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Brain insulin signaling suppresses lipolysis in
the absence of peripheral insulin receptors and
requires the MAPK pathway
Matthäus Metz 1, James O’Hare 2, Bob Cheng 2, Michelle Puchowicz 3, Christoph Buettner 2,4,*,5,
Thomas Scherer 1,2,**,5
ABSTRACT

Objectives: Insulin’s ability to counterbalance catecholamine-induced lipolysis defines insulin action in adipose tissue. Insulin suppresses
lipolysis directly at the level of the adipocyte and indirectly through signaling in the brain. Here, we further characterized the role of brain insulin
signaling in regulating lipolysis and defined the intracellular insulin signaling pathway required for brain insulin to suppress lipolysis.
Methods: We used hyperinsulinemic clamp studies coupled with tracer dilution techniques to assess insulin’s ability to suppress lipolysis in two
different mouse models with inducible insulin receptor depletion in all tissues (IRDWB) or restricted to peripheral tissues excluding the brain
(IRDPER). To identify the underlying signaling pathway required for brain insulin to inhibit lipolysis, we continuously infused insulin þ/� a PI3K or
MAPK inhibitor into the mediobasal hypothalamus of male Sprague Dawley rats and assessed lipolysis during clamps.
Results: Genetic insulin receptor deletion induced marked hyperglycemia and insulin resistance in both IRDPER and IRDWB mice. However, the
ability of insulin to suppress lipolysis was largely preserved in IRDPER, but completely obliterated in IRDWB mice indicating that insulin is still able to
suppress lipolysis as long as brain insulin receptors are present. Blocking the MAPK, but not the PI3K pathway impaired the inhibition of lipolysis
by brain insulin signaling.
Conclusion: Brain insulin is required for insulin to suppress adipose tissue lipolysis and depends on intact hypothalamic MAPK signaling.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Insulin’s ability to antagonize catecholamine-induced lipolysis and to
promote lipid storage in the postprandial state is the most important
insulin action in white adipose tissue (WAT). Unrestrained lipolysis as a
consequence of impaired WAT insulin action is considered a primary
cause of systemic insulin resistance [1]. The increased flux of non-
esterified fatty acids (NEFA) and glycerol from WAT to the liver fuels
hepatic glucose production (hGP) leading to hyperglycemia and
compensatory hyperinsulinemia [2e4]. The high lipid supply to the
liver also drives hepatic steatosis, which is partially compensated for
by increased hepatic triglyceride export contributing to dyslipidemia in
insulin resistant individuals [5]. Furthermore, ectopic lipid storage in
the liver and the skeletal muscle due to unrestrained lipolysis impairs
intracellular insulin signaling [6]. Hence, WAT insulin action is of
fundamental importance for systemic glucose and lipid metabolism.
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During fasting, norepinephrine released from sympathetic nerve end-
ings stimulates lipolysis by activating b-adrenergic receptors on the
plasma membrane of adipocytes increasing cAMP production and
consequently cAMP-dependent protein kinase (PKA) activity. PKA
phosphorylates the lipid-droplet associated protein perilipin and hor-
mone sensitive lipase (HSL), key components of the lipolytic machinery
that are also sensitive indicators of adrenergic signaling [7e9]. Insulin
antagonizes b-adrenergic signaling by activating phosphodiesterase
isoforms thereby reducing cAMP levels and PKA activity, although
other, yet unidentified mechanisms downstream of PKA also contribute
to the anti-lipolytic action of insulin [9,10]. Furthermore, insulin
stimulates fatty acid uptake and de novo lipogenesis in adipocytes and
WAT, thereby serving as a pivotal anabolic hormone for lipid storage in
WAT [11e13]. While insulin’s ability to suppress lipolysis, induce de
novo lipogenesis and to increase fatty acid uptake are classically
explained through the direct and cell autonomous effects of insulin
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signaling in adipocytes, insulin signaling in the brain exerts comple-
mentary effects. Findings from genetic insulin receptor (IR) knockout
models illustrate the importance of brain insulin signaling for WAT
function. Inducible IR deletion in all tissues results in a severe lip-
odystrophic phenotype, while IR deletion in all peripheral tissues
sparing the brain, or a conditional knock-out of IR in WAT causes only a
mild reduction in adipose tissue mass [14,15]. Our previous studies
suggest that unrestrained lipolysis underlies this rapidly progressing
lipodystrophic phenotype of mice lacking the IR in all tissue including
the brain. Insulin infusion into the mediobasal hypothalamus (MBH)
suppresses WAT lipolysis independent of peripheral insulin action at
the level of the adipocyte. These anti-lipolytic effects of brain insulin
signaling are most likely mediated by a suppression of sympathetic
outflow to WAT, as evidenced by a reduction of HSL and perilipin
phosphorylation [16]. Conversely, blocking endogenous brain insulin
signaling by (a) infusing an IR antagonist into the MBH or (b) by using a
genetic loss-of-function model in which the IR is deleted throughout
the CNS increased WAT lipolysis [16]. In line with the hypothesis that
the lipolytic flux from WAT to the liver is a key regulator of hGP [3,4,17],
suppression of WAT lipolysis induced by MBH insulin infusion tightly
correlates with hGP [16]. Within the hypothalamus, IRs on POMC
neurons are required for insulin to suppress WAT lipolysis [18],
consistent with the notion that POMC neurons partake in sympathetic
outflow pathways [19]. On the cellular level, insulin signals through the
phosphatidylinositol 3 kinase (PI3K) and the mitogen activated protein
kinase (MAPK) pathways [20,21]. Hypothalamic PI3K signaling has
been identified to be required for brain insulin signaling to suppress
hGP [22]. However, the signaling pathway that mediates the anti-
lipolytic effects of brain insulin remains to be delineated.
There are several methodological limitations of our previous studies
exploring brain insulin’s role in regulating WAT lipolysis. First, while the
stereotaxic insulin infusion studies were designed to achieve hypo-
thalamic insulin concentrations that mimic the postprandial state,
infusing insulin intracerebroventricularly (ICV) or intrahypothalamically
is a non-physiological route of administration and supraphysiological
insulin concentrations in some hypothalamic regions cannot be ruled
out [23]. Moreover, these selective intrahypothalamic insulin injection
experiments do not account for insulin action in other brain regions that
are potentially part of a distributed neuronal network in which the
hypothalamus likely plays a key, but not exclusive role. Second, the
life-long absence of brain IRs is potentially confounded by develop-
mental adaptations, for example alterations in neuronal networks
governing WAT lipolysis [24].
Hence, the objective of this study was to explore the relative impor-
tance of brain insulin signaling utilizing an inducible IR knockout in
adult animals to avoid developmental compensation and to identify the
downstream signaling pathway that mediates the anti-lipolytic effects
of brain insulin. We demonstrate that insulin’s anti-lipolytic effects are
largely preserved in mice with inducible IR deficiency in peripheral
tissues, as long as brain IRs are expressed. Furthermore, we identify
the MAPK signaling pathway as required for the anti-lipolytic actions of
hypothalamic insulin signaling.

