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Peripheral Insulin Regulates a Broad Network of Gene
Expression in Hypothalamus, Hippocampus, and

Nucleus Accumbens
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The brain is now recognized as an insulin-sensitive tis-
sue; however, the role of changing insulin concentra-
tions in the peripheral circulation in gene expression in
the brain is largely unknown. Here, we performed a
hyperinsulinemic-euglycemic clamp on 3-month-old
male C57BL/6 mice for 3 h. We show that, in comparison
with results in saline-infused controls, increases in
peripheral insulin within the physiological range regu-
late expression of a broad network of genes in the brain.
Insulin regulates distinct pathways in the hypothalamus
(HTM), hippocampus, and nucleus accumbens. Insulin
shows its most robust effect in the HTM and regulates
multiple genes involved in neurotransmission, including
upregulating expression of multiple subunits of GABA-A
receptors, Na* and K* channels, and SNARE proteins;
differentially modulating glutamate receptors; and sup-
pressing multiple neuropeptides. Insulin also strongly
modulates metabolic genes in the HTM, suppressing
genes in the glycolysis and pentose phosphate path-
ways, while increasing expression of genes regulating
pyruvate dehydrogenase and long-chain fatty acyl-CoA
and cholesterol biosynthesis, thereby rerouting of car-
bon substrates from glucose metabolism to lipid metab-
olism required for the biogenesis of membranes for
neuronal and glial function and synaptic remodeling.
Furthermore, based on the transcriptional signatures,

these changes in gene expression involve neurons,
astrocytes, oligodendrocytes, microglia, and endothe-
lial cells. Thus, peripheral insulin acutely and potently
regulates expression of a broad network of genes
involved in neurotransmission and brain metabolism.
Dysregulation of these pathways could have dramatic
effects in normal physiology and diabetes.

Insulin is central to the regulation of systemic metabolism,
control of blood glucose, and energy homeostasis. Circulat-
ing insulin levels are low in fasting states but rise rapidly
upon feeding. In the periphery, insulin acts on various
insulin-sensitive tissues like liver, muscle, and adipose tis-
sues by activating the insulin receptor tyrosine kinase, elic-
iting a network of signaling pathways and triggering
robust transcriptional regulation to orchestrate the bal-
ance between energy storage and expenditure (1,2). Many
of these actions are impaired in insulin resistance condi-
tions like obesity and type 2 diabetes (3). It is now clear
that insulin also has profound effects on the brain. Thus,
circulating insulin can cross the blood-brain barrier, at
least in part, through insulin receptor-mediated transcyto-
sis, and act on insulin receptors, which are widely distrib-
uted throughout the brain (4-6). Although cerebrospinal
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fluid insulin levels are lower than circulating peripheral
insulin levels, they are positively correlated over a range of
physiological and pathophysiological conditions (7,8). For
instance, insulin levels in the cerebrospinal fluid increase
in parallel with circulating insulin levels after feeding or
following intravenous insulin infusion (7,9). In addition,
intracerebroventricular insulin injections suppress appetite
in both rodents and primates, thereby reducing food
intake and body weight (10,11).

The brain may also exhibit insulin resistance. Thus,
in the context of obesity and type 2 diabetes, there is
impaired insulin signaling in the brain despite periph-
eral hyperinsulinemia (8,12,13), supporting the concept
that brain function may be altered in these insulin
resistance states. Loss of insulin signaling in the brain
in animals results in numerous metabolic and behav-
ioral defects, including hyperphagia, hypothalamic
hypogonadism, impaired hepatic glucose output con-
trol, systemic insulin resistance, impaired response to
hypoglycemia, and depressive-like behavior (14-17).
Using genetic tools to inactivate insulin receptors in
distinct cell types in the brain, we and others have
shown that insulin acts on both neuronal and non-
neuronal cell types to regulate these responses (18-21).
Insulin signaling in hypothalamic neurons, such as
AgRP/NPY and POMC neurons, is important for the
effects on appetite and systemic metabolism (22-24),
whereas insulin signaling in astrocytes is particularly
important for mood control and fertility (20,21). Insu-
lin’s effects in the brain can also produce effects on
synaptic plasticity (25), changes in cellular metabolism,
changes in membrane potential (26), and release of
glial transmitters (21). However, little is known about
the effects of insulin on the regulation of gene tran-
scription in the brain.

In the current study, we have used the euglycemic
clamp to deliver intravenous insulin at physiological
concentrations to mice while maintaining blood glucose
in the normal range. Under these conditions, we find
that insulin has robust and distinct effects on gene
expression in different brain regions, with the most
robust changes in the hypothalamus (HTM) followed by
the hippocampus (HCA) and nucleus accumbens (NAC).
Pathway analyses reveal that insulin regulates distinct
pathways in different brain regions. In the HTM, in
particular, many of the transcriptional targets of insu-
lin are involved in neurotransmission, glucose metabo-
lism, and lipid metabolism. In addition, computational
analyses show that insulin regulates cell type-specific
genes and pathways, which are important for distinct
these
effects of insulin in the brain can modulate neurotrans-

cellular functions. Together, transcriptional
mission and reroute the carbon source from glucose to
plasma membrane regeneration important for synaptic

plasticity and integrity.
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RESEARCH DESIGN AND METHODS

Animals

All animal studies were conducted in compliance with the
regulations and ethics guidelines of the National Insti-
tutes of Health (NIH) and were approved by the Institu-
tional Animal Care and Use Committee of the Joslin
Diabetes Center and University of Massachusetts Medical
School.

Hyperinsulinemic-Euglycemic Clamp Studies

The insulin clamp studies were conducted at the National
Mouse Metabolic Phenotyping Center at University of
Massachusetts Medical School similarly to how investiga-
tors conducted previous studies (27). Briefly, 3-month-old
male C57BL/6J mice (N = 6 per condition) had an
indwelling catheter placed in the internal jugular vein.
After recovery, mice were fasted overnight (~16 h) and
placed in rat-sized restrainers. After an acclimation
period, mice received an insulin bolus (16 or 48 mU/kg)
followed by a continuous infusion of 4 or 12 mU/kg/min
insulin or saline as control. Blood samples were collected
from tail vein at 10- to 30-min intervals during the clamp,
and a 20% glucose solution was infused for maintenance
of blood glucose levels at euglycemia (110-150 mg/dL
range). After 180 min, mice were euthanized by pentobar-
bital injection, and the HTM, HCA, and NAC were har-
vested, snap frozen in liquid nitrogen, and kept at —80°C
until analysis.

