i

MOLECULAR
METABOLISM

Check for
Updates

Insulin action in the brain regulates
mitochondrial stress responses and reduces
diet-induced weight gain
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ABSTRACT

Objective: Insulin action in the brain controls metabolism and brain function, which is linked to proper mitochondrial function. Conversely, brain
insulin resistance associates with mitochondrial stress and metabolic and neurodegenerative diseases. In the present study, we aimed to
decipher the impact of hypothalamic insulin action on mitochondrial stress responses, function and metabolism.

Methods: To investigate the crosstalk of insulin action and mitochondrial stress responses (MSR), namely the mitochondrial unfolded protein
response (UPRmt) and integrated stress response (ISR), gPCR, western blotting, and mitochondrial activity assays were performed. These
methods were used to analyze the hypothalamic cell line CLU183 treated with insulin in the presence or absence of the insulin receptor as well as
in mice fed a high fat diet (HFD) for three days and STZ-treated mice without or with insulin therapy. Intranasal insulin treatment was used to
investigate the effect of acute brain insulin action on metabolism and mitochondrial stress responses.

Results: Acute HFD feeding reduces hypothalamic mitochondrial stress responsive gene expression of Atf4, Chop, Hsp60, Hsp10, ClpP, and
Lonp7 in C57BL/6N mice. We show that insulin via ERK activation increases the expression of MSR genes in vitro as well as in the hypothalamus
of streptozotocin-treated mice. This regulation propagates mitochondrial function by controlling mitochondrial proteostasis and prevents
excessive autophagy under serum deprivation. Finally, short-term intranasal insulin treatment activates MSR gene expression in the hypo-
thalamus of HFD-fed C57BL/6N mice and reduces food intake and body weight development.

Conclusions: We define hypothalamic insulin action as a novel master regulator of MSR, ensuring proper mitochondrial function by controlling

mitochondrial proteostasis and regulating metabolism.
© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION mitochondrial stress [2]. Diet-induced obesity causes mitochondrial

dysfunction in the rodent brain, which can be rescued with insulin

The brain relies on a constant energy supply to exert its function and
consumes about 20% of energy though it represents only 2% of total
body mass. The primary generators of energy are mitochondria, which
facilitate brain metabolism. Thus, proper control of mitochondrial
function is of utter importance for normal brain function and physi-
ology. Not surprisingly, mitochondrial dysfunction has been observed
in neurodegenerative and metabolic disorders, such as type 2 diabetes
[1]. People with type 2 diabetes exhibit insulin resistance in peripheral
tissues as well as in the brain. Causes for insulin resistance are
multifactorial but can be a result of different stressors such as low-
grade inflammation, glucotoxicity, lipotoxicity, ER stress, and

sensitizers indicating that insulin can be protective for brain mito-
chondria [3]. Indeed, insulin is able to regulate mitochondrial mem-
brane potential in sensory neurons of type 1 diabetic rats, and
mitochondrial dynamics are altered in neurons of insulin-resistant mice
[4,5]. As neurons are especially vulnerable to mitochondrial stress due
to low amounts of antioxidants, many mitochondrial diseases affect the
brain and cause neurodegeneration [6—8].

The ability to sense and adapt to alterations in nutrient supply in
conditions such as fasting, eating, or constant overnutrition requires
cellular adaptation by precise activation of different signaling path-
ways. Cells have developed various adaptive responses, such as the
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mitochondrial unfolded protein response (UPRmt) or the integrated
stress response (ISR) - here summarized as mitochondrial stress
response (MSR) - to counteract cellular and mitochondrial deterioration
and re-establish homeostasis. Cells respond to organelle stressors by
activating transcription of cyto- and mitoprotective genes including the
transcription factors Atf4 and Chop, which activate the mitochondrial
chaperones and proteases such as Hsp60, Hsp10, ClpP, and Lonp1,
thereby maintaining mitochondrial function [9,10]. Prolonged fasting
induces autophagy as an adaptive response, which causes the recy-
cling of unneeded proteins allowing the synthesis of crucial proteins for
cell survival or the degradation of dysfunctional organelles such as
mitochondria to maintain cellular health. Conversely, these responses
are interconnected [11]. Proper activation of the MSR increases life-
span and supports metabolic health [12,13]. Interestingly, improving
insulin sensitivity induces similar outcomes with enhanced longevity
and improved metabolism [14,15]. Indeed, the use of intranasal in-
sulin, which serves as a therapeutic option to stimulate brain insulin
action without affecting the periphery, enhances brain energy levels
and improves metabolism and cognition even in humans [16—18].
We have previously shown that diabetic mice and patients exhibit
decreased expression of the MSR gene Hsp60 in the hypothalamus,
causing oxidative stress and insulin resistance [19]. Mutation of Hsp60
causes mitochondrial dysfunction and neurodegeneration, and a mu-
tation of its co-chaperone Hsp10 is linked to a neurological disorder
[20—23]. Thus altered mitochondrial protein homeostasis due to
Hsp60/10 dysregulation represents a link between brain insulin
resistance, mitochondrial dysfunction and brain health [24].

In the present study, we investigated whether brain insulin signaling
impacts mitochondrial stress responsiveness in the hypothalamus and
thus affects mitochondrial function and metabolism. We find that acute
insulin resistance causes a reduction of MSR gene expression and
increased oxidative stress in the hypothalamus. This dysregulation is
due to lack of proper brain insulin action, as insulin deficient mice
exhibit a similar phenotype in the hypothalamus, which can be rescued
by insulin supplementation. Brain insulin signaling controls mito-
chondrial function mainly via ERK activation and thereby reduces
starvation-induced autophagy. Importantly, hypothalamic insulin action
does not regulate mitochondrial function via enhancing mitochondrial
biogenesis, as described for peripheral tissues, but controls mito-
chondrial function via regulation of mitochondrial proteostasis. Finally,
we used intranasal insulin application, which is also used in humans,
as a translational methodological approach to activate brain insulin
action and investigate its effect on MSR regulation. Short-term intra-
nasal insulin application of HFD-fed C57BL/6N mice increases levels of
MSR genes in the hypothalamus and reduces food intake and weight
gain, describing the insulin-MSR axis as a novel neuroprotective
signaling pathway for hypothalamic function and metabolism.

