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Insulin and IGF-1 elicit robust transcriptional
regulation to modulate autophagy in astrocytes
Shawn J. Geffken, Sohyun Moon, Catherine O. Smith, Sharon Tang, Hiu Ham Lee, Kevin Lewis, Chun Wa Wong,
Yuan Huang, Qian Huang, Ying-Tao Zhao, Weikang Cai*
ABSTRACT

Objective: Insulin is a principal metabolic hormone. It regulates a plethora of metabolic pathways in peripheral tissues. The highly homologous
insulin-like growth factor 1 (IGF-1), on the other hand, is important for development and growth. Recent studies have shown that insulin and IGF-1
signaling plays fundamental roles in the brain. Loss of insulin or IGF-1 receptors in astrocytes leads to altered glucose handling, mitochondrial
metabolism, neurovascular coupling, and behavioral abnormalities in mice. Here, we aim to investigate molecular mechanisms by which insulin
and IGF-1 signaling regulates astrocyte functions.
Methods: IR-flox and IRKO primary astrocytes were treated with 100 nM insulin or IGF-1 for 6 h, and their transcriptomes were analyzed.
Astrocytes with either IR deletion, IGF1R deletion or both were used to examine receptor-dependent transcriptional regulations using qPCR.
Additional immunoblotting and confocal imaging studies were performed to functionally validate pathways involved in protein homeostasis.
Results: Using next-generation RNA sequencing, we show that insulin significantly regulates the expression of over 1,200 genes involved in
multiple functional processes in primary astrocytes. Insulin-like growth factor 1 (IGF-1) triggers a similar robust transcriptional regulation in
astrocytes. Thus, over 50% of the differentially expressed genes are regulated by both ligands. As expected, these commonly regulated genes are
highly enriched in pathways involved in lipid and cholesterol biosynthesis. Additionally, insulin and IGF-1 induce the expression of genes involved
in ribosomal biogenesis, while suppressing the expression of genes involved in autophagy, indicating a common role of insulin and IGF-1 on
protein homeostasis in astrocytes. Insulin-dependent suppression of autophagy genes, including p62, Ulk1/2, and several Atg genes, is blunted
only when both IR and IGF1R are deleted.
Conclusions: In summary, insulin and IGF-1 potently suppress autophagy in astrocytes through transcriptional regulation. Both IR and IGF1R can
elicit ligand-dependent transcriptional suppression of autophagy. These results demonstrate an important role of astrocytic insulin/IGF-1 signaling
on proteostasis. Impairment of this regulation in insulin resistance and diabetes may contribute to neurological complications related to diabetes.

� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Insulin is essential for maintaining glucose and energy homeostasis
throughout the body, whereas IGF-1 is mainly responsible for devel-
opment and growth [1,2]. Insulin and IGF-1 primarily bind to their
cognate receptors under physiological conditions, however, both li-
gands can also act on each other’s receptors with a lower binding
affinity. Upon ligand stimulations, insulin receptors (IRs) and IGF-1
receptors (IGF1Rs) elicit an array of intracellular signaling cascades,
including the common IRS-1-PI3K-Akt and Shc-Ras-MAPK cascades
[3]. The activation of these signaling cascades rapidly regulate protein
activities relevant to various cellular functions. They can also trigger
transcriptional regulation of many genes to elicit long term effects in
cells [4,5]. Functionally, impaired insulin signaling or decreased insulin
sensitivity leads to dysregulation of cellular processes such as cellular
metabolism, homeostasis of subcellular organelles and cellecell
communications, ultimately contributing to organ malfunction and
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complications related to diabetes [1]. Impaired IGF-1 signaling, on the
other hand, has been associated with developmental defects and
growth retardation [6].
A growing body of evidence demonstrates the critical roles of insulin
and IGF-1 in the brain. Known as a circulating hormone, insulin can
cross the blood brain barrier, and may also be produced locally by
choroid plexus [7e10]. In the brain, insulin acts on both neurons and
glial cells alike as both contain insulin receptors. Insulin signaling
regulates phosphorylation of AMPA and NMDA receptors in excitatory
neurons to maintain proper synaptic plasticity, an essential feature of
learning and cognition at the cellular level [11,12]. Insulin is also
critical in regulating the Akt-GSK3b signaling cascade. Loss of insulin
receptors in the brain leads to dephosphorylation and hyperactivation
of GSK3b, and an increased level of hyperphosphorylated Tau [13],
which is prone to form neurofibrillary tangles in neurons [14]. Studies
have also demonstrated the specific roles of insulin action in different
types of neurons and neural circuits. Thus, loss of IR in different
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hypothalamic neurons affects appetite, and metabolism of liver and
adipose tissues [15e17], whereas loss of IR in the hippocampus has
been shown to impair cognitive function in rodents [18,19].
IGF-1 can be produced in the brain or from circulation as well. It is a
well-known neuroprotective agent. The IGF-1-IGF1R system is involved
in neuronal differentiation, brain development, and protection against
brain injuries [20]. Loss of brain IGF1R leads to severe microcephaly
and growth retardation [21]. Conversely, elevated IGF-1 signaling in
the brain increases brain weight during development [22], and protects
neurons against traumatic brain injuries in adult mice by facilitating
neurogenesis and neuronal survival [23,24].
As the most abundant glial cells within the brain, astrocytes possess a
plethora of crucial functions including neurotransmitter synthesis and
release, brain blood flow regulation, mitochondrial homeostasis, and
metabolism [25e27]. Many of these functions are dynamically regu-
lated by systemic and local signals [28e30]. Dysregulation of astro-
cyte functions may play crucial roles in the development of many
neurological conditions [31,32]. Our previous studies have shown that
insulin regulates exocytosis of ATP in astrocytes to modulate dopa-
minergic neurons and anxiety and depressive-like behavior in mice
[33]. In the hypothalamus, insulin action in astrocytes has been shown
to regulate brain glucose sensing, neurovascular coupling, food intake,
thermogenesis, and fertility [34e38]. Recent studies have also
demonstrated crucial roles of astrocytic IGF-1 signaling in neuro-
vascular function, amyloid-b uptake and cognition in mice [39,40].
Additionally, insulin and IGF-1 synergistically regulate GLUT-1 mem-
brane translocation and glucose uptake in astrocytes [36]. Hence,
astrocytic insulin and IGF-1 signaling appears to share common
cellular functions, while preserving unique features. A detailed com-
parison of these two systems in astrocytes has yet to be undertaken.
Here, we used RNA sequencing to systemically compare transcrip-
tional regulations by insulin and IGF-1 in primary astrocytes. We
identified several ligand-specific regulations, though most of the gene
regulations were common to both insulin and IGF-1. The commonly
regulated genes were enriched in pathways involved in cholesterol
biosynthesis, autophagy, ribosomal biogenesis, gap junctions, among
many others. Upon ligand stimulation, the activation of IRs and IGF1Rs
may elicit different transcriptional regulations. In the present study, we
focused on the insulin-IR axis and used genetic tools to specifically
delete endogenous IR in astrocytes. By comparing the transcriptomes
between IR-flox and IRKO astrocytes, we identified insulin-induced
regulations that were required by IR. Most of the regulations, how-
ever, can be mediated through endogenous IGF1R. We performed
functional validations on autophagy, a pathway that is potently sup-
pressed by both insulin and IGF-1. We found that the dramatic sup-
pression of autophagy by insulin and IGF-1 can only be blunted in IR/
IGF1R double knockout astrocytes, indicating crosstalk between IR and
IGF1R signaling. Together, these results demonstrate that insulin and
IGF-1 regulate a broad network of transcriptional programs in astro-
cytes, highlighted by the pathways involved in protein homeostasis.