RNA Isolation and Sequencing

Total RNA was extracted from the HTM, HCA, and NAC
using QIAzol reagent (QIAGEN). RNA quality and quanti-
fication were verified with the Agilent 2100 Bioanalyzer.
Total RNA samples (2 g, RNA integrity score >7) were
submitted to the Biopolymers Core at Harvard Medical
School for library preparation and next-generation
sequencing. Stranded cDNA libraries with unique index
tags for each sample (48 multiplexed) were generated
with a directional RNA-sequencing (RNA-seq) kit (Wafer-
Gen Bio-systems). Sequencing was performed on an Illu-
mina HiSeq 2500 run on rapid mode (2 x 50).

Bioinformatics Analysis

Bioinformatics analysis was carried out with R software
(www.r-project.org) by the Bioinformatics Core at Joslin
Diabetes Center. Mouse genome (GRCm38.p6) and gene
annotation files were downloaded from GENCODE (www.
gencodegenes.org). Reads were aligned to the reference
genome with STAR aligner, mapped to genes, and counted
with Subread featureCounts. Genes that did not have at
least one count per million in at least three samples were
filtered out. Normalization was performed with the
weighted trimmed mean of M values method (28). For
single-cell data, classification of cell cycle phase and calcu-
lation of gene count normalization factors were done
with use of the R package scran. Cells belong to G1 phase
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were selected, and the normalization factors were
obtained by deconvolving size factors from cell pools. Cell
type-enriched genes were selected when t score was >2
in comparisons with any other cell types. The voom
method (29) was used to transform read counts to
log2-counts per million (LogCPM), estimate the mean-
variance relationship, and compute appropriate observa-
tional-level weights and sample quality weights. One
sample of HTM from high-dose insulin infusion groups
(TRA00038406) was of low quality and was excluded
from further analysis. Principal components analysis
(PCA) was applied to the LogCPM data with R function
prcomp and was plotted with R package ggplot2. Differen-
tial expression was calculated with the limma package
(30). Pathway analysis was performed with use of the
mroast function in the limma package (31). Gene sets
were from the Reactome and Gene Ontology (GO) data-
bases. Functional annotation analysis was performed with
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.8 (32).

Insulin-Deficient Mouse Model by Streptozotocin
Three-month-old male C57BL/6J mice were purchased
from The Jackson Laboratory and subjected to a single
intraperitoneal injection of streptozotocin (STZ) (150 mg/
kg i.p.; Sigma-Aldrich) in citrate buffer (pH 4.5). Control
groups were injected with citrate buffer (pH 4.5) alone. At
8 days post-STZ injection, one-half of the mice were sub-
jected to subcutaneous implantation of insulin pellet
(LINBIT) according to the manufacturer’s instructions,
while the other half of the STZ-injected mice remained
untreated. At 14 days post-STZ injection, brain tissues
and serum from these mice were collected. Serum insulin
levels were measured with the Mouse Insulin ELISA (Ultra
Sensitive) assay kit (Crystal Chem).

Primary Neuron and Astrocyte Cultures

Primary cortical neuron and astrocyte cultures were pre-
pared from wild-type C57BL/6J newborn pups as previ-
ously described (16). Briefly, cortices were surgically
dissected and digested in Hibernate-A Medium supple-
mented with 4 mg/mL papain (Sigma-Aldrich), 33 units/
mL DNase I (Sigma-Aldrich), 0.05 mmol/L (2R)-amino-5-
phosphonovaleric acid, AP-V (Tocris Bioscience), and 0.8
mmol/L kynurenic acid, pH 8.0 (Sigma-Aldrich), on a
shaker at 37°C for 30 min. For primary neuron cultures,
dissociated cells were cultured in Neurobasal-A Medium
(Gibco) supplemented with 0.5 mmol/L glutamine
(Gibco), B27 (Gibco), and penicillin (100 units/mL)-strep-
tomycin (0.1 mg/mL) (Gibco) (complete neurobasal
medium) on poly-D-lysine—coated sixwell plates. On the
second day, 2 pmol/L AraC was added to prevent the pro-
liferation of nonneuronal cells. Thereafter, the cells were
refed with complete Neurobasal-A Medium by replace-
ment of half the medium every 3-4 days. For primary
astrocyte culture, dissociated cells were cultured in
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DMEM/F12 plus 10% FBS and 1x penicillin-streptomy-
cin. Contaminating nonastrocytes were depleted by vigor-
ous shaking. For insulin stimulation experiments, the
neurons were starved in neural basal without B27 for 3 h
followed by 100 nmol/L insulin treatment for 3 or 6 h.
Primary astrocytes were serum starved for 6 h followed
by 100 nmol/L insulin treatment for 6 h.

De Novo Lipogenesis of Primary Cultured Astrocytes
Primary astrocytes were serum starved for 5 h, followed
by 1, 10, or 100 nmol/L insulin treatment overnight. Cell
were then incubated with KRBH buffer supplemented
with 10 mmol/L glucose, 0.1 wCi/mL **C-labeled sodium
acetate, and different concentrations of insulin for 2 h,
followed by trypsinization and resuspension. Total lipid
content was extracted from the cell suspension by chloro-
form:methanol (2:1). The incorporated 14C was measured
by scintillation counting and normalized by protein
concentration.

Total RNA Extraction, RT-PCR, and Quantitative
Real-time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen)
from cell cultures or mouse brain tissues following the
manufacturer’s standard protocol. RNA (500 ng) was
reverse transcribed with a High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). Quantitative real-
time PCR was performed with the SYBR Green PCR mas-
ter mix (Bio-Rad Laboratories) and analyzed in a Bio-Rad
Real-Time PCR analyzer (Bio-Rad Laboratories). All of the
primer sequences used for this study are listed in
Supplementary Table 4.

Statistical Analysis

Data are presented as means + SEM and analyzed by Stu-
dent t test or one-way ANOVA followed by Tukey post
hoc test, as indicated. Significance level was set at P <
0.05.

Data and Resource Availability

RNA-sequencing (RNA-seq) data for brain samples are
deposited in Gene Expression Omnibus (GEO) under
accession no. GSE132352. RNA-seq data for liver and
muscle samples from the same mice are deposited in GEO
under accession no. GSE117741. All other original data
and original codes used in this study are available from
the corresponding author on request.

RESULTS

Physiological Levels of Insulin Regulate Gene
Expression in the Brain

To define the effects of physiological levels of insulin
on transcriptional regulation in the brain, we per-
formed euglycemic clamps on male C57BL/6J mice
using two doses of insulin (4 mU/kg/min or 12 mU/kg/
min) (Supplementary Fig. 1A). Despite some initial
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differences in insulin-infused versus saline-infused ani-
mals, glucose levels of all groups of mice reached steady
state within 60 min and were maintained at euglycemic
levels for the rest of the study (Supplementary Fig. 1B).
During the initial 30-50 min of the clamp, the glucose
infusion rates needed to maintain euglycemia of
low-dose insulin animals were significantly lower than
those of high-dose insulin-infused animals, while glu-
cose infusion rates required to maintain euglycemia
were comparable between groups during the last 2 h
(Supplementary Fig. 1C), such that there was no signifi-
cant difference in the total amount of glucose infused
into the animals with low- versus high-dose insulin
infusion (Supplementary Fig. 1D). As predicted, the
low- and high-dose insulin infusions elevated plasma
insulin levels to ~2 ng/mL and 8 ng/mL, comparable with
low and high postprandial levels, while plasma insulin lev-
els of the saline-infused control mice were barely detectable
(Supplementary Fig. 1E). Plasma insulin levels during the
low-dose clamp (range 1.09-1.59 ng/mlL, average 1.4 ng/
mL) were similar to those observed after intraperitoneal
glucose injection (Supplementary Fig. 1F), so we focused
analysis on data from the low-dose clamp.

After 3 h of clamps, we collected the HTM, the key
region to control appetite and systemic metabolism; the
HCA, which plays critical roles in cognition; and the NAC,
an integrating center for mood and reward control
(Supplementary Fig. 14). RNAs from these brain samples
were isolated, enriched for poly-A tailed RNAs and sub-
jected to next-generation RNA sequencing at a depth of
~6 x 10° reads per sample. PCA of gene expression pat-
terns in the saline-infused group showed three distinct
clusters representing the three different regions of the
brain, indicating the functional differences of the differ-
ent brain regions (Fig. 1A). After 3 h of low-dose insulin
infusion under euglycemic conditions, the HTM displayed
the most dramatic transcriptional response, with 1,617
genes significantly upregulated and 1,772 genes signifi-
cantly downregulated (P < 0.01 [Fig. 1B]). Of these, 930
and 926 genes were up- or downregulated by at least 50%
(P < 0.01, |EC| > 1.5, where FC is fold change) (Fig. 1B,
solid segment of bars, and Supplementary Table 1). The
number of regulated genes in the HTM was almost twice
that observed in classical peripheral targets of insulin
action, like liver and muscle, under the same conditions
(33) (Fig. 1B). While the responses to insulin in the HCA
and NAC were less dramatic, there was still broad regula-
tion, with 327 genes significantly up or downregulated
(P < 0.01) in the HCA and 185 in the NAC at 3 h by
low-dose insulin infusion (Fig. 1B and Supplementary
Table 1). In contrast with results in peripheral tissues,
there was no further increase of response in the HCA and
NAC at the higher insulin concentration and a significant
reduction in the number of regulated genes at higher
insulin levels in the HTM (proportion test: P < 0.01) (Fig.
1B), suggesting either saturation of insulin delivery

Diabetes Volume 70, August 2021

through blood-brain barrier or desensitization of the brain
response at the higher insulin concentration.

Insulin Differentially Regulates Gene Expression in
Different Regions of the Brain

Analysis of the significantly (P < 0.01, |FC| > 1.5) regu-
lated genes illustrates that each region shows a pattern of
uniquely regulated genes (Fig. 1C). Interestingly, of the
combined 2,178 significantly up- or downregulated genes
in these three brain regions, there were no regulated
genes common to all regions (Fig. 1D), and only 11 com-
monly regulated genes between the HTM and HCA, and
five commonly regulated genes between HTM and NAC
(Fig. 1D). Among the nine genes upregulated by insulin in
both HTM and HCA, several are known to be involved in
neural development and remodeling [engrailed 2 (En2),
carboxypeptidase M (Cpm), and ERM-like protein (Ermn)],
as well as two long noncoding (Inc)RNAs. The two genes
suppressed by insulin in both HTM and HCA were
Kcnmb4os2 (an antisense IncRNA) and Gm10654 (a pre-
dicted protein-coding gene of unknown function). Of
the five genes commonly regulated in the HTM and
the NAC (Fig. 1D), only one was induced by insulin
(1700125G02Rik, an antisense IncRNA), while the other
four, including angiopoietin-like 4 (Angptl4) and bone
morphogenetic protein 4 (Bmp4), were suppressed by
insulin.

Community network analysis of the significantly regu-
lated genes identified different biological processes regu-
lated by insulin in each of these brain regions. The large
number of genes that were significantly regulated in the
HTM clustered into several major interactive GO path-
ways (Fig. 2A). The top significant pathways include signal
transduction, mRNA processing, extracellular structure
remodeling, and several biosynthetic pathways. The HCA
and the NAC showed distinct patterns of clustering in
comparison with those of HTM. Thus, in the HCA, insulin
regulated genes involved in the small GTPase signaling
and phospholipid metabolic processing pathways (Fig.
2B), while in the NAC, insulin regulated genes involved in
the steroid metabolic processing and cell cycle-related
pathways (Fig. 2C). Notably, there were several regulated
pathways common to all three brain regions, including G-
protein—coupled receptor signaling, mRNA processing,
and extracellular structure organization, indicating certain
common roles of insulin in different brain regions despite
the distinct responses at the individual gene level.

Physiological Insulin Triggers Robust Responses in
Both Protein-Coding and Noncoding RNA Expression
in the HTM

Due to the robust response and the important role of the
HTM in control of systemic metabolism, we conducted a
more in-depth analysis of the 1,856 genes regulated by
low-dose insulin in the HTM. Of these, 88.4% were pro-
tein-coding RNAs, 8.4% were noncoding RNAs, and 3.2%
were transcripts of unknown function (Supplementary
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Figure 1—Insulin regulates robust gene expression in the brain. A: PCA of transcriptomes from HTM, HCA, and NAC of C57BL/6 mice in
the fasted saline-infused group. B: Number of genes significantly (P < 0.01) up- or downregulated by low- and high-insulin infusion in the
HTM, HCA, NAGC, liver, and quadriceps muscle. The data of liver and muscle are from Batista et al. (33). Solid fractions of each bar repre-
sent the number of genes significantly regulated that changed by >50%. C: Heat map of all significantly (P < 0.01) regulated genes in
brain regions by low-dose insulin with |FC| > 1.5. D: Venn diagram showing overlapping and unique genes significantly up- or downregu-
lated by low-dose insulin (P < 0.01, |[FC| > 1.5). The average fold changes of genes that were regulated in both HTM and NAC or HTM and

HCA are shown in the inserted heat maps. PC1, principal component 1; PC2, principal component 2.

Fig. 2A). Of 158 noncoding RNAs regulated by insulin in
the HTM (Supplementary Table 2), the majority were
upregulated—some, such as Snord49a, as much as 19-fold
(Supplementary Fig. 2A). More than half of the upregu-
lated ncRNAs were IncRNAs (Supplementary Fig. 24 and
B), including Malatl1, an IncRNA that has been reported
to regulate synapse formation (34) and play antiapoptotic
and anti-inflammatory roles in brain microvasculature
and reduce damage in ischemic stroke (35).

Among the protein-coding genes regulated by insu-
lin by =|1.5|-fold, the top upregulated genes
included mediators of cholesterol and phospholipid
metabolism, such as insulin-induced gene 1 (Insigl)

and lysophosphatidylglycerol acyltransferase 1 (Lgatl);
intracellular signaling molecules, such as PI3K catalytic
subunit pll0a (Pik3ca) and Erb-B2 receptor tyrosine
kinase-4 (Erbb4); and ion channels, including potassium
voltage-gated channel subfamily A member 2 (Kcna2)
(Supplementary Fig. 2C). The top downregulated genes
were exemplified by small secreted peptides like agouti-re-
lated protein (Agrp) and angiopoietin-like 4 (Angptl4)
(Supplementary Fig. 20).

Unbiased Reactome pathway analysis revealed that
insulin dramatically upregulated several metabolic path-
ways, including regulation of components of the pyru-
vate dehydrogenase (PDH) complex and biosynthesis
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pathways for multiple lipids, such as cholesterol, glyco-
sylphosphatidylinositols, very-long-chain fatty acyl-
CoAs, and fatty acyl-CoAs (Fig. 3A). In addition, insulin
upregulated pathways involved in neurotransmission,
including increased expression of 56-64% of genes in
the GABA-A receptor activation pathway and the
ligand-gated ion channel transport pathway (Fig. 3A).
Insulin also increased expression of 48% of the genes
in the BMP signaling pathway (Fig. 3A), which is impor-
tant in brain development (36). On the other hand,
insulin suppressed multiple genes involved in the
nuclear factor-kB signaling, surface receptor regulation,
and DNA repair (Fig. 34). Thus, in the HTM, insulin is
a potent regulator at the transcriptional level of pyru-
vate metabolism, lipid and cholesterol biosynthesis,
neurotransmission, inflammation, and DNA repair.

Insulin Regulates Genes of Glucose and Lipid
Metabolism in the HTM

Although brain glucose uptake is traditionally considered
insulin independent, expression analysis revealed novel

aspects of insulin action on genes involved in glucose
uptake and metabolism in the brain. Thus, insulin infu-
sion significantly suppressed expression of the facilitated
hexose transporters Slc2a8 and -10 (Glut-8 and -10) with a
trend toward suppression of Slc2al (Glut-1) in the HTM
(Fig. 3B). Likewise, among the four hexokinases critical
for the initial step in intracellular glucose metabolism, gluco-
kinase (Gck) and hexokinase 1 (Hk1) were suppressed by
insulin (Fig. 3B). After phosphorylation, glucose-6-phosphate
can flux into either the glycolysis pathway for production of
ATP and pyruvate or the pentose phosphate pathway for
NADPH generation, both of which were predominantly
inhibited by insulin (Fig. 3B). Indeed, the most significantly
suppressed glycolytic gene by insulin was Pfkl, the rate-limit-
ing enzyme in glycolysis (Fig. 3B). Together, these data
show that insulin suppresses the transcription of genes
involved in glucose uptake/metabolism in the HTM.
Pyruvate can be converted to acetyl-CoA by PDH, oxa-
loacetate by pyruvate carboxylase (Pcx), and lactate by lac-
tate dehydrogenase (Ldh). During the clamp, insulin
upregulated the PDH phosphatase subunits Pdpl, Pdp2,
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and Pdpr (Fig. 3B) and suppressed Ldha and Ldhd
(Supplementary Fig. 3). These changes would promote the
conversion of pyruvate to acetyl-CoA rather than lactate.
Along this line, insulin also significantly enhanced the
expression of astrocyte-specific monocarboxylate trans-
porter-1 (Mct-1 or Slc16al), as well as neuron-specific
Mct-2 (Slc16a7), in the HTM (Supplementary Fig. 3), sug-
gesting that insulin would promote the shuttling of lac-
tate between neurons and astrocytes.

Acetyl-CoA can enter the Krebs cycle for complete oxi-
dation or serve as a building block for lipid biosynthesis.
While insulin showed minor effects on the expression of
genes in the Krebs cycle (Fig. 3B), it strongly stimulated
the expression of multiple enzymes involved in the bio-
synthesis of long-chain fatty acyl-CoA and cholesterol.
Thus, the expressions of long-chain fatty acyl-CoA synthe-
tases (Acsl3, Acsl4, and Acsl6), very-long-chain fatty acid
elongases (Elovi4 and Elovi6), and acetyl-CoA carboxylase
1 (Acaca) were all significantly upregulated by insulin (Fig.
3B). Insulin showed no significant transcriptional regula-
tion of lipoprotein lipase (LPL), important for free fatty
acid and lipoprotein sensing in the HTM and regulation
of energy balance (37). Insulin also robustly enhanced the
expression of 8 of the 19 enzymes in the cholesterol bio-
synthesis pathway, including Hmgcr, the rate-limiting
enzyme in this pathway, which was increased by >50%
(Fig. 3B). This is consistent with our previous finding that
a major effect of insulin on the brain is to regulate choles-
terol biosynthesis (38,39). Collectively, these changes
indicate that insulin tunes down glycolysis and pentose
shunt activity and reroutes carbons to synthesis of choles-
terol and long-chain fatty acyl groups, which could even-
tually be incorporated into phospholipids important for
plasma membrane remodeling.

Insulin Transcriptionally Modulates Neurotransmission
in the HTM

In addition to neurometabolism, insulin significantly reg-
ulates the expression of genes involved in neurotransmis-
sion. Thus, insulin showed strong regulatory effects on
both ionotropic and metabotropic glutamate receptors,
with 8 of 23 genes regulated (false discovery rate [FDR] <
0.1) (Fig. 4). Notably, insulin’s effects on ionotropic gluta-
mate receptors are restricted to N-methyl-p-aspartate
(NMDA) receptors (induced, Grin2a and Grin2b; sup-
pressed, Grin2d) and kainite receptors (induced, Grik2;
suppressed, Grik3 and Grik5) but not AMPA receptors
(Fig. 4). In contrast to the mixed regulation in glutamate
receptors, insulin predominantly upregulated the
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expression of subunits of GABA receptors (Fig. 4). Insulin
significantly upregulated 6 of the 17 GABA receptor subu-
nits detected (35%), in some cases by as much as three-
fold, while expression was not significantly suppressed of
any subunit (FDR < 0.1) (Fig. 4).

The HTM is enriched for neurons expressing various
neuropeptides known for the control of various types of
behaviors and systemic metabolism. Among the 21 neuro-
peptides identified in the RNA-seq, 12 were significantly
suppressed by insulin, whereas none were significantly
upregulated (Fig. 4). The degree of the suppression of
these neuropeptides during the low-dose insulin infusion
was dramatic. For instance, oxytocin (Oxt) and arginine
vasopressin (Avp) were suppressed by >90% within the 3
h insulin infusion, and proopiomelancortin-a (Pomc),
agouti-related neuropeptide (Agrp), thyrotropin-releasing
hormone (Trh), and several others were suppressed by
>70% (Fig. 4). While the regulation of the receptors for
neuropeptides by insulin was more moderate, some neu-
ropeptide receptors showed more dramatic changes. For
example, the opioid receptor mu 1 (Oprml), which has
high affinity for enkephalins and -endorphin, was upre-
gulated by low-dose insulin by ~fourfold, while the
somatostatin receptor 5 (Sstr5) and neuropeptide FF
receptor 1 (Npffrl/Grp147) were suppressed by up to 50%
(Fig. 4).

In addition to these neurotransmission-related path-
ways, insulin showed robust regulatory effects on path-
ways involved in neurotransmitter release and action
potential generation and propagation. Insulin significantly
regulated multiple components of the exocytosis machin-
ery, including 5 of 7 syntaxin-binding proteins, 5 of 6
SNAPs, 2 of 3 VAMPs, 2 of 10 syntaxins, and 4 of 19 syn-
aptotagmins (Fig. 4). Of these regulated genes, >66%
were significantly upregulated, indicating increased capac-
ity for neurotransmitter and neuropeptide release. Insulin
also significantly induced four of the six voltage-gated
sodium channel subunits and suppressed none (Fig. 4).
Likewise, among the four types of potassium channels,
insulin upregulated expression of 23.3% of the 77 subu-
nits detected, while suppressing only 11.7% (Fig. 4). On
the other hand, insulin had little effect on the expression
of Na*/K" ATPases (Fig. 4) involved in maintaining rest-
ing membrane potential. Taken together, these data dem-
onstrate that changes in peripheral insulin levels can have
dramatic and acute effects on expression of gene involved
in neurotransmission and neuromodulation, indicating an
important regulatory role of insulin on hypothalamic

Total number of genes within the pathway are indicated in the parentheses. B: Regulation of genes involved in hexose uptake, hexoki-
nases, glycolysis, pentose phosphate pathway, PDH complex regulation, Krebs cycle, fatty acyl-CoA biosynthesis, and cholesterol bio-
synthesis by low-dose insulin infusion. Upregulation of genes is represented by fold change (insulin/saline). Suppression of genes is
represented by - fold change (saline/insulin). Solid bars indicate FDR <0.1; open dashed bars indicate FDR =0.1. The overall direction of
the regulation of each pathway by insulin is indicated by arrows. pol, polymerase.
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gene expression in control of systemic metabolism and
behavior.

The Transcriptional Effects of Insulin Involve Multiple
Cell Types in the HTM

Considering the high degree of cellular heterogeneity of
the brain, we next sought to explore the role of insulin in
different cell types within the HTM. Using the single-cell
profiling data (40), we identified gene sets enriched for
each cell type and analyzed the insulin-dependent regula-
tion in these cell type-specific gene sets (Fig. 5 and
Supplementary Table 3). Among the 164 genes that could
be defined as neuron specific, 88 were significantly regu-
lated by insulin. These insulin-regulated, neuron-specific
genes were enriched in pathways related to the modula-
tion of synaptic transmission and plasticity, cytoskeletal
remodeling, and neuron projection development (Fig. 5A).
By comparison, the main effects of insulin on astrocytes
were related to the regulation of genes involved in cellular
metabolism and communication. Thus, 60 of 181 astrocy-
te-specific genes were significantly regulated by insulin,
and these were enriched in pathways of ion transport and
carboxylic acid and lipid biosynthesis (Fig. 5B). Insulin
also significantly regulated 52 of 137 oligodendrocyte-en-
riched genes, including genes involved in myelination,
cytoskeletal organization, and long-chain fatty acid bio-
synthesis (Fig. 5C). Among the 252 microglia-specific
genes, 77 were significantly regulated by insulin, including
genes involved in protein translation and the biogenesis
of ribosomes (Fig. 5D). Finally, of the 53 endothelial spe-
cific genes, insulin significantly regulated the expression
of 17; these were highly enriched in processes of lipid
metabolism, transmembrane transport, and other homeo-
static processes (Fig. 5E), suggesting a potential role of
insulin in blood-brain barrier function.

Chronic Insulin Deficiency Impairs the Expression of
Genes Involved in the De Novo Lipid Synthesis in the
HTM
The insulin clamp reflects relatively acute effects of insulin
action on the HTM under euglycemic conditions. To com-
pare this with more chronic insulin actions in the brain, we
induced insulin deficiency in 3-month-old male C57BL/6J
mice by injection of the P-cell toxin STZ. These mice
showed an almost complete absence of insulin in the serum
(Supplementary Fig. 44), which was accompanied by marked
hyperglycemia (Supplementary Fig. 4B). Both the insulin
deficiency and hyperglycemia could be rescued by insulin
treatment of the STZ mice (Supplementary Fig. 4A and B).
In a manner opposite that of the insulin clamp, in the
STZ mouse, the majority (~83%) of the genes involved in
the long-chain fatty acyl-CoA and cholesterol biosynthesis
were dramatically downregulated in the HTM of STZ mice
compared with controls (Fig. 6A and B). Furthermore,
this reduction was largely normalized by insulin treat-
ment of the STZ mice (Fig. 6A and B). Not all of the
changes observed in the clamp are mirrored in STZ

Diabetes Volume 70, August 2021

diabetes, since there are also secondary effects of hypergly-
cemia and the altered metabolic state. Thus, genes involved
in glucose uptake and glycolysis were significantly sup-
pressed, not increased, in the HTM of STZ mice
(Supplementary Fig. 4C), likely reflecting the effects of
chronic hyperglycemia (41). In addition, chronic insulin
deficiency and hyperglycemia resulted in a pattern of regu-
lation of genes involved in neurotransmission different
from that of the clamp. Thus, loss of systemic insulin leads
to dramatic increases of Agrp and Npy, and reduction of
Pomc and Cart (Fig. 60C), reflecting the caloric status of the
STZ mice. The changes in the expression of glutamate and
GABA receptors were moderate in the chronic insulin defi-
ciency model (Supplementary Fig. 4D). These studies dem-
onstrate that insulin action in the brain has a complex
kinetics and may be modified by many other metabolic sig-
nals, such as glucose levels and nutritional status. Impor-
tantly, the anabolic effects of insulin to promote
long-chain fatty acyl-CoA and cholesterol biosynthesis,
which are important for membrane and synapse formation,
are observed in both the acute and chronic effects of insu-
lin action.

Cell-Autonomous Effects of Insulin on Gene
Transcription in Neurons and Astrocytes
To better dissect the primary effects of insulin versus the
secondary effects due to systemic metabolic responses to
insulin, we performed insulin stimulation of primary cul-
tured neurons and astrocytes, the two most abundant
cells in the brain. Indeed, acute insulin stimulation was
sufficient to induce the expression of NMDA receptor
subunits Grin2a and Grin2b in primary cultured neurons
(Supplementary Fig. 5A), consistent with the insulin
clamp data. On the other hand, insulin showed opposing
regulatory effects on genes involved in glucose metabo-
lism in neurons and astrocytes. Thus, insulin enhanced
the expression of most glycolytic genes in primary
neurons (Supplementary Fig. 5B), while suppressing
expression of many of these genes in primary astrocytes
(Supplementary Fig. 5C). Finally, insulin stimulation
enhanced expression of many of the genes involved in
long-chain fatty acyl-CoA and cholesterol biosynthesis in
both primary neurons and astrocytes (Fig. 7A and B and
Supplementary Fig. 6), consistent with the -effects
observed in vivo. Given the critical role of astrocytes as a
source of supply of phospholipid and cholesterol to neu-
rons and synapses (39,42), we assessed the effect of insu-
lin on de novo lipogenesis in astrocytes using **C-labeled
sodium acetate. As shown in Fig. 7C, insulin induced de
novo lipogenesis in primary astrocytes in a dose-depend-
ent manner. Therefore, this important anabolic effect of
insulin in the brain for phospholipid and cholesterol biosyn-
thesis is observed in both acute and chronic in vivo models, as
well as in primary cultured neurons and astrocytes.

In summary, our data show that relatively acute
increases of insulin within the physiological range trigger
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robust transcriptional responses in the brain, which are
most remarkable in the HTM. In general, insulin downre-
gulates expression of genes involved in glucose metabo-
lism and reroutes carbons to biogenesis of cholesterol and
phospholipids, reducing oxidative stress and enhancing
synthesis of plasma membranes and synaptic remodeling.

In addition, insulin regulates the expression of glutamate
receptors; induces GABA receptors, Na™ and K" channels,
and SNARE complex components; and suppresses multiple
neuropeptides, all of which contribute to synaptic plasticity
and neuronal activity (Fig. 7D). Taken together, these data
reveal how changes in peripheral insulin can regulate a



1868 Role of Insulin in Gene Expression in Brain

>

-1 CTR
20 [ STz
q*STZ+Ins
154 M. - lﬂl** P=005 **
L l_!k** L} m
m ° Q

Relative expression
—
o
1

o
o
]

bgdalglogdag . 2ogl

Diabetes Volume 70, August 2021

Long-chain fatty acyl-CoA biosynthesis

*kk

|_|* *hk kkkk I*ZI
m
'll |—|oo o ! l_l**
0 o0 o (]
foe EhE = B & o
o o
o [9 °
O]
O] o o

° f

Acaca Fasn Elovil Elovi2 Elovi4 Elovl5 Elovi6 Elovi7 Acsl1 Acsl3 Acsl4 Acsl5 Asclé
CTR Cholesterol biosynthesis
1.5 STZ *k
[0 STZ+Ins I_'* o —— *I*:I* *kkk R
*kk *kkk L M, Hokk kel m Fk Fkdk
5 '_llil I_I** 'i' I_I|*—*| m *l*_tl)* m '_Io e
[9] ™M [)
grioqz™ 17 ] i A SN S SRR (I O
(>:<L o o 00 A of S
() 4 8 ° o[ o
2 il |[° J:
® 059 |1] - © A
Q ol 9 ]
14 5 ﬁ
0
Srebf2 Hmgcs1 Hmgcr Fdps Ggps1 Sqle  Lss Msmo1 Nsdhl Hsd17b7
C P=008
M
m .
9 ° o Neuropeptides CTR
12 pep 0817
8- 0 STZ+Ins
c | o
s 44 Iﬁqs T - .
[%]
0’5’_ 2.0 Z . *'*_*l* el . P=0.07 o °
X *
g 1.5 i — '.:k' ] ™ © (l’_olo
2 o
= 4 04 8
. 1.0 TNl & & o Bed &, S 1
[e1e]
0.51 ﬁ o8 ¥ ﬁ ﬁ ol sl il
of o] |° S o O} o} A
0.0 . 1wkl | . .
Agrp Npy Pomc Cart Trh Hert  Qrfp Crh Avp Oxt

Figure 6—Insulin deficiency reduces the expression of genes involved in de novo lipid biosynthesis in the HTM. Relative mMRNA expression
of genes involved in long-chain fatty acyl-CoA biosynthesis (A), cholesterol biosynthesis (B), and neuropeptides (C) in the HTM of control
(CTR), STZ, and STZ + insulin (STZ+Ins) groups. Tbp was used as internal control. N = 6. One-way ANOVA followed by Tukey multiple
comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data are shown as means + SEM.

broad and complex network of genes critical for brain
metabolism and neurotransmission.

DISCUSSION

Insulin is central to the regulation of systemic metabolism,
control of blood glucose, and energy homeostasis. This
involves effects of insulin on multiple peripheral tissues,
especially liver, muscle, and fat (3). Although it is well-
documented that brain expresses insulin receptors, insulin

action in the central nervous system at a molecular level is
less well studied. In the current study, we performed gene
expression analysis in three different brain regions in mice
using a hyperinsulinemic-euglycemic clamp, which allowed
us to assess the effects of physiological levels of peripheral
insulin on the brain under euglycemia.

The most robust transcriptional regulation by periph-
eral insulin infusion is observed in the HTM followed by
the HCA and the NAC. Indeed, the number of regulated
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genes in the HTM exceeds the number in two classical
target tissues of insulin action (liver and muscle) com-
bined (33). This may reflect the complexity of the cellular
composition of the HTM compared with liver and muscle,
as well as the fact that within the brain the HTM has a
more permeable blood-brain barrier compared with HCA
and NAC (43). Previous studies have shown that all areas
of the brain respond to peripheral insulin with stimula-
tion of insulin receptor and downstream phosphorylation
events (5), indicating that there must be differences in
intrinsic insulin responsiveness in each region. Further-
more, this occurs despite the fact that the concentrations
of insulin in the cerebrospinal fluid lag those in the circu-
lation and average out to be only 10-20% of peripheral
insulin levels (8). These findings indicate that the brain,
and especially the HTM, is at least as insulin responsive
as classical peripheral target tissues, despite its exposure
to lower insulin concentrations than peripheral tissues.
Interestingly, in the case of the HTM, more genes were
regulated by the low-dose insulin infusion than the high-
dose infusion. This reversed dose-dependent response to
insulin in the HTM in terms of gene regulation further
indicates that for this brain region the higher-dose insulin
infusion produces some downregulation, either in the
insulin transport process or insulin signaling process. The
exact cause remains to be determined.

Numerous loss-of-function studies have shown that
insulin signaling in the brain acts on both neuronal and
nonneuronal cells and is required for neural control of sys-
temic metabolism, as well as mood and behavior
(6,14-16,19-24). Insulin activates the PIBK/Akt signaling
cascade to regulate intracellular ATP levels and Karp chan-
nel opening, thus inhibiting AgRP neurons and appetite
(18). Insulin has been shown to regulate phosphorylation
of subunits and membrane localization of NMDA and
AMPA receptors in excitatory hippocampal neurons to
facilitate opening of these cation channels and neuronal
activation (44,45). In addition, we have shown that insulin
controls ATP release from astrocytes by regulating
Munc18c phosphorylation and SNARE-dependent exocyto-
sis, thus modulating dopaminergic signaling and mood
(21). The current study reveals that insulin also acutely reg-
ulates distinct sets of genes and pathways in neurons,
astrocytes, oligodendrocytes, microglia, and endothelial
cells and that these fall into distinct pathways and contrib-
ute to the different functions of these cells. Thus, insulin
mainly controls transcription of genes related to synaptic
function and plasticity in neurons, while it regulates the
transcription of genes involved in metabolic, biosynthetic,
and transport processes in non-neuronal cells, including
astrocytes, oligodendrocytes, and endothelial cells.
Thus, through both transcriptional and posttranscrip-
tional effects in the brain, insulin can contribute to a
wide range of neural and nonneuronal functions.

Brain is the most energy-demanding organ in the body
and primarily relies on glucose as its energy source. The
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roles of insulin action on brain glucose uptake and metabo-
lism are complex. While brain glucose uptake is primarily
dependent on the insulin-independent Glut-1 or Glut-3 or
other transporters (46), systemic insulin signaling and
insulin resistance have been shown to affect brain glucose
metabolism in different brain regions. Positron emission
tomography—computed tomography studies have shown
that peripheral infusion of insulin acutely increases glucose
uptake in healthy humans (47). In a cohort with a wide
range of systemic insulin sensitivity, however, brain glucose
uptake under euglycemic-hyperinsulinemic conditions was
negatively associated with insulin sensitivity (48), indicat-
ing a suppressive effect of insulin on brain glucose uptake.
The transcriptional changes observed in the current study
indicate novel aspects of insulin action on glucose metabo-
lism in the brain. Our study indicates that insulin tran-
scriptionally regulates brain glucose uptake and meta-
bolism at multiple levels. Thus, genes controlling glucose
phosphorylation, glycolysis, and the pentose phosphate
pathway are markedly suppressed in the HTM in response
to physiological changes in insulin, predicting a reduced
protein expression of the enzymes for brain glucose uptake
and metabolism. In this way, in the postprandial state,
when insulin and glucose levels are high, the HTM can bal-
ance glucose uptake and oxidation rates and avoid exces-
sive reactive oxygen species and ATP generation, which
could be toxic to neurons. In addition, despite predominant
suppression of glycolytic enzymes by insulin in the camp
study, insulin elicits opposing effects on primary cultured
astrocytes and neurons. Thus, insulin primarily induced the
expression of many genes involved in glycolysis in cultured
neurons, while suppressing many of the same genes in
astrocytes, highlighting differential effects of insulin
response in different cell types in the brain.

On the other hand, insulin upregulates enzymes to use
extra glucose that may enter the cell for lipid synthesis,
such as cholesterol and long-chain fatty acyl-CoA biosyn-
thesis, both of which are essential building blocks for
plasma membranes and synaptic vesicles and important
for synaptic remodeling and plasticity. The effect on cho-
lesterol biosynthesis is consistent with the findings of our
previous studies, which showed that decrease in insulin
levels in an STZ mouse model of type 1 diabetes results
in decreased cholesterol synthesis in the brain and is asso-
ciated with impaired synaptic function (38). This may be
one of the key mechanisms of the potential beneficial
effects of insulin in the brain in neurodegenerative disor-
ders, since the brain must synthesize almost all of its own
cholesterol (49) and impairment of biosynthesis of choles-
terol and long-chain fatty acyl groups in the brain has
been shown to cause impaired neuronal activity, abnormal
mood behavior, and cognitive decline (39,50).

A more unexpected and interesting finding is that insu-
lin exhibits a potent regulatory role for multiple neuro-
transmission systems in the HTM. Insulin dramatically
upregulates the expression of >75% of GABA receptor
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subunits. As the major inhibitory neurotransmitter sys-
tem in the central nervous system, GABA and its recep-
tors are essential “brakes” to prevent constant and
excessive excitatory activity, which could lead to excito-
toxicity and neurodegeneration (51). Indeed, defects in
the GABA system are evident in many types of neurologi-
cal disorders, including depression and Alzheimer disease
(52,53). Additional studies will be needed to explore the
role of insulin as a neuron-protective agent by enhancing
GABA neurotransmission signaling.

Insulin also has strong effects on glutamate receptor
signaling. While AMPA and NMDA receptors are two
most important ionotropic channels gated by glutamate
binding, insulin only shows robust transcriptional regula-
tion on NMDA receptors, which are composed of two glu-
tamate-binding NR2 subunits (Grin2a, Grin2b, Grin2c, or
Grin2d) and two glycine/p-serine binding subunits. The
upregulation of Grin2a and Grin2b and downregulation of
Grin2d by insulin would change the composition and thus
the kinetic properties of NMDA receptors (54). How these
insulin-regulated changes in the expression levels of dif-
ferent subunits shift the stoichiometry and the electro-
physiological properties of the NMDA receptors deserves
further investigation. Although acute insulin infusion
has only a moderate effect on the expression of the
AMPA receptor subunits, chronic deletion of insulin sig-
naling in the brain leads to decreased protein expression
of GluAl subunit (55) and thus associated decreases in
GluA1/GluA2-containing channels important for long-
term potentiation (44,56). Hence, instead of transcrip-
tional regulation, insulin regulates AMPA receptors at the
posttranscriptional level to modulate synaptic plasticity.

One major function of the HTM is regulation of appe-
tite and energy balance. Insulin has been shown to have
an anorexigenic effect when administered intracerebro-
ventricularly (i.c.v.) (10,11). Indeed, both acute elevation
of peripheral insulin (the current study) and chronic i.c.v.
injections of insulin (57) strongly suppress the expression
of the orexigenic neuropeptides Agrp and Npy, leading to
suppression of appetite. Somewhat surprisingly, we found
that insulin infusion during the clamp also inhibits the
expression of anorexigenic neuropeptide Pomc. This is
contrary to the effects of chronic insulin administration
(58). This paradoxical suppression of Pomc suggests that
there are different long- and short-term effects of insulin
in these neurons or that the long-term effects could
reflect secondary changes that can occur in a chronic set-
ting. Supporting this, Konner et al. (23) have shown that
insulin acutely suppresses neuronal activity of both AgRP
and POMC neurons. An independent study has shown
that insulin can excite POMC neurons (18), implying a
potential heterogeneity of POMC neurons different on
insulin response. The question of how the rapid transcrip-
tional regulation of Agrp and Pomc contributes to behav-
ior in mice needs further investigation. While the
opposing regulation of the expression of Agrp and Pomc
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are evident at both fast and fed conditions, several stud-
ies suggest that the rapid appetite-controlling actions of
the HTM may depend more on glutamate and GABA
transmission (59,60). The excitability of AgRP and POMC
neurons, on the other hand, are dynamically controlled by
not only nutritional status (61) but also anticipation of
feeding when the food is presented (62,63). In addition,
insulin regulation of Agrp and Pomc expression in the
HTM may contribute to some behavioral modulation in
addition to food intake.

Due to the complex interplay of insulin, glucose, and
many counterregulatory mechanisms, it is extremely chal-
lenging to dissect isolated brain insulin action under physi-
ological conditions in a conscious animal or a human. The
current study takes advantage of the best available experi-
mental technique, hyperinsulinemic-euglycemic clamp, to
tackle this question in mice under tight control of circulat-
ing blood glucose and minimized counterregulation (27).
However, there are some technical considerations. First,
although glucose levels were maintained between 110 and
170 mg/dL in all groups of mice, there were some glycemic
fluctuations in the initial stage (~60 min) of the clamp,
which could potentially have some long-term effects on the
transcriptional profiles at 3 h. While challenging, in future
studies it would be interesting to dissect potential glucose
effects on gene expression and compare and contrast these
with the insulin effects. Second, we analyzed the global
transcriptome of each brain regions to ensure in-depth cov-
erage. While we were able to assess insulin responses on
marker genes for different cell types using a bioinformatics
approach, future studies using single-cell or single-nucleus
RNA-seq will allow a more in-depth analysis of insulin
response at the cellular level in important regions such as
the HTM. Finally, future studies are needed to investigate
the sex-dependent insulin responses in the brain, which
have been demonstrated in several rodent models of insu-
lin receptor deletion in the brain (14,16,21).

In summary, changes of peripheral levels of insulin
within the physiological range elicit robust, acute tran-
scriptional regulation in the brain, inducing changes that
can regulate brain metabolism and neurotransmission. In
addition to previously reported insulin-regulated genes
such as Insigl, AgRP, and the genes of cholesterol synthe-
sis, insulin regulates multiple genes involved in glucose
and lipid metabolism and neurotransmission, as well as
many noncoding RNAs. Together, these create a complex
of interacting networks of important biological processes.
These findings provide new insights into not only ways
that insulin can modulate brain function but also how
insulin resistance in brain can contribute to altered mood,
behavior, cognition, and neurodegeneration.
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