2. METHODS

2.1. Animal studies

Animals were kept in a temperature-controlled room (22+/— 1 °C) on
a 12 h light/dark cycle with free access to food and water. All animal
studies were conducted in accordance with the NIH guidelines for the
care and use of laboratory animals, and all experiments were approved
by the ethics committee of the State Agency of Environment, Health
and Consumer Protection (State of Brandenburg, Germany).

4 week old male and female C57BL/6NCrl wildtype mice were fed with
normal chow diet (NCD) (Rodent Diet with 10% kcal fat, ssniff Spe-
zialdidten GmbH, V1124-3) or high fed diet containing high fat and
sugar (HFD) (Rodent Diet with 60% kcal fat, D12492, Research Diet
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inc.) over 3 days. Body weight was measured daily, and blood glucose
was taken at the beginning and at the end of the study.

2.2. Streptozotocin-induced diabetes and insulin pellet

implantation

8 week old male C57BL/6J mice (The Jackson Laboratory) were fasted
overnight followed by i.p. injections of fresh prepared streptozotocin
(150 mg/kg body weight) dissolved in citrate buffer (100 mM, pH4.5);
the control group was injected with citrate buffer. Blood glucose levels
of each mouse were measured every 3—4 days after the initial
streptozotocin injection. To normalize streptozotocin-induced hyper-
glycemia, a subgroup of diabetic mice was treated at day 7 by sub-
cutaneous implantation of LinBit Insulin pellets (LinShin Canada, Inc.)
following manufacturer’s manual.

2.3. Intranasal insulin application

6 week old male C57BL/6NCrl wildtype mice were fed a HFD over three
days. Food intake was measured daily 9- and 24 h after intranasal saline
or insulin application along with daily body weight. To apply intranasal
saline or insulin, mice were fixed in the supine position and slightly
overstretched, so that the tip of the nose points towards the ceiling.
1.75U/17.5 pl insulin (Actrapid 100IE/ml; Novo Nordisk Pharma GmbH
Mainz) solution or saline solution in a maximum of 4.4 pl drops was
alternately added at intervals of 30 s to each nostril to prevent suffo-
cation. Attention was always paid to swallowing. After three days of HFD
feeding, mice were starved overnight (16 h), followed by a final intra-
nasal application of saline or insulin. Mice had free access to HFD and
water, food intake and body weight was measured after one hour.

2.4. Analytical procedures

Blood glucose was measured with a Glucometer—Contour XT (Bayer,
Leverkusen, Germany). Insulin and Leptin were measured with ELISAs
from Alpco (Alpco Salem, BioCatGmbH, Switzerland) and R&D Systems
(R&D Systems/Bio-Techne GmbH, Germany) respectively, according to
manufacturer’s guidelines. Triacylglycerols were measured with Tri-
glyceride Reagent from ABX and NEFA were measured with NEFA-
HR(2) Assay according to manufacturer’s guidelines (FUJIFILM Wako
Chemicals Europe GmbH, Germany). Measurements were performed in
a blinded manner.

2.5. RNA isolation from tissue/cells

Total RNA was extracted from 5 to 20 mg tissue or 4 x 10°—7 x 10°
cells using a ReliaPrep RNA Tissue Miniprep System (Promega) or
RNeasy Mini Kit (Qiagen) following manufacturer’s manual including
DNase | treatment.

2.6. Analysis of gene expression by quantitative PCR

Overall, between 100 ng and 1 pg of RNA from tissue were reverse
transcribed in 20 pl using Oligo(dT)15 primers (Promega), Random primers
(Promega), Thermo Scientific™ dNTP-Set, and M-MLV Reverse Tran-
scriptase (Promega). Real time PCR was performed using the GoTaq qPCR
master mix (Promega), gene-specific primers (200 nM each, obtained from
Sigma) (Supplementary Table 1), and 10 ng cDNA. Fluorescence was
monitored and analyzed in the ViiA 7 Real-Time PCR System (Applied
Biosystems). Gene expression was calculated according to the AACT
method using TBP (TATA-box binding protein) as reference gene. The
specificity of SYBRGreen primers was confirmed by melting curve analysis.

2.7. Cell culture
CLU183 cells (mHypoA-2/23 CLU183) were cultivated with DMEM
GlutaMAX (Gibco) supplemented with 1 mM sodium pyruvate (Sigma—
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Aldrich), 10% fetal bovine serum (FBS) (Pan, South Africa) and 1%
penicillin-streptomycin (Gibco). All cell cultures were maintained at
37 °C with 5% CO0.. For all experiments, the cells were seeded one day
before the stimulation.

CLU183 cells were serum-starved for 3 h with DMEM GlutaMAX, 1 mM
sodium pyruvate, 1% penicillin-streptomycin, and 0.1% BSA prior to
any stimulations. Next, CLU183 cells were either serum-deprived
(control) or stimulated with 100 nM insulin (Sigma—Aldrich) for 6 h
or 16 h. Note, for western blot analysis, 1x amino acids (Gibco) have
been added to cultivating medium. For MAPK/ERK kinase inhibition,
CLU183 cells were serum-starved and at the same time pre-treated
with 10 pM UO126 (InvivoGen) for 3 h and afterwards stimulated
with insulin (100 nM) for indicated time points. For JNK-activation,
CLU183 cells were serum-starved and at the same time pre-treated
with 1 pM anisomycin (Sigma—Aldrich) for 3 h and afterwards stim-
ulated with insulin (100 nM) for indicated time points. To inhibit IGF-1
receptor (IGF-1R), cells were pre-treated with 400 nM JB-1 (Sigma) for
3 h during serum-starvation and afterwards stimulated with insulin
(10 nM) for indicated time points.

To generate Hsp60 knockdown (KD) neurons, CLU183 were trans-
fected with either siGENOME non-targeting siRNA (Dharmacon) or
SMARTpool: SIGENOME Hspd1 (Hsp60) siRNA (M-062629-01-0005,
Dharmacon) using DharmaFECT 1 Transfection Reagent (Dharmacon).
For this, 2.2 x 10° cells were plated one day prior to transfection.
Solution A contained 25 pM siRNA in Opti-MEM™ | reduced serum
medium (Gibco) and transfection reagent was diluted 1:80 in Opti-
MEM (Solution B). Both solutions were incubated at room tempera-
ture for 5 min separately before mixing and incubating them for 20 min
at room temperature. Cells were then incubated with the mixture and
penicillin-streptomycin free full medium for 6—8 h and medium was
changed the following day. 3 days after transfection seahorse and
western blot analysis were performed.

2.8. Western blot analysis

Western blots were performed on 10—15 pg total protein lysates
loaded on 10% SDS-PAGE gels and transferred to PVDF membranes
(GE HealthCare Life Science, Amersham) for 3 h at 90 V. After transfer,
membranes were blocked in Starting Block (StartingBlockTM T20
(TBS) Blocking Buffer Thermo Scientific #37543) for 1 h. Following
blocking, membranes were probed with primary antibody overnight at
4 °C. Antibodies used were IRB (Cell Signaling, #3025, 1:1000),
plKKo3Ser176/180 (Cell Signaling #2697, 1:1000), IKKB (Cell
Signaling #2370 1:1000) pSAPK/pJNKThr183/Tyr185 (Cell Signaling
#9251, 1:1000), SAPK/JNK (Cell Signaling #9258, 1:1000), p-p38
MAPKThr180/Tyr182 (Cell Signaling #9211, 1:1000), p38 MAPK (Cell
Signaling #9212, 1:1000), Hsp60 (Cell Signaling #4870, 1:1000),
LONP1 (Sigma SAB1411647, 1:1000), ClpP(Santa Cruz sc-271284,
1:500), LC3 A/B (Cell Signaling #12741, 1:1000), p62 (abcam
ab56416, 1:2000), ATF4 (Cell Signaling, #11815, 1:1000), CHOP (Cell
Signaling, #2895, 1:1000), Total OXPHOS Rodent WB Antibody
Cocktail (Abcam, #ab110413, 1:2000), fumarate hydratase (Santa
Cruz sc-100743, 1:1000), VDAC (Cell Signaling #4866, 1:1000), B-
Actin + HRP (Sigma—Aldrich A3854 1:10000). Membranes were then
incubated with peroxidase-conjugated secondary antibodies (anti-
rabbit Dianova #711-065-152, 1:10000, anti-mouse Dianova #715-
065-150, 1:10000) at room temperature for 1 h. Specific bands were
detected with chemiluminescence assay (WesternBright ECL Biozym
541005X) using the ChemiDoc Touch Imaging System (BioRad). To
remove the phospho-epitope of a protein and run the total antibody,
membranes were incubated in stripping buffer (RestoreTM PLUS
Western Blot Stripping Buffer Thermo Scientific #46430) for 20 min at

room temperature, re-blocked for 30 min and re-probed. In the end,
membranes were re-probed with B-Actin, which served as an internal
loading control for western blotting or stained with fast green. Band
intensities were quantified via densitometric analysis using Image Lab
5.2.1 software.

2.9. Protein carbonylation assay

Protein carbonyl groups were detected with an antibody after protein
derivatization as previously described [25]. Briefly, after ponceau
staining, the membrane was washed with water and then equilibrated
in 1X TBS 4-20% methanol for 5 min. Afterwards, the membrane was
washed for 5 min with 10% HCI and then incubated for derivatization in
5 mM 2,4-dinitrophenylhydrazine (DNPH) in 10% HCI for 10 min.
Following this, the excess of DNPH was removed by washing twice for
5 min with 10% HCI. The final step consisted of washing the mem-
brane five times for 5 min with 50% methanol and washing one time
for 5 min with 1X TBS. After briefly washing with MQ water, the
membrane was blocked for 1 h in starting block, then washed three
times with 1X TBS-T, and probed with anti-DNP primary antibody
(Sigma, D9656, 1:10000) at 4 °C.

2.10. Seahorse assay

Changes in mitochondrial respiration were monitored using Seahorse
XF Mito Stress Test Kit and the Seahorse XF96 extracellular flux
analyzer, measuring oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of adherent cells to test mitochondrial func-
tionality. All compound concentrations were tested and optimized
before and were consistent through all Seahorse runs for all experi-
mental setups. Final concentrations for the compounds used were
2 uM for Oligomycin (Port A), 1 puM for FCCP (Port B), 1 uM for
Rotenone/2 puM for Antimycin A (Port C). Cells were seeded at a density
of 5000 cells/well two days prior to experiment within a 96 well
microplate in full medium. Four wells were prepared without cells and
used as background signal. On the following day full medium was
removed, cells were washed with PBS, and starvation medium was
added, with or without MAPK Kinase Inhibitor (UO126) at a final con-
centration of 10 uM. 3 h later, insulin was added to the designated
wells to a final concentration of 100 nM. Cells were incubated with
insulin for 16 h. On the assay day, cells were washed twice with
Seahorse Medium (XF base Minimum DMEM supplemented with 1 mM
sodium pyruvate, 2 mM glutamine and 10 mM glucose) and incubated
in the final amount of assay medium in a non-CO, incubator at 37 °C to
maintain pH levels. After calibration, the microplate was placed in the
Seahorse XF96 flux analyzer and the experiment was performed ac-
cording to protocol. Data were normalized to total protein level due to
the 96 well setting of the Seahorse XF96 flux analyzer and were
analyzed using Wave 2.4.0 software.

2.11. Insulin receptor knockout generation

In order to delete IRs specifically in murine hypothalamic neurons, we
used pSpCas9(BB)-2A-GFP (PX458) vector, which contains guide RNA
(gRNA) against IR. To generate the insulin receptor knockout cell line,
the CLU183 were transfected using 10 pg of gRNA-expressing
plasmid. One day before transfection, the cells were plated at a
density of 1 x 10° cells. For the transfection, the FUGENE® HD
Transfection Reagent (Promega) was used and performed according to
manufacturer’s guidelines. Forty-eight hours post-transfection, GFP-
positive cells were selected by flow cytometry. IR knockout single
clones were confirmed based on the absence of IR protein as detected
by Western blot technique using anti-IRp Antibody.

guide: INSR_469_fw CACCGATACGGGACCAGTCGATAG
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2.12. Electron microscopy

CLU183 cells were serum-starved for 3 h with DMEM GlutaMAX, 1 mM
sodium pyruvate, 1% penicillin-streptomycin and 0.1% BSA prior to
any stimulation. Following CLU183 cells were either serum-deprived
(control) or stimulated with 100 nM insulin (Sigma—Aldrich) for
16 h. Confluent neurons were fixed by immersion in 2.5% glutaral-
dehyde in 0.19 M sodium cacodylate buffer at pH 7.4, postfixed in 1%
reduced osmium tetroxide [26] in aqua bidest, and subsequently
stained with 2% uranyl acetate in maleate buffer, pH 4.7. The speci-
mens were dehydrated in graded ethanol and embedded in epoxy
resin. Embedding of neurons in Epon 812 was performed as described
by Luft [27] and modified by Reale [26]. Ultrathin sections were picked
up onto Formvarcarbon-coated grids, stained with lead citrate, and
viewed in a transmission electron microscope (TEM 910; Zeiss Elek-
tronenmikroskopie, Oberkochen, Germany).

2.13. Statistical analysis

All the data were presented as mean 4+ SEM. Two groups were
compared using unpaired two-tailed Student’s ttest or Mann—
Whitney when necessary. 1-way ANOVA followed by Dunnett’s post
hoc test for multiple comparisons was used to compare more than two
groups. 2-way ANOVA was performed to detect the interactions be-
tween e.g. genotype and treatment (insulin, IR KO), and Tukey’s post
hoc analysis was performed when appropriate.

3. RESULTS

3.1. Acute HFD feeding reduces MSR activation in the
hypothalamus

To determine whether acute high fat diet (HFD) affects the MSR in the
hypothalamus, we fed 4 week old male and female C57BL/6N mice a
normal chow diet (NCD) or a HFD for only 3 days. Quantitative PCR
(qPCR) analysis of hypothalamic samples revealed a significant 10—
27% reduction of mRNA levels of Atf4, Chop, Hsp60, Hsp10, ClpP, and
Lonp1 in HFD-fed mice compared to NCD, with a more prominent
phenotype in females (Figure 1A—C). This coincided with increased
oxidative stress exemplified by an increase in carbonylation of high
molecular proteins in the hypothalamus (Suppl. Fig. 1A, B). To test
whether acute HFD feeding also affected other mitochondrial param-
eters in the hypothalamus, gene expression of key players of mito-
chondrial dynamics and biogenesis were assessed. This analysis
revealed unaltered expression of the master regulator of mitochondrial
biogenesis Pgcia. Further acute HFD feeding did not affect gene
expression of the mitochondrial fission gene Drp1, but caused a sig-
nificant downregulation of the mitochondrial fusion gene Mfn2, which
has been previously reported. A reduction of Mfn2 in hypothalamic
neurons can cause hyperleptinemia [28], which was also present in
our analyzed mouse cohorts (Suppl. Fig. 1C). This response was
specific to the hypothalamus, as other investigated brain regions and
tissues, such as hippocampus and gonadal adipose tissue, did not
exhibit this regulation (Suppl. Fig. 1D,E). Acute HFD-feeding did not
affect body weight, plasma insulin, triglycerides and non-esterified
fatty acid levels in males compared to NCD-fed controls, but resul-
ted in marked hyperglycemia, as a sign of early insulin resistance. In
comparison, HFD-fed females exhibited increased body weight, normal
glycemia, unaltered triglycerides and non-esterfied fatty acid levels
compared to NCD-fed control, but were hyperinsulinemic, also a sign
of early insulin resistance (Figure 1E, Suppl. Fig. 1F,G). As short term
HFD feeding has been shown to induce activation of serine/threonine
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protein kinases which cause insulin resistance, we assessed activation
of c-Jun kinase (JNK) and IkB kinase (IKK), as well as inhibitory serine-
phosphorylation of insulin receptor substrate 1 (IRS-1). This analysis
revealed a considerable increase of IRS-1 Ser1101 phosphorylation, as
a further marker of insulin resistance, in addition to enhanced acti-
vation of JNK and IKK in males fed a HFD, whereas females were
unaffected (Suppl. Fig. 1H,I).

3.2. Hypothalamic insulin action controls MSR activation

Next, we investigated causes for the observed downregulation of MSR
gene expression in the hypothalamus of HFD-fed animals. To this end,
we tested the metabolic regulation of Hsp60 and Hsp10 using the
hypothalamic cell line CLU183. First, we confirmed the classical
regulation by heat shock of the mitochondrial chaperones Hsp60 and
Hsp10in these cells resulting in a 3-fold increase in mRNA levels. The
increased expression of HSP60 was not detectable using western
blotting technique due to high basal expression of HSP60
(Suppl. Fig. 2A), confirming data that only chronically elevated levels of
HSPs can be determined by western blot and highly quantitative
methods such as mass spectrometry are needed to assess transient
increases of heat shock protein levels [29,30]. To this end, we
assessed Hsp60 and Hsp10regulations by gPCR throughout this study,
as it represents so far the common standard methodology to analyze
their regulation and induction [30]. As HFD-fed males were hyper-
glycemic, we assessed the effect of elevated glucose concentrations
on mitochondrial chaperone expression. Neither high concentrations of
glucose nor high concentrations of fructose affected gene expression
of Hsp60 and Hsp10indicating that hyperglycemia per seis not causal
for the observed reduction of mitochondrial chaperones in vivo
(Suppl. Fig. 2B).

As HFD-fed mice exhibited early insulin resistance, we tested whether
insulin was able to regulate the MSR. We assessed mRNA levels of
these genes in CLU183 cells in serum-starved and serum-starved
conditions supplemented with 100 nM insulin for 6 h. This analysis
revealed that 6 h insulin treatment caused a significant upregulation of
all tested genes ranging from an increase of 17% for Lonp1 up to
217% for Chop in CLU183 cells compared to unstimulated control
(Figure 2A). This response was still apparent after 16 h of insulin
stimulation as evidenced by gene and protein expression, indicating a
long-term effect of insulin on MSR activation (Figure 2B,
Suppl. Fig. 2C). To investigate these data in a more physiological cell
model, we treated primary cortical neurons with 100 nM insulin for
16 h. Insulin also increased the expression of Hsp60 and Hsp10 in
primary neurons (p = 0.059) confirming the insulin-induced control of
Hsp60/10 transcription (Suppl. Fig. 2D). Insulin and IGF-1 use the
common canonical signaling pathway to exert their function. So we
tested whether IGF-1 signaling was also able to induce gene
expression of MSR genes. 6 h of IGF-1 (10 nM) stimulation of serum-
starved CLU183 cells caused a significant increase of all tested MSR
genes compared to control (Suppl. Fig. 2E). To test whether insulin
specifically increases expression of MSR genes and not overall gene
expression of mitochondria-related genes, we analyzed expression
levels of mitochondrial fission and fusion genes Drp7 and Mfn2 as well
as a regulator of mitochondrial biogenesis Pgc1«. Stimulating serum-
starved CLU183 cells with 100 nM insulin for 6 h did not affect Drp7 or
Mfn2 mRNA levels but significantly reduced Pgc1a (Suppl. Fig. 2F). As
insulin and IGF-1 are able to cross-activate IR and IGF-1R, we analyzed
the effect of the respective receptors in controlling the MSR. Stimu-
lating CRISPR/Cas9-mediated IR knockout CLU183 cells with 100 nM
insulin, a concentration which also activates IGF-1R, was not only
sufficient to activate the MSR, but also had a greater regulatory effect
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Figure 1: Acute high fat diet feeding reduces the mitochondrial stress response (MSR) in the hypothalamus. A: Schematic presentation of key genes of the MSR: ATF4
(Activating Transcription Factor 4), CHOP (C/EBP Homologous Protein), HSP60 (Heat Shock Protein 60), HSP10 (Heat Shock Protein 10), CLPP (Clp Protease), LONP1 (Lon Protease).
B, C: (B) mRNA expression of Atf4, Chop, Hsp60, Hsp10, CIpP, and Lonp1 in hypothalamic samples of 4 weeks old female and (C) male C57BL/6N mice fed a NCD or HFD for 3
days n = 12 for NCD, n = 12 for HFD. D, E: (D) Leptin, (E) Insulin, triglycerides (TG) and non-esterified fatty acid (NEFA) concentration of 4 weeks old (left) female and (right) male

C57BL/6N mice fed a NCD or HFD for 3 days n = 12 for NCD, n = 12 for HFD. *, P < 0.05, **, P < 0.01, ***, P < 0.001, ***, P < 0.0001. All the data are presented as
mean + SEM.
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on MSR as evidenced by a significant genotype effect (p < 0,0001)
(Figure 2C,D). To inhibit IGF-1R activation, we used the IGF-1R inhibitor
JB-1. To this end, we stimulated cells with only 10 nM insulin in the
absence and presence of JB-1. Insulin was still able to enhance mRNA
levels of Atf4, Chop, Hsp60, Hsp10, ClpP, and Lonp7 in IGF-1R
inhibited conditions. Overall, these data clearly demonstrate that the
MSR is engaged by both insulin and IGF-1 signaling cascades in hy-
pothalamic neurons (Figure 2E).

To rule out that prolonged insulin treatment was detrimental to neurons
and caused cellular stress, MAPK activation and oxidative stress were
investigated. This analysis showed that 6 h and 16 h insulin treatment
caused neither oxidative stress nor p38 activation, indicating that this
treatment was not detrimental in this experimental setup
(Suppl. Fig. 3A,B). Prolonged insulin treatment has been shown to
cause insulin resistance [31]. To show that proper insulin signaling and
not insulin resistance was responsible for the observed effect on MSR
regulation, we induced insulin resistance in vitro by stimulating cells
with the JNK activator anisomycin [32]. 16 h co-treatment of insulin
with the JNK activator anisomycin was sufficient to blunt completely
insulin’s effect in regulating MSR gene expression, highlighting that
insulin signaling and not resistance causes regulation of the MSR
(Figure 2F). Interestingly, sole activation of JNK was sufficient to
activate Atf4 and Chop as part of the ISR but did not affect UPRmt gene
expression.

To substantiate the transcriptional control of MSR genes by insulin, we
analyzed MSR mRNA levels in hypothalamic samples of control,
streptozotocin-treated/insulin deficient (STZ) mice along with STZ-
treated mice treated with subcutaneous insulin pellets. As expected
STZ treatment caused acute hyperglycemia, while insulin treatment for
one week corrected hyperglycemia in STZ-treated mice
(Suppl. Fig. 3C). Strikingly, STZ-treated animals exhibited an overall
reduction of MSR mRNA levels in the hypothalamus, which was
rescued by the insulin treatment, confirming the crucial role of hy-
pothalamic insulin action in regulating the MSR (Figure 2G). Conversely
with our in vitro studies (Suppl. Fig. 2F), insulin was not able to
increase gene expression of Drp1 and Mfn2 as well as Pgcla in STZ-
treated animals (Suppl. Fig. 3D). These data demonstrate that insulin/
IGF signaling induces specifically MSR gene expression in vitro and
in vivo, while activation of JNK inhibits insulin’s effect on the MSR
expression in these experimental setups.

3.3. Insulin signaling regulates mitochondrial function and
autophagy in hypothalamic neurons

Next we tested whether insulin dependent control of MSR genes in-
fluences mitochondrial function and cell homeostasis. Serum-starved
CLU183 cells were stimulated for 16 h with 100 nM insulin and the
oxygen consumption rate was determined using a Seahorse XF analyzer.
This analysis revealed an insulin-induced 32% increase in basal respi-
ration and a concomitant 32% increase in maximal respiration (p = 0.05)
compared to serum-starved control (Figure 3A,B). This enhanced mito-
chondrial respiration was not due to an increase in mitochondrial
biogenesis or altered mitochondrial dynamics as evidenced by unaltered
expression of mitochondrial fission and fusion genes Drp7 and Mfn2 with
a reduction of the mitochondrial biogenesis gene Pgcia on gene
expression level after 16 h of Insulin stimulation (Figure 3C,D).
Furthermore, this effect on the mitochondrial function was also not
associated with a major regulation of key mitochondrial enzymes such
complexes of the electron transport chain (ETC), shown by the unregu-
lated protein expression of subunits of the ETC (Suppl. Fig 2H,])
Mitochondrial dysfunction and prolonged starvation induces autophagy
as a stress-induced response to nutrient deprivation [33]. We

hypothesized that insulin was able to maintain mitochondrial function
and thus counteracts starvation-induced autophagy. 100 nM insulin
stimulation for 16 h did not affect p62 gene expression but was suf-
ficient to reduce LC3 expression by 53% indicating decreased auto-
phagy (Figure 3E). Confirming this, insulin was able to inhibit serum-
starvation induced autophagy as evidenced by increased p62 protein
levels and a reduction in LC3II/l conversion compared to serum-
starvation control (Figure 3F). In agreement with data from gene and
protein expression analysis, electron microscopy experiments revealed
the occurrence of autophagosomes in 16 h serum-deprived CLU183
cells, which were almost completely absent in insulin-stimulated cells
(Figure 3G).

Our data show that insulin modestly increases expression of MSR
genes and does not cause cellular stress. Yet, excessive activation of
the MSR causes cellular death [34]. To further investigate this, we
treated CLU183 cells with known activators of endoplasmatic reticu-
lum (ER) stress and ISR and compared it to insulin’s effect on oxidative
stress as marker of cell stress. Treating cells with 5 pg/ml thapsi-
gargin, 1 wM tunicamycin or 2 mM L-histidinol for 6 h increased mRNA
levels of Atf4, Chop as well as Hsp60 and Hsp10 beyond normal values
(Suppl. Fig. 4A). These treatments caused massive oxidative stress as
evidenced by increased protein carbonylation, which was not apparent
after insulin stimulation (Suppl. Fig. 4B) further highlighting that in-
sulin’s modest effect on MSR does not harm the cell.

3.4. Insulin signaling controls MSR, mitochondrial function and
autophagy via ERK activation

The obtained data suggests that hypothalamic insulin action can
regulate the MSR in a concerted effort. /n silico analysis of the pro-
moters of Atf4, Chop, Hsp60, Hsp10, ClpP, and Lonp1 showed that
these genes might be regulated via MAPK signaling (http://opossum.
cisreg.ca/oPOSSUM3/). As insulin regulates the MAP-kinase
pathway, we next inhibited ERK signaling using UO126. Pretreating
cells with 10 uM U0126 followed by 16 h insulin stimulation abolished
the insulin-induced increase in MSR gene expression of Atf4, Chop,
Hsp60, and Hsp10. Unexpectedly, inhibition of ERK signaling increased
Chop mRNA levels which was not further upregulated by insulin
whereas gene expressions of ClpP and Lonp1 were independent of
insulin-induced ERK activation (Figure 4A). As ERK-dependent insulin
signaling upregulates the MSR genes Hsp60 and 70, which are key
genes of mitochondrial protein folding and function, we investigated
the influence of ERK inhibition on mitochondrial function using the
Seahorse XF analyzer. U0126 treatment abrogated the insulin-induced
increase of basal and maximal respiration in serum-deprived CLU183
cells (Figure 4B). Next, we investigated the autophagic response in
insulin-treated CLU183 cells in the absence or presence of the ERK
inhibitor U0126. ERK inhibition caused a significant 42% increase of
p62 expression, which was not further influenced by insulin. Confir-
matory, while insulin was able to decrease LC3 mRNA levels, LC3
expression was significantly upregulated in ERK inhibited cells and was
unresponsive to insulin (Figure 4C). These data show that insulin via
ERK signaling improves mitochondrial function and counteracts
excessive autophagy under serum-deprived conditions.