2. METHODS

2.1. Animals
All animal studies were conducted in compliance with the regulations
and ethics guidelines of the NIH and were approved by the IACUC of the
New York Institute of Technology College of Osteopathic Medicine. IR-
flox and IGF1R-flox mice on a C57BL6/J background were kindly
provided by Dr. C. Ronald Kahn’s lab. Homozygous IR/IGF1R double
floxed mice were generated by crossing IR-flox with IGF1R-flox mice.
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2.2. Reagents and materials
Adenovirus encoding CMV promoter-driven GFP:Cre or GFP alone were
purchased from Vector Biolabs. Adenovirus encoding mRFP-GFP tan-
dem fluorescent-tagged LC3 (tfLC3) reporter was kindly provided by
Dr. Qiangrong Liang (23). Recombinant human insulin solution was
purchased from Sigma, whereas recombinant human IGF-1 was from
PeproTech. Bafilomycin A1 was from Cell Signaling Technology. Rabbit
anti-p62 (#23214), rabbit anti-LC3A/B (#12741), rabbit anti-Ulk1
(#8054), rabbit anti-IGF1Rb (#9750), rabbit anti-GAPDH (#5174)
were purchased from Cell Signaling Technology. Rabbit anti-IRb (#sc-
711) was from Santa Cruz. Mouse anti-GFAP (#MAB306) and mouse
anti-NeuN (#MAB377B) were purchased from Millipore. Rabbit anti-
GFAP (#ab7260) was purchased from Abcam. Rabbit anti-Iba-1
(#019-19741) was purchased from Fujifilm-Wako. HRP-conjugated
goat-anti-rabbit IgG secondary antibodies were purchased from GE
Healthcare.

2.3. Primary astrocyte cultures
Primary cortical astrocyte cultures were prepared from IR-flox, IGF1R-
flox or IR/IGF1R double floxed newborn pups as previously described
(19). Briefly, cortices were surgically dissected from newborn pups,
and pooled for the following digestion in Hibernate-A media supple-
mented with 4 mg/ml papain (Sigma) and 33 U/ml DNase I (Sigma) on
a shaker at 37 �C for 30 min. Dissociated cells were plated on a T75
flask and cultured in DMEM/F12 (Gibco) plus 10% FBS and 1� pen/
strep (Gibco). Contaminating non-astrocytes were depleted by vigor-
ously shaking the following day. Culture media was changed every 3
days. Upon confluency, astrocytes were trypsinized and replated onto
6-well plates (Corning) or 8-chamber slides (ibidi). To induce flox allele
recombination, IR-flox, IGF1R-flox, and double floxed astrocytes were
infected with adenovirus encoding Cre:GFP (1� 109 GC/ml) overnight,
and cultured for an additional 5 days before experiments. To generate
the control cells, the same floxed astrocytes were infected with
adenovirus encoding GFP alone. In studies assessing autophagy flux by
mRFP-GFP tandem fluorescent-tagged LC3 (tfLC3) reporter, adeno-
virus encoding Cre or Luciferase were used to generate KO and control
cells.

2.4. Insulin and IGF-1 treatments on cultured astrocytes
To assess transcriptional regulation, primary IRKO, IGF1RKO and
double knockout (DKO) astrocytes, along with the appropriated single
or double IR/IGF1R floxed control astrocytes were serum starved
overnight with DMEM/F12 medium containing 0.1% BSA, followed by
100 nM insulin, 100 nM IGF-1 or vehicle treatment for 6 h. To examine
the protein expression after insulin and IGF-1 treatment, astrocytes
were serum starved for 4 h, followed by 100 nM insulin, 100 nM IGF-1
or vehicle treatment overnight to allow sufficient time for cells to reach
equilibrium on protein levels. To prevent rapid degradation of proteins
through autophagy, cells were co-treated with 100 nM Bafilomycin A1.

2.5. RNA isolation and sequencing
Total RNA was extracted from primary cultured IR-flox and IRKO as-
trocytes treated with 100 nM insulin, IGF-1 or vehicle for 6 h using
QIAzol reagent (Qiagen). RNA quality and quantification were verified
using a 2100 Agilent Bