolar platinum-iridium electrode and secured
with Kwik-Sil as before. Under a stable plane of anesthesia and strict isothermal conditions (37.5°C), continuous recording of baseline
abdominal gonadal WAT SNA was measured over a 30-minute basal period. At the end of the 30-min basal period, the gonadal nerve
was sectioned, and background noise measured to normalize baseline nerve activity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Data are expressed as the mean + SEM. GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA) was used for statistical
analysis. When only two groups were analyzed, Student’s unpaired t-test was performed to compare differences between the
groups. To compare multiple groups, one-way ANOVA followed by Tukey’s test was used. P < 0.05 was considered statistically
significant.
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