We have recently shown that Hsp60 is a key mitochondrial chaperone
and is crucial for mitochondrial homeostasis. In addition, insulin
regulates Hsp60 expression via ERK activation and ERK inhibition
causes mitochondrial dysfunction [35]. Thus, we investigated
whether insulin’s ability to propagate mitochondrial health depends
on HSP60 expression. siRNA mediated knockdown (KD) of HSP60
caused a 79% reduction in protein levels (Figure 4D). KD of HSP60 in
CLU183 cells exhibited an expected 28% decrease in basal and 37%
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mean + SEM.

decrease in maximal respiration compared to control under basal
conditions (Suppl. Fig. 4C) [19]. Importantly, while 100 nM insulin
stimulation for 16 h increased basal respiration by 36% and maximal
respiration by 28% in serum-starved control cells, insulin’s effect
was severely blunted to regulate mitochondrial respiration in HSP60
knockdown cells (Figure 4E,F). These data demonstrate that insulin’s
ability to regulate mitochondrial function in serum deprivation de-
pends on the presence of HSP60, underlining the importance of
HSP60 to convey insulin’s effects on mitochondrial function in the
hypothalamus.

76

3.5. Intranasal insulin treatment decreases HFD-induced food
intake and weight gain with an increased hypothalamic MSR
activation

To test whether increased brain insulin action counteracts the negative
consequences of diet-induced weight gain and regulates the MSR, we
treated C57BL/6N mice with intranasal saline or 1.75U insulin for four
consecutive days while feeding them a HFD (Figure 5A). Intranasal in-
sulin treatment reduced food intake by maximal 38% after 9 h of
treatment (Figure 5B), a time when insulin increases the expression of
MSR genes (Figure 2A). Daily intranasal insulin application caused a
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=

12% reduction of average daily food intake and a 50% reduction in body  treatment and food intake was determined after 1 h. This analysis
weight gain after three days of HFD while not affecting blood glucose or  revealed that intranasal insulin treatment not only reduced food intake of
insulin levels (Figure 5C—F). To also assess the effect of intranasal  palatable food, but also reduced starvation-induced food intake of HFD,
insulin treatment on starvation-induced food intake after three days of  showing the impact of intranasal insulin application on food intake
HFD, mice were fasted overnight, followed by intranasal saline or insulin  regulation under HFD conditions (Figure 5G). Importantly, intranasal
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insulin application resulted specifically in elevated hypothalamic protein
levels of MSR protein expression in the hypothalamus while not influ-
encing the expression of other functional important mitochondrial pro-
teins like the electron transport chain complexes (Figure 5H,
Suppl. Fig. 5A), confirming our in vitro data (Figure 2B) and showing that
insulin counteracts acute metabolic effects of HFD consumption with an
increased hypothalamic MSR activation.

4. DISCUSSION

Brain insulin action has a crucial function in regulating metabolism
ranging from controlling food intake over hepatic glucose produc-
tion to behavior [36]. Conversely, brain insulin resistance is a
hallmark of type 2 diabetes and is present in neurodegenerative
diseases such as Alzheimer’s disease. These disorders are also
characterized by mitochondrial dysfunction. Thus, the ability of
mitochondria to adapt to differences in nutrient supply and cellular
stressors is of crucial importance for optimal metabolism. Deteri-
orated mitochondria cause excessive oxidative stress, inducing
several adaptive stress responses such as the ISR and UPRmt or, in
more severe cases, autophagy to reduce the burden of cellular
stress. Insulin has been shown to exert neuro-protective functions
and regulate mitochondrial function. By using multiple cell lines and
mouse models, we identify hypothalamic insulin signaling as a
major integrator of mitochondrial stress responsiveness. We
demonstrate that insulin signaling controls the ISR and UPRmt -
summarized as MSR - and as a result inhibits serum starvation-
induced autophagy. Hypothalamic insulin resistance is linked to
the reduction the expression of key genes of the MSR, which seems
to dependent on proper insulin signaling, as this response can be
rescued by insulin treatment in STZ-treated, insulin-deficient mice.
As insulin was given peripherally, this effect may also be secondary
due to peripheral effects. Yet, we show that the MSR is indeed
controlled by insulin/IGF-1, activating their receptors and down-
stream ERK signaling in vitro and in vivo (Figures 2A and 5H)
indicating that brain insulin action regulates hypothalamic MSR.
This regulation improves mitochondrial function and inhibits auto-
phagy under metabolic, serum-deprived stress and thus propagates
neuronal health. We show that the mitochondrial chaperone HSP60
is a key target in this response as knockdown of HSP60 ablates
insulin’s protective effect on neuronal mitochondrial function.
Finally, we demonstrate that intranasal insulin counteracts
HFD-induced metabolic alterations by reducing food intake and
concomitantly activating the MSR in the hypothalamus.

It has been shown that long-term HFD feeding causes disrupted
mitochondria and impaired mitochondrial biogenesis with reduced
expression of Mfn2 and Pgcia in the hypothalamus [28,37]. Our data
confirm the reduction of Mfn2 after acute HFD treatment, but reveal
unaltered Pgcio levels. From a mechanistic standpoint, it is unlikely
that insulin directly regulates Mfn2 expression in the hypothalamus as
insulin does not affect its expression in vitro or in vivo but it is rather a
consequence of altered metabolism (Figure 3C, Suppl. Fig. 3D). In
addition, we do not observe a reduction of Pgcia after acute HFD
feeding, indicating Pgca regulation is only observed after long-term
obesity or severe hyperglycemia (Suppl. Fig. 3D) [37]. Further, insu-
lin decreases Pgcla gene expression in vitro but not in vivo, sug-
gesting that Pgc1a gene expression in the hypothalamus is under
complex regulation and further research is needed [38]. Thus, we
show for the first time that hypothalamic insulin action improves
mitochondrial function not by affecting mitochondrial biogenesis but by
controlling mitochondrial proteostasis. In addition, intranasal insulin

treatment regulates food intake with activation of the hypothalamic
MSR.

We show that insulin/IGF-1 action in the hypothalamus can act as a
master regulator of the UPRmt and ISR in healthy conditions, thereby
controlling adaptive responses to ensure neuronal health. Neuronal
insulin receptor deficiency results in mitochondrial dysfunction with
smaller mitochondria showing that insulin receptor signaling is
important for mitochondrial health in the brain [39]. The fact that loss
of IR expression does not affect basal expression rates of the MSR
(Figure 2D) suggests either that loss of IR can be compensated by IGF-
1R expression or that basal expression is not controlled by insulin.
Consistent with this hypothesis, the promoter of Hsp60 and 10 does
not contain a TATA-Box, which enables constant, basal transcription
[40], but several Sp1 binding sites. Interestingly, insulin activates Sp1,
which may facilitate insulin-induced regulation of at least the mito-
chondrial chaperones Hsp60 and Hsp10 [41].

In vitro experiments using mammalian cells have revealed that
mitochondrial protein misfolding activates the serine/threonine pro-
tein kinase JNK, which is crucial for the UPRmt [42]. This response
causes increased expression of Hsp60 and Hsp10 [10]. Yet, in
hypothalami of insulin resistant, deficient and type 2 diabetic mice,
Hsp60 and Hsp10 are downregulated and JNK is activated
(Figure 1C, Suppl. Fig. 1) (see also Attie lab diabetes database,
http://diabetes.wisc.edu/) [19]. Our data show that an activation of
JNK inhibits insulin-induced gene expression of the UPRmt in the
hypothalamus, yet is sufficient to induce the ISR (Figure 2F). These
data highlight that in metabolic stressed conditions the regulation of
the different MSR genes is more complex than previously anticipated
and warrants further investigation.

Intranasal insulin application reduces food intake and increases ATP
levels in the brain in humans which relates to improved mitochondrial
function, phenotypes we also observed in mice after intranasal insulin
application [18]. It will be of interest to test whether our proposed
insulin regulatory mechanism is also present in humans.

In addition, intranasal insulin treatment attenuates the cognitive
decline in some patients with Alzheimer’s disease, showing that
insulin action is also neuro-protective in humans [43]. It seems
that patients who do not profit from these intranasal insulin in-
terventions show a stronger link between mitochondrial damage
and cognitive decline, suggesting that this effect is difficult to
regulate by insulin therapy [44—46]. Interestingly, these ApoE4
allele carrying patients exhibit already abnormal, elevated levels of
MSR genes such as ATF4, presumably due to ERK activation,
suggesting that insulin cannot further regulate this response
[47,48]. It will be interesting to see whether patients who benefit
from intranasal insulin therapy have low levels of MSR genes in
basal conditions. Here, whole genome biomarker expression
analysis in blood and brain samples have shown good correlations
for gene expression of the MSR gene ATF4 in PBMC compared to
brain, indicating that this method may be useful for clarifying the
effect of intranasal insulin treatment on the MSR in the brain [49].
Thus, further research is needed to identify these potential
treatment-susceptible patient cohorts.

As mitochondrial dysfunction and insulin resistance represent common
factors in brain diseases, dysregulation of MSR might be a crucial part
for the development of brain diseases. Indeed, defective expression
and/or mutations of tested MSR genes are linked to brain alterations,
behavioral abnormalities and cognitive impairments [20,21,50—52].
As hyperinsulinemia can cause per se brain insulin resistance,
improving insulin sensitivity by use of insulin sensitizers such as
metformin might help to improve the MSR in insulin resistant brains,
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since metformin has been shown to increases MSR genes, reduce
oxidative stress, and improve mitochondrial as well as brain function in
HFD-fed animals [53,54]. There is a current clinical trial listed to
assess metformin on brain insulin action on elderly patients. It will be
interesting to see how this treatment affects brain energy levels and
insulin action in the brain of these patients.

The fact that hypothalami of male HFD fed mice exhibit increased
protein carbonylation suggests that also proteasomal activity might be
affected which counteracts protein toxicity. Insulin is able to regulate
proteasomal activity and it has been demonstrated that proteasomal
activity via Nrf1 can act as a complementary mechanism of MSR in
brown fat [55]. But whether this holds true for the brain is so far
unknown.

We and others have previously shown that the reduction of MSR gene
Hsp60 causes hypothalamic insulin resistance and neurodegeneration
pointing to the importance of this response for metabolism and brain
health [19,21,22,56]. Here, we show that insulin-induced MSR acti-
vation is crucial to antagonize serum-deprivation induced mitochon-
drial dysfunction and autophagy unveiling a novel mechanism of how
insulin is able to regulate neuronal metabolism. The fact that elevated
Chop levels are linked to improvement of mitochondrial function and
inhibition of autophagy reveals that induction of Chop does not
constitute a death signal but can be beneficial for neurons as in the
case of neuronal survival after seizures [57]. In addition, it has been
shown that starvation-induced hypothalamic autophagy is crucial to
increase Agrp expression and food intake [58]. Our finding that insulin
is able to inhibit starvation-induced autophagy in hypothalamic neu-
rons points to a novel mechanism how hypothalamic insulin action is
able to reduce food intake. Indeed, we observe that daily intranasal
insulin treatment reduces food intake and increases MSR activation in
the hypothalamus of mice fed a HFD diet, indicating that this regulation
is metabolically relevant.

In summary, we define hypothalamic insulin/IGF-1 signaling as a new,
crucial regulator of mitochondrial stress responsiveness via ERK
activation and with this, the propagation of mitochondrial function and
inhibition of serum-deprived induced autophagy. With functional hy-
pothalamic insulin signaling the metabolism is flexible and able to
adapt to different nutrient supply. In the case of insulin resistance in
the hypothalamus, the mitochondrial stress response is disrupted,
leading to mitochondrial dysfunction, excessive autophagy, and
increased weight gain (Model in Figure 5I). In exireme cases, this
mitochondrial dysfunction can even lead to neuronal cell death, as
previously described in cases of age-associated neurodegenerative
diseases like Alzheimer’s disease [59]. Our data offer a novel insight
into how brain insulin action via controlling adaptive stress responses
regulates neuronal health, acts as a neuroprotective hormone, and
regulates metabolism.
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