2. RESULTS

2.1. Insulin fails to suppress WAT lipolysis in the absence of brain
insulin receptors in male mice
To test whether insulin action in the brain is sufficient to suppress
adipose tissue lipolysis, we studied two mouse models with an
inducible IR knockout to define the physiological relevance of brain
insulin signaling in regulating WAT lipolysis. The first mouse model
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lacks the IR in all tissues (IRDWB), while the second model lacks the IR
in all peripheral tissues (IRDPER), but still expresses normal levels of the
IR in the brain. Tamoxifen injection in adult IRlox/lox Rosa26CreERT2þ/�

mice (IRDPER) almost completely depleted IR expression in WAT and
liver compared to IRlox/lox Rosa26CreERT2�/� mice (controlDPER), while
IR expression in the hypothalamus as well as in other brain regions
was preserved (Figure 1AeC and Figure S1) consistent with a previous
study [14]. In contrast, IRDWB mice, which express an shRNA directed
against the IR gene upon doxycycline exposure, lose IR expression in
the whole body including the brain (Figure 1AeC) [14]. To define in-
sulin action, we studied both mouse strains by hyperinsulinemic-
euglycemic clamps coupled with tracer dilution techniques to track
lipolysis and hGP simultaneously. As expected, both strains were in-
sulin resistant as indicated by marked hyperglycemia and hyper-
insulinemia (Figure 1DeE and Figs. S2AeB) as well as a considerably
reduced glucose infusion rate (GIR) during the hyperinsulinemic clamp
studies compared to the respective wild-type controls (Figure 2AeD).
However, IRDWB mice required a 4-fold higher insulin dose to achieve
normoglycemia during the clamp (Figure 2AeB), demonstrating a
more severe insulin resistant phenotype in IRDWB compared to IRDPER

mice. Insulin’s ability to suppress hGP and to promote glucose disposal
was impaired in both IRDWB and IRDPER mice compared to the
respective controls (Figure 2CeD and S2C-E). The rate of disappear-
ance (Rd) revealed no significant difference between the IR depletion
models and the corresponding controls (Figure S2F). However, the
calculation of the Rd using the model of Steele is known to under-
estimate glucose disposal at high glucose turnover (especially when
high insulin doses are used) [25,26]. A modified calculation of the Rd,
that takes into account that the hGP can be negative, clearly indicates
that the glucose uptake is impaired in both, IRDPER and IRDWB mice,
which is in accordance with the substantially reduced GIR (Figure 2Ce
D and S2G). In contrast to the impaired regulation of hGP and glucose
disposal, suppression of WAT lipolysis was largely preserved in IRDPER

mice, as indicated by a similar change of the rate of appearance (Ra) of
glycerol during the clamp (Figure 2E,G). In contrast, insulin had only a
minor effect on the Ra glycerol in IRDWB mice compared to controls,
despite substantially higher doses of insulin during the clamp
(Figure 1F,G). As reported by others [14], plasma NEFAs were already
reduced at baseline in IRDPER mice and did not further decrease after
induction of a hyperinsulinemic clamp (Figure 2H). Similar to the Ra
glycerol, hyperinsulinemia did not suppress NEFA levels of IRDWB mice
(Figure 2I) These results support the notion that brain insulin signaling
is a key determinant of WAT function in mice regulating lipolysis even
in the absence of peripheral IR.

2.2. The hypothalamic MAPK pathway is necessary for brain
insulin’s anti-lipolytic action in male rats
Within the hypothalamus, insulin signals through the phosphatidyli-
nositol-3-OH kinase (PI3K) and the mitogen-activated protein kinase
(MAPK) pathway [21,27]. To determine the insulin signaling pathway
that is required for insulin in the hypothalamus to suppress lipolysis,
insulin was coeinfused with either the PI3K inhibitor LY294002 or the
MAPK inhibitor U0126 into the MBH of male Sprague Dawley rats and
the rate of glycerol appearance was assessed using tracer dilution
techniques (Figure 3A). In order to maintain circulating plasma insulin
levels at basal levels (i.e. fasting condition), a 1 mU $ kg�1 $ min�1

pancreatic clamp was performed. MBH insulin’s ability to suppress the
rate of glycerol appearance was blunted by pharmacologically blocking
the MAPK pathway, whereas no difference compared to the MBH in-
sulin group was observed when the PI3K inhibitor was co-infused with
MBH insulin (Figure 3B). Notably, the MAPK inhibitor abolished the
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1: Induction of insulin receptor deficiency in peripheral tissues or in the whole organism results in hyperglycemia. (A) Confirmatory western blot of IR expression
in the brain and WAT of IRDPER, IRDWB mice and respective controls. (BeC) Western Blot quantification of IR protein expression in hypothalami (B) and livers (C) of IRDPER, IRDWB

mice and respective controls. (D) Blood glucose levels of IRDPER mice and controls. (E) Blood glucose levels of IRDWB and C57BL/6NTac mice (controlsDWB). Data are shown as
mean � SEM. n � 5. *p < 0.05, **p < 0.01 ***p < 0.001 by Student’s unpaired t test.
antilipolytic effect of MBH insulin even before the onset of the
pancreatic clamp, despite slightly higher peripheral insulin levels.
Because the sympathetic nervous system and adrenergic signaling is
the major driver of WAT lipolysis we assessed hormone-sensitive
lipase (HSL) phosphorylation at Ser563 and Ser660, which activates
HSL and is an established indicator of sympathetic nervous system
outflow to WAT [28,29]. MBH insulin reduced HSL phosphorylation at
serine residues 563 and 660, indicative of reduced sympathetic
outflow. Co-infusion of the MAPK inhibitor, but not the PI3K inhibitor,
partially prevented the activation of HSL (Figure 3CeD). Similarly, the
MAPK inhibitor also partially prevented phosphorylation of a 62 kDa
sized protein kinase A substrate (Figure S3), which corresponds to
perilipin [9,30]. These findings corroborate the relevance of the hy-
pothalamic MAPK pathway in regulating WAT sympathetic tone. None
of the treatments altered the protein expression of adipose tissue tri-
glyceride lipase (ATGL), HSL, perilipin, or glucose transporter 4 (GLUT4)
in WAT compared to the control group (Figure S3). Taken together,
these observations indicate that the MAPK pathway in the MBH con-
tributes to the anti-lipolytic action of brain insulin signaling.

2.3. Impaired suppression of WAT lipolysis due to hypothalamic
MAPK inhibition is associated with increased hGP in male rats
Given the role of lipolytic flux in the regulation of hGP, we next
determined whether inhibition of the MAPK pathway in the MBH also
affects hGP. To this end we estimated lipolysis and glucose fluxes
MOLECULAR METABOLISM 73 (2023) 101723 � 2023 The Author(s). Published by Elsevier GmbH. This is
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simultaneously with tracer-dilution methodology. MBH insulin infusion
suppressed hGP during the pancreatic clamp comparable to prior re-
ports [16]. The ability of MBH insulin to suppress hGP was not sub-
stantially altered by PI3K inhibition although hGP suppression missed
statistical significance compared to the control group. However, MBH
insulin at least partially failed to suppress hGP when a MAPK inhibitor
was co-infused, while circulating glucose and insulin levels were
controlled by a pancreatic clamp (Figure 4C,D). Infusion of insulin into
the MBH did not alter glucose disposal in peripheral tissues consistent
with previous reports, and the inhibition of insulin signaling pathways
did not alter glucose disposal (Figure 4B). The glucose infusion rate
(GIR) required to maintain normoglycemia during the clamp correlated
with the hGP suppression data (Figure 4A) and was higher in the MBH
insulin and MBH insulin plus PI3K inhibitor groups compared to control
and MBH insulin plus MAPK inhibitor (Figure 4C). The GIR during the
MBH insulin plus MAPK inhibitor infusion was comparable to the
control group (Figure 4EeF).

2.4. U0126 specifically reduced hypothalamic MAPK signaling in
male rats
Lastly, we performed western blot analysis of the MAPK insulin-
signaling pathway in the MBH. Co-infusion of insulin and U0126
reduced extracellular signal-related kinase [31] but not AKT phos-
phorylation confirming the specific inhibition of MAPK pathway without
affecting PI3K signaling (Figure 5A,B).
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 3
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Figure 2: Brain insulin receptor expression is required for the suppression of WAT lipolysis (A) Blood glucose levels of IRDPER mice and controlsDPER prior to and during an
8mU hyperinsulinemic clamp. (B) Blood glucose levels of IRDWB mice prior to and during a 4mU (controlsDWB) and 32mU (IRDWB) hyperinsulinemic clamp. (C) Schematic illustration
of the hyperinsulinemic clamps and glucose infusion rates (GIR) of IRDPER mice and controlsDPER. (D) Schematic illustration of the hyperinsulinemic clamps and glucose infusion
rates (GIR) of IRDWB mice and controlsDWB. (E) Rate of appearance (Ra) of glycerol of IRDPER mice and controlsDPER at baseline and during the hyperinsulinemic clamp. (F) Ra
glycerol of IRDWB mice and controlsDWB at baseline and during the hyperinsulinemic clamp. (G) Percentage Ra glycerol suppression during the clamp in IRDPERmice, IRDWBmice and
respective controls after the onset of the hyperinsulinemic clamps normalized to the insulin dose during the clamps (i.e. 8mU for IRDPER and controlDPER, 4mU for controlDWB and
32mU for IRDWB) (H) Plasma non-esterified fatty acids (NEFA) of IRDPER mice and controlsDPER at baseline and during the hyperinsulinemic clamp. (I) Plasma NEFA of IRDWB mice
and controlsDWB at baseline and during the hyperinsulinemic clamp. Data are shown as mean � SEM. n � 5. *p < 0.05, **p < 0.01 ***p < 0.001 by Student’s unpaired t test
(A, B, C, D, G and H) and paired t test (E, F, H and I).
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Figure 3: Brain Insulin requires the MAPK signaling pathway in the MBH in order to suppress WAT lipolysis. (A) Study protocol (B) Ra glycerol measured in plasma at
baseline (TP 120) and at the end of the 1 mU $ kg�1 $ min�1 insulin clamp (TP 240). (C) Representative western blot and (D) quantification of HSL activation state and total
expression in epidydimal WAT samples harvested at the end of a 1mU clamp. Data are shown as mean � SEM, *p < 0.05, **p < 0.01 by Student’s unpaired t test, n � 4 per
group.
3. DISCUSSION

Adipose tissue insulin action, in particular its ability to suppress
lipolysis, is pivotal for WAT functionality. Impaired insulin action in WAT
results in unrestrained lipolysis which is a major cause of reduced lipid
storage capacity in dysfunctional WAT and metabolic disease [1]. The
anti-lipolytic effects of insulin are mediated both directly via IR on
adipocytes and indirectly via the brain through a suppression of the
sympathetic nervous system outflow to WAT [11,16]. Notably, the
effects of brain insulin signaling on WAT lipolysis occur independent of
adipocytes insulin action [16,32]. Here, we corroborate our previous
studies [16,32] demonstrating that insulin infusion into the MBH
suppresses whole body lipolysis as assessed by a stable isotope
glycerol tracer. We demonstrate that insulin is still able to suppress
lipolysis in mice lacking peripheral IRs as long as insulin signaling in
the brain is intact emphasizing the critical role of brain insulin signaling
in maintaining WAT integrity and function. Within the hypothalamus,
insulin requires the MAPK pathway to regulate lipolysis, but seems to
be less dependent on the PI3K pathway.
Although IRDPER mice exhibited a similar insulin induced suppression of
the Ra glycerol, the gold standard for quantifying WAT lipolysis, we
observed significantly lower NEFA levels already prior to the initiation of
the hyperinsulinemic clamp. ICV insulin infusion promotes fatty acid
MOLECULAR METABOLISM 73 (2023) 101723 � 2023 The Author(s). Published by Elsevier GmbH. This is
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uptake in WAT via a CD36 dependent mechanism [33]. We speculate
that the reduction in plasma NEFA levels is the result of increased brain
insulin signaling due to the marked hyperinsulinemia observed in the
IRDPER mice compared to the controls, which then reduces sympathetic
outflow to WAT and basal lipolysis, and enhances fatty acid uptake in
WAT via CD36.
Brain insulin signaling not only controls adipose tissue lipolysis and
lipid uptake but also participates in the regulation of hGP either directly
via the parasympathetic nervous system and/or indirectly by controlling
the lipolytic flux (i.e. NEFA and glycerol) to the liver, which promotes
gluconeogenesis [4]. We have previously demonstrated that the sup-
pression of WAT lipolysis after brain insulin injection correlates with the
suppression of hGP [16]. Here, we studied how brain insulin action
controls WAT lipolysis and hGP in two genetic and inducible loss of
function mouse models. Our data informs the ongoing debate about the
relative importance of brain insulin and direct hepatic insulin action in
the regulation of hGP [33]. In our peripheral IR depletion model (IRDPER

mice) the suppression of hGP during a hyperinsulinemic clamp was
impaired despite preserved brain insulin signaling and suppressed
WAT lipolysis. In contrast, the co-injection of insulin and the MAPK
inhibitor into the MBH of rats impaired both suppression of WAT
lipolysis and hGP. These observations clearly indicate that both direct
hepatic insulin signaling and lipolytic flux regulate hGP. The relative
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 5
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Figure 4: Coeinfusion of the MAP kinase inhibitor U0126 partially blocked the effects of MBH insulin on the suppression of hGP without affecting glucose disposal.
(A) Suppression of hGP and (B) glucose disposal measured with tracer dilution methodology during a 1mU $ kg�1 $ min�1 clamp in rats receiving an infusion of either aCSF
(vehicle), insulin, insulin þ PI3K inhibitor LY 294002 or insulin þ MAPK inhibitor U0126 into the MBH. (C) Plasma insulin levels at baseline (�120 to 120 min preeclamp period)
and during the clamp (120e240 min). (D) Glucose levels prior to and during the clamp. (E, F) Glucose infusion rate (GIR) required to maintain euglycemia. Data are shown as
mean � SEM, *p < 0.05, **p < 0.01, #p < 0.05 comparing MBH Insulin þ LY294002 vs. MBH Vehicle by Student’s unpaired t test; n � 4 per group.
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Figure 5: Validation of the MAP kinase inhibitor U0126 in vivo using western blot. (A) Representative western blot. (B) Quantification of the phosphorylation state of key
components of the insulin signaling pathway. Data are shown as mean � SEM, *p < 0.05, **p < 0.01 by Student’s unpaired t test, n � 4.
contribution of the two mechanisms may depend on nutritional status,
with the hepatic effect predominating in the postprandial state, when
insulin levels are high, whereas brain insulin signaling becomes more
relevant in the fasted state. However, insulin still suppressed hGP in
IRDPER mice despite the lack of hepatic IRs (Figure S2C).
In contrast to previous studies [22,34], we saw no major changes in
brain insulin’s ability to suppress hGP when LY294002 was co-infused.
Potential reasons for this discrepancy could be important differences in
study design. In both aforementioned studies the PI3K inhibitors were
given into the 3rd ventricle. Under these conditions the inhibitors likely
reach a variety of additional periventricular brain regions that could
affect the brain-liver interorgan crosstalk, whereas in this study only
the MBH was targeted. Furthermore, we injected insulin directly into
the MBH to assess hypothalamic insulin action specifically while
previous studies injected insulin systemically affecting several brain
regions as well as peripheral tissues. Similar to our study, but in a
different brain region, inhibition of the MAPK signaling pathway, but not
the PI3K pathway, within the dorsal vagal complex prevented the ability
of insulin to suppress hGP in mice and rats [35]. The relevance of
hypothalamic MAPK signaling in regulating systemic glucose meta-
bolism is further supported by a recent study demonstrating that the
anti-diabetic effects of FGF1 depend on intact hypothalamic ERK1/2
signaling [36]. These findings highlight that brain insulin regulates
systemic glucose metabolism via multiple brain regions to control
glucose homeostasis and corroborate the predominant role of the
MAPK pathway in at least two brain areas in regulating glucose and
lipid metabolism (i.e. the MBH and the dorsal vagal complex).
Since within the hypothalamus IRs on POMC neurons are required for
brain insulin to suppress WAT lipolysis, we believe that the primary cell
type responsible for the anti-lipolytic action of brain insulin signaling is
of neuronal origin [18]. Whether specific blockade of MAPK signaling in
POMC neurons impairs the ability of MBH insulin to suppress lipolysis
remains to be tested. However, since we did not directly target neurons
with our experiments, we cannot exclude that the inhibition of the
MAPK pathway in other, non-neuronal hypothalamic cells could also
play a role in the effects observed here. Tanycytes are specialized
hypothalamic glial cells that control the transport of molecules such as
MOLECULAR METABOLISM 73 (2023) 101723 � 2023 The Author(s). Published by Elsevier GmbH. This is
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leptin across the bloodebrain-barrier [31,37]. The transport of leptin
across the bloodebrain-barrier requires intact MAPK signaling [37].
Therefore, MAPK inhibition within the MBH might have impaired the
transport of other nutrient- or energy-related signals that also partic-
ipate in the regulation of WAT lipolysis.
Short-term voluntary overfeeding impairs hepatic insulin sensitivity in
lean men without affecting peripheral insulin action [38]. A similar
response to short-term overfeeding can be observed in rats fed a high
fat diet for three days. These animals develop brain insulin resistance
as indicated by the failure of MBH insulin to suppress WAT lipolysis and
hGP despite unaffected insulin signaling in the WAT and the liver [32].
The exact mechanisms leading to this rapid development of brain
insulin resistance remain incompletely understood, but likely involves
the increased expression of negative feedback inhibitors of the insulin-
signaling cascade are likely involved [39e41]. Besides the well
characterized tyrosine phosphatases PTP1B and TCPTP that dephos-
phorylate the IR, obese mice also exhibit an increased hypothalamic
expression of the MAPK phosphatase 3 associated with a reduced
phosphorylation of ERK [42]. Hence these results suggest that insuf-
ficient signaling through the MAPK pathway, as is observed in obesity,
plays a role in the development of brain insulin resistance and is
particularly important in the regulation of WAT insulin action.
We conclude that brain insulin signaling is pivotal in regulating WAT
lipolysis explaining the relatively mild lipodystrophic phenotype in mice
lacking the IR in peripheral tissue compared to an IR deficiency in the
whole body [14]. Furthermore, our study identifies the MAPK pathway
as essential for insulin to suppress WAT lipolysis. Conditions, in which
the hypothalamic MAPK pathway is compromised, as is the case in
obesity [42], can result in impaired regulation of lipolysis and WAT
insulin action, leading to ectopic lipid accumulation, lipotoxicity and
insulin resistance.

4. METHODS

4.1. Animals
Eleveneweekeold, male IRDWB mice and 15-22eweekeold male
IRDPER mice (Jackson Laboratory, Bar Harbor, Maine, USA) and their
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 7
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respective male control mice were housed on a 12 h lightedark cycle
and fed a standard rodent diet (PicoLab Rodent Diet 20; PMI Nutrition
International, St. Louis, MO, USA). Rat experiments were performed in
8eweekeold, standard chow fed (Rodent Diet 5001, LabDiet, St.
Louis; MO, USA), male SD rats (Charles River Breeding Laboratories,
Wilmington, MA, USA), housed at ambient temperature and light
controlled in separate cages. The International Animal Care and Use
Committee of Mount Sinai School of Medicine, New York, NY (IACUC)
approved all animal experiments.
IRDPER mice were generated as described [14]. Briefly, mice with a
floxed insulin receptor (IRlox/lox) were crossed with mice that expressed
a CreERT2 fusion protein under control of the Rosa26 promoter
(Rosa26CreERT2; Taconic, Hudson, NY, USA; Mouse model # 6466), a
tamoxifen inducible general Cre deleter. Their offspring was then
crossed with IRlox/lox mice to yield IRlox/loxRosa26CreERT2þ/� mice.
Tamoxifen-injected IRlox/loxRosa26CreERT2þ/� mice were referred to
as IRDPER mice, and tamoxifen-treated IRlox/loxRosa26CreERT2�/�

mice were used as controls (controlsDPER). Genotypes were deter-
mined by PCR of tail DNA. Primer sequence: 50-GATGTGCACCC-
CATGTCTG-30, 50-CTGAATAGCTGAGACCACAG-30 (IR allele); 50-
ACCTGAAGATGTTCGCGATTATCT-30, 50-ACCGTCAGTACGTGAGA-
TATCTT-30 (CreERT2 transgene). To induce Cre recombination both
IRDper and ControlDper mice received 1.5 mg tamoxifen dissolved in
300 ml sunflower oil (both Sigma Aldrich, St. Louis, MO) via intra-
peritoneal injection for 5 consecutive days. Bodyweight and glucose
levels were monitored daily.
IRDWB mice, which express an shRNA directed against the IR gene
upon doxycycline exposure (described in detail in [14,43]), were pur-
chased from Taconic, Hudson NY (Mouse model # 9189). Doxycycline-
treated transgenic mice are referred to as IRDwb mice and doxycycline-
treated C57BL/6Ntac mice were used as controls (ControlDwb mice).
IRDwb and ControlDwb received drinking water supplemented with 10%
sucrose and 2 mg/ml doxycycline (both Sigma Aldrich, St. Louis, MO)
to induce expression of the shRNA. Drinking water was changed every
2 days. Bodyweight and glucose levels were monitored daily.

4.2. Mouse pancreatic clamp studies
Indwelling jugular vein catheters were implanted approximately one
week prior to the clamps (Supplemental Methods). Clamp studies were
performed in conscious ad libitum fed 11-22e weekeold male mice.
On the morning of the study, vascular lines were connected and each
mouse was placed into a restrainer. The 220 min protocol consisted of
a 100 min tracer equilibration followed by a 120 min clamp period. The
tracer equilibration period was started at t ¼ �100 min by infusing a
5 min 10 mCi bolus of [3-3H] glucose (Radiochemical concentration
>97%; PerkinElmer, Waltham, MA) and a 800 mmol/kg BW bolus of
[2H-5]-glycerol (98 atom percent excess) purchased from Isotec
(Miamisburg, OH) followed by a continuous infusion of 0.1 mCi min�1

and 8 mmol kg�1 $ min�1 infusion of [3-3H]-glucose and [2H-5]-
glycerol, respectively, over the next 95 min. Before starting the insulin
clamp, plasma samples were taken to determine both baseline hGP
and Ra glycerol. The insulin clamp was then initiated at t¼ 0 min with
a primed-continuous infusion of insulin (Humulin R, Lilly) consisting of
a 72, 144 or 576 mU $ kg�1 $ min�1 bolus for 1 min followed by a
continuous infusion of 4, 8 or 32 mU $ kg�1 $ min�1, respectively.
Upon induction of the clamp the tracer infusion rate was doubled for
the remainder of the experiment to reduce changes in specific activity
from the equilibration period. Euglycemia was maintained by
measuring blood glucose every 10 min using AlphaTrak glucose strips
(Abbott, Abbott Park, IL) and infusing glucose (40% wt/vol) as
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necessary. Four consecutive blood samples were taken at the end of
the study (t ¼ 90, 100, 110 and 120 min) to determine hGP and Ra
glycerol during the hyperinsulinemic clamp. Throughout the clamp
period, mice received an infusion of saline-washed erythrocytes from
donor mice at a rate of 5 mL min�1 to compensate for the blood loss
from sampling.

4.3. Rat pancreatic clamp studies
Indwelling jugular vein catheters were implanted approximately one
week prior to the clamps (Supplemental Methods). Rat clamp exper-
iments were performed in conscious, nonerestrained, ad libitum fed
male SD rats as previously described [16]. An MBH (0.18 ml/h per side)
infusion with either artificial cerebrospinal fluid (vehicle; aCSF) (Har-
vard Apparatus, Holliston, MA), insulin (total dose 2 mU; Humulin R,
Lilly), LY294002 (total dose 0.216 nmoles; Cell Signaling Technology,
Boston, MA) or U0126 (total dose 0.55 nmoles; Cell Signaling Tech-
nology, Boston, MA) was started and maintained for the entire 360 min
study. After 120 min of continuous brain infusion (t ¼ 0 min) we
started a 120 min tracer equilibration period, which consisted of a
20 mCi bolus of [3-3H]-glucose (>97%; PerkinElmer, Waltham, MA)
and a 13.3 mmol bolus of [2H-5]-glycerol (98%) purchased from Isotec
(Miamisburg, OH) followed by a 0.5 mCi/min and 0.334 mmol/min
infusion of [3-3H]-glucose and [2H-5]-glycerol, respectively. At the end
of the equilibration period, arterial blood samples were taken to
determine baseline GP and Ra glycerol using tracer dilution method-
ology. At t ¼ 120 min an insulin clamp was started with a primede
continuous infusion of insulin (17.7 mU $ kg�1 bolus over 1 min fol-
lowed by a 1 mU $ kg�1 $ min�1 infusion; Humulin R, Lilly) while also
infusing somatostatin (3 mg kg�1 $ min�1) and continuing the tracer
infusions at aforementioned rate.

4.4. Glucose tracer analyses
To measure plasma [3-3H]-glucose radioactivity samples were dee
proteinated using barium hydroxide and zinc sulfate. After centrifu-
gation the supernatant was dried overnight to eliminate tritiated water.
Glucose was then redissolved in water and counted using Ultima Gold
in a MicroBeta TriLux (both PerkinElmer, Waltham, MA) liquid scintil-
lation counter. Under baseline steady state conditions the hGP equals
the glucose turnover rate, which was determined from the ratio of the
[3-3H]-glucose tracer infusion rate and the specific activity of plasma
glucose. During the pancreatic clamp hGP is calculated by subtracting
the glucose infusion rate (GIR) from the glucose turnover rate, which in
a steady state equals the rate of glucose disposal (Rd). During high
glucose turnover (especially when high insulin doses are used) the
model of Steele, is known to produce negative estimates of hGP due to
an underestimation of glucose disposal [25,26]. Therefore, in addition,
a modified total body glucose disposal rate (modified Rd) was calcu-
lated in the mouse clamp experiments by adding the mean rate of hGP
(if a positive number) to the mean glucose infusion rate (GIR) during the
same period (as described elsewhere [44]).

4.5. Ra glycerol analyses
The plasma glycerol Ra in mmol $ kg�1 $ min�1 was used as an index
for systemic lipolysis, as calculated by the equation

Ra ¼
�
ENRinf
ENRpl

� 1
�
∙R

Where ENRinf is the fractional isotopic enrichment of the infused
glycerol in atom percent excess and ENRpl that in the arterial plasma
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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sample. R is the rate of the isotope infusion in mmol $ kg�1 $ min�1.
The 2H-labeling of plasma glycerol was determined as follows: 20 ml of
plasma was deeproteinized with 200 ml of methanol by centrifugation
for 10 min at 16,100 g. The fluid fraction was then evaporated to
dryness and reacted with 50 ml of bis(trimethylsilyl)trifluoroacetamide
plus 10% trimethylchlorosilane for 20 min at 75 �C. Isotope enrich-
ment was determined by gaschromatography-massspectrometry.

4.6. Brain signaling studies
Overnight fasted male SD rats were anaesthetized using ketaminee
xylazine and then implanted with cannulae targeting the 3rd
ventricle (as described in [16]). Rats were 8eweekseold (mean
bodyweight 244 g). Correct placement was verified by a food dye
injection at the end of the study. Rats received two 10 ml bolus in-
jections 15 min apart. The control group received two aCSF þ5%
DMSO injections, the insulin group received aCSF þ5% DMSO fol-
lowed by 500 mU of insulin (Humulin R, Lilly) and the MAPK inhibitor
group received 5 nmoles U0126 þ 5% DMSO followed by 500 mU
insulin þ5 nmoles U0126 þ 5% DMSO. All rats were killed after
anesthesia by decapitation 15 min after the last bolus and the MBH
was dissected using N.I.H. style neuro punches (Fine Science Tools,
Foster City, CA) and snap frozen in liquid nitrogen. MBH was dissected
as follows: The rat brain was transferred to an acrylic brain matrix
(Stoelting, Wood Dale, IL) with sagittal sections at 1 mm intervals. We
then obtained a 1 mm sagittal brain slice according to the coordinates
in the Paxinos Rat Brain Atlas (bregma �3.24) [45] by cutting the
brain with a razor blade, which was then transferred to a microscope
glass slide and snap frozen in liquid nitrogen for a few seconds. We
then dissected the MBH using N.I.H. style neuro punches (Fine Sci-
ence Tools, Foster City, CA) with a 0.75 mm diameter and snap froze
the biopsies in liquid nitrogen for western blot analyses.

4.7. Western blot analyses
The confirmatory western blot in Figure 1A was performed in an in-
dependent cohort of mice prior to the clamp. Tissues for the western
blots in Figure 1B were harvested immediately after the clamps. Frozen
tissue samples were homogenized in 20 mM MOPS, 2 mM EGTA,
5 mM EDTA, 30 mM sodium fluoride, 40 mM beta-glycerophosphate,
10 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 0.5%
NP-40 and complete protease inhibitor cocktail (Roche, Nutley, NJ) and
centrifuged at 13,000 g for 20 min at þ3 �C (WAT: 3 �C). The su-
pernatant was then collected carefully avoiding the lipid layer on top
when processing WAT. Protein concentration was measured with a
BCA protein quantification kit (Thermo Scientific, Waltham, MA). Pro-
tein extracts were separated on 4e12% NuPAGE gels (Invitrogen,
Carlsbad, CA) and blotted onto Immobilon FL PVDF (Millipore, Billerica,
MA). Membranes were blocked at room temperature for 1 h in Odyssey
LI-COR Blocking Buffer (LI-COR, Lincoln, NE) 1:1 diluted in TBS and
incubated in primary antibodies in 1:1 Blocking Buffer/TBS-T overnight
at 4 �C. Primary antibodies against IRb (sc-57342, Santa Cruz
Biotechnology, Santa Cruz, CA), Glut 4 (ab654, Abcam, Cambridge UK),
Akt (#9272), phos Akt (#4060), Erk (#9102), phos Erk (#9101), Hsl
(#4107), phos Hsl 563 (#4136), phos Hsl 660 (#45804), Hsl 565
(#4137), Atgl (#2138), phospho-PKA substrate antibody (#9621) were
used (all Cell Signaling Technology, Beverly MA if not stated other-
wise). Andrew Greenberg kindly provided the perilipin antibody (Souza
et al. J Biol Chem 2002). After three consecutive 5 min washes in TBS-
T (0.1%), blots were incubated with Dylight 680-conjugated goat antie
rabbit IgG and Dylight 800-conjugated goat antiemouse IgG (both
Thermo Scientific, Waltham, MA) for 1 h at room temperature in
blocking buffer containing 0.1% TBS-T and 0.1% SDS. After three
MOLECULAR METABOLISM 73 (2023) 101723 � 2023 The Author(s). Published by Elsevier GmbH. This is
www.molecularmetabolism.com
washes in TBS-T and a final wash in TBS, the blots were scanned with
the LI-COR Odyssey (LI-COR, Lincoln, NE) and quantified with Odyssey
3.0 software based on direct fluorescence measurement.

4.8. Statistics
All values are presented as a mean � SEM. Data were analyzed using
GraphPad Prism 9 for macOS Version 9.1.2 (GraphPad Software, San
Diego, California USA (www.graphpad.com). Comparisons within
groups were made using a paired two-tailed Student’s t test. Between-
group differences were compared with an unpaired two-tailed Stu-
dent’s t test. Differences were considered statistically significant at
p < 0.05.

AUTHORS CONTRIBUTIONS

Conceptualization: T.S., C.B; Methodology: C.B., T.S.; Formal analysis:
M.M., T.S., C.B.; Investigation: T.S., K.S., B.C., J.O., M.P.; Resources:
C.B.; Writing e Original Draft: M.M., Writing e Review & Editing: T.S.,
C.B.; Visualization: M.M., T.S.; Supervision: C.B.

DECLARATION OF COMPETING INTEREST

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
CB received research support from Pfizer and consulted for Boehringer
and Novo Nordisk.

DATA AVAILABILITY

Data will be made available on request.

ACKNOWLEDGEMENTS

We would like to express our gratitude to all members of the Buettner Lab for helpful

discussions. We would also like to sincerely thank Kai Su for his support in con-

ducting the Clamp studies.

This study was funded by the National Institute of Diabetes and Digestive and Kidney

Diseases grants K01-DK-099463 (A.C.S.) and R01-DK-082724, the National Institute

on Alcohol Abuse and Alcoholism grant R01-AA-023416, and the American Diabetes

Association grant 7-11-CD-02 (C.B.) and by a European Foundation for the Study of

Diabetes grant to T.S.

The graphical abstract was created with BioRender.com.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.org/10.1016/j.

molmet.2023.101723.
REFERENCES

[1] Roden M, Shulman GI. The integrative biology of type 2 diabetes. Nature

2019;576(7785):51e60.

[2] Petersen MC, Vatner DF, Shulman GI. Regulation of hepatic glucose meta-

bolism in health and disease. Nat Rev Endocrinol 2017;13(10):572e87.

[3] Perry RJ, Camporez JG, Kursawe R, Titchenell PM, Zhang D, Perry CJ, et al.

Hepatic acetyl CoA links adipose tissue inflammation to hepatic insulin

resistance and type 2 diabetes. Cell 2015;160(4):745e58.

[4] Satapati S, Kucejova B, Duarte JA, Fletcher JA, Reynolds L, Sunny NE, et al.

Mitochondrial metabolism mediates oxidative stress and inflammation in fatty

liver. J Clin Invest 2015;125(12):4447e62.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 9

http://www.graphpad.com
https://doi.org/10.1016/j.molmet.2023.101723
https://doi.org/10.1016/j.molmet.2023.101723
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref1
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref1
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref1
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref2
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref2
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref2
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref3
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref3
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref3
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref3
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref4
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref4
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref4
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref4
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Original Article
[5] Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, Patterson BW, Klein S.

Alterations in adipose tissue and hepatic lipid kinetics in obese men and

women with nonalcoholic fatty liver disease. Gastroenterology 2008;134(2):

424e31.

[6] Samuel VT, Shulman GI. The pathogenesis of insulin resistance: integrating

signaling pathways and substrate flux. J Clin Invest 2016;126(1):12e22.

[7] Buettner C, Muse ED, Cheng A, Chen L, Scherer T, Pocai A, et al. Leptin

controls adipose tissue lipogenesis via central, STAT3-independent mecha-

nisms. Nat Med 2008;14(6):667e75.

[8] Shrestha YB, Vaughan CH, Smith Jr BJ, Song CK, Baro DJ, Bartness TJ.

Central melanocortin stimulation increases phosphorylated perilipin A and

hormone-sensitive lipase in adipose tissues. Am J Physiol Regul Integr Comp

Physiol 2010;299(1):R140e9.

[9] Zechner R, Zimmermann R, Eichmann TO, Kohlwein SD, Haemmerle G,

Lass A, et al. FAT SIGNALS-lipases and lipolysis in lipid metabolism and

signaling. Cell Metabol 2012;15(3):279e91.

[10] Gabbay RA, Lardy HA. The antilipolytic effect of insulin does not

require adenylate cyclase or phosphodiesterase action. FEBS Lett

1985;179(1):7e11.

[11] Czech MP, Tencerova M, Pedersen DJ, Aouadi M. Insulin signalling mecha-

nisms for triacylglycerol storage. Diabetologia 2013;56(5):949e64.

[12] Fried SK, Russell CD, Grauso NL, Brolin RE. Lipoprotein lipase regulation by

insulin and glucocorticoid in subcutaneous and omental adipose tissues of

obese women and men. J Clin Invest 1993;92(5):2191e8.

[13] Moustaïd N, Jones BH, Taylor JW. Insulin increases lipogenic enzyme activity

in human adipocytes in primary culture. J Nutr 1996;126(4):865e70.

[14] Koch L, Wunderlich FT, Seibler J, Konner AC, Hampel B, Irlenbusch S, et al.

Central insulin action regulates peripheral glucose and fat metabolism in mice.

J Clin Invest 2008;118(6):2132e47.

[15] Blüher M, Michael MD, Peroni OD, Ueki K, Carter N, Kahn BB, et al. Adipose

tissue selective insulin receptor knockout protects against obesity and obesity-

related glucose intolerance. Dev Cell 2002;3(1):25e38.

[16] Scherer T, O’Hare J, Diggs-Andrews K, Schweiger M, Cheng B, Lindtner C,

et al. Brain insulin controls adipose tissue lipolysis and lipogenesis. Cell

Metabol 2011;13(2):183e94.

[17] Lewis GF, Vranic M, Harley P, Giacca A. Fatty acids mediate the acute

extrahepatic effects of insulin on hepatic glucose production in humans.

Diabetes 1997;46(7):1111e9.

[18] Shin AC, Filatova N, Lindtner C, Chi T, Degann S, Oberlin D, et al. Insulin

receptor signaling in POMC, but not AgRP, neurons controls adipose tissue

insulin action. Diabetes 2017;66(6):1560e71.

[19] Bell BB, Harlan SM, Morgan DA, Guo DF, Cui H, Rahmouni K. Differential

contribution of POMC and AgRP neurons to the regulation of regional auto-

nomic nerve activity by leptin. Mol Metabol 2018;8:1e12.

[20] White MF, Kahn CR. Insulin action at a molecular level - 100 years of progress.

Mol Metabol 2021;52:101304.

[21] Rahmouni K, Morgan DA, Morgan GM, Liu X, Sigmund CD, Mark AL, et al.

Hypothalamic PI3K and MAPK differentially mediate regional sympathetic

activation to insulin. J Clin Invest 2004;114(5):652e8.

[22] Obici S, Zhang BB, Karkanias G, Rossetti L. Hypothalamic insulin signaling

is required for inhibition of glucose production. Nat Med 2002;8(12):

1376e82.

[23] Ramnanan CJ, Edgerton DS, Cherrington AD. Evidence against a physiologic

role for acute changes in CNS insulin action in the rapid regulation of hepatic

glucose production. Cell Metabol 2012;15(5):656e64.

[24] Scherer T, Sakamoto K, Buettner C. Brain insulin signalling in metabolic ho-

meostasis and disease. Nat Rev Endocrinol 2021;17(8):468e83.

[25] Steele R. Influences of glucose loading and of injected insulin on hepatic

glucose output. Ann N Y Acad Sci 1959;82:420e30.
10 MOLECULAR METABOLISM 73 (2023) 101723 � 2023 The Author(s). Published by Elsevier G
[26] Argoud GM, Schade DS, Eaton RP. Underestimation of hepatic glucose production

by radioactive and stable tracers. Am J Physiol 1987;252(5 Pt 1):E606e15.

[27] Kleinridders A, Lauritzen HP, Ussar S, Christensen JH, Mori MA, Bross P, et al.

Leptin regulation of Hsp60 impacts hypothalamic insulin signaling. J Clin

Invest 2013;123(11):4667e80.

[28] Bartness TJ, Shrestha YB, Vaughan CH, Schwartz GJ, Song CK. Sensory and

sympathetic nervous system control of white adipose tissue lipolysis. Mol Cell

Endocrinol 2010;318(1e2):34e43.

[29] Bartness TJ, Liu Y, Shrestha YB, Ryu V. Neural innervation of white adipose

tissue and the control of lipolysis. Front Neuroendocrinol 2014;35(4):473e93.

[30] Hansen JS, de Maré S, Jones HA, Göransson O, Lindkvist-Petersson K.

Visualization of lipid directed dynamics of perilipin 1 in human primary adi-

pocytes. Sci Rep 2017;7(1):15011.

[31] García-Cáceres C, Balland E, Prevot V, Luquet S, Woods SC, Koch M, et al.

Role of astrocytes, microglia, and tanycytes in brain control of systemic

metabolism. Nat Neurosci 2019;22(1):7e14.

[32] Scherer T, Lindtner C, Zielinski E, O’Hare J, Filatova N, Buettner C. Short term

voluntary overfeeding disrupts brain insulin control of adipose tissue lipolysis.

J Biol Chem 2012;287(39):33061e9.

[33] Coomans CP, Geerling JJ, Guigas B, van den Hoek AM, Parlevliet ET,

Ouwens DM, et al. Circulating insulin stimulates fatty acid retention in white

adipose tissue via KATP channel activation in the central nervous system only

in insulin-sensitive mice. J Lipid Res 2011;52(9):1712e22.

[34] Gelling RW, Morton GJ, Morrison CD, Niswender KD, Myers Jr MG, Rhodes CJ,

et al. Insulin action in the brain contributes to glucose lowering during insulin

treatment of diabetes. Cell Metabol 2006;3(1):67e73.

[35] Filippi BM, Yang CS, Tang C, Lam TK. Insulin activates Erk1/2 signaling in

the dorsal vagal complex to inhibit glucose production. Cell Metabol 2012;16(4):

500e10.

[36] Brown JM, Bentsen MA, Rausch DM, Phan BA, Wieck D, Wasanwala H, et al.

Role of hypothalamic MAPK/ERK signaling and central action of FGF1 in dia-

betes remission. iScience 2021;24(9):102944.

[37] Balland E, Dam J, Langlet F, Caron E, Steculorum S, Messina A, et al. Hy-

pothalamic tanycytes are an ERK-gated conduit for leptin into the brain. Cell

Metabol 2014;19(2):293e301.

[38] Brøns C, Jensen CB, Storgaard H, Hiscock NJ, White A, Appel JS, et al. Impact

of short-term high-fat feeding on glucose and insulin metabolism in young

healthy men. J Physiol 2009;587(Pt 10):2387e97.

[39] Dodd GT, Xirouchaki CE, Eramo M, Mitchell CA, Andrews ZB, Henry BA, et al.

Intranasal targeting of hypothalamic PTP1B and TCPTP reinstates leptin and

insulin sensitivity and promotes weight loss in obesity. Cell Rep 2019;28(11):

2905e2922.e2905.

[40] Balland E, Chen W, Tiganis T, Cowley MA. Persistent leptin signaling in the

arcuate nucleus impairs hypothalamic insulin signaling and glucose homeo-

stasis in obese mice. Neuroendocrinology 2019;109(4):374e90.

[41] Zhang X, Zhang G, Zhang H, Karin M, Bai H, Cai D. Hypothalamic IKKbeta/NF-

kappaB and ER stress link overnutrition to energy imbalance and obesity. Cell

2008;135(1):61e73.

[42] Rodrigues BA, Muñoz VR, Kuga GK, Gaspar RC, Nakandakari S, Crisol BM,

et al. Obesity increases mitogen-activated protein kinase phosphatase-3 levels

in the hypothalamus of mice. Front Cell Neurosci 2017;11:313.

[43] Seibler J, Kleinridders A, Küter-Luks B, Niehaves S, Brüning JC, Schwenk F.

Reversible gene knockdown in mice using a tight, inducible shRNA expression

system. Nucleic Acids Res 2007;35(7):e54.

[44] Saloranta C, Franssila-Kallunki A, Ekstrand A, Taskinen MR, Groop L. Modu-

lation of hepatic glucose production by non-esterified fatty acids in type 2

(non-insulin-dependent) diabetes mellitus. Diabetologia 1991;34(6):409e15.

[45] George Paxinos CW. The rat brain in stereotaxic coordinates. 6th ed. Elsevier;

2006.
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://refhub.elsevier.com/S2212-8778(23)00057-1/sref5
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref5
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref5
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref5
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref5
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref6
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref6
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref6
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref7
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref7
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref7
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref7
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref8
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref8
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref8
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref8
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref8
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref9
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref9
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref9
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref9
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref10
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref10
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref10
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref10
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref11
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref11
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref11
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref12
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref12
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref12
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref12
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref13
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref13
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref13
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref14
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref14
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref14
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref14
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref15
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref15
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref15
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref15
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref16
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref16
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref16
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref16
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref17
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref17
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref17
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref17
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref18
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref18
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref18
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref18
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref19
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref19
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref19
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref19
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref20
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref20
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref21
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref21
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref21
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref21
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref22
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref22
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref22
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref22
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref23
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref23
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref23
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref23
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref24
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref24
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref24
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref25
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref25
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref25
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref26
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref26
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref26
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref27
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref27
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref27
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref27
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref28
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref28
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref28
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref28
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref28
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref29
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref29
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref29
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref30
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref30
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref30
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref31
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref31
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref31
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref31
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref32
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref32
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref32
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref32
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref33
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref33
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref33
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref33
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref33
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref34
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref34
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref34
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref34
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref35
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref35
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref35
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref35
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref36
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref36
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref36
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref37
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref37
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref37
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref37
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref38
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref38
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref38
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref38
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref39
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref39
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref39
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref39
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref39
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref40
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref40
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref40
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref40
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref41
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref41
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref41
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref41
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref42
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref42
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref42
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref43
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref43
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref43
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref44
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref44
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref44
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref44
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref45
http://refhub.elsevier.com/S2212-8778(23)00057-1/sref45
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Brain insulin signaling suppresses lipolysis in the absence of peripheral insulin receptors and requires the MAPK pathway
	1. Introduction
	2. Results
	2.1. Insulin fails to suppress WAT lipolysis in the absence of brain insulin receptors in male mice
	2.2. The hypothalamic MAPK pathway is necessary for brain insulin's anti-lipolytic action in male rats
	2.3. Impaired suppression of WAT lipolysis due to hypothalamic MAPK inhibition is associated with increased hGP in male rats
	2.4. U0126 specifically reduced hypothalamic MAPK signaling in male rats

	3. Discussion
	4. Methods
	4.1. Animals
	4.2. Mouse pancreatic clamp studies
	4.3. Rat pancreatic clamp studies
	4.4. Glucose tracer analyses
	4.5. Ra glycerol analyses
	4.6. Brain signaling studies
	4.7. Western blot analyses
	4.8. Statistics

	Authors contributions
	Declaration of competing interest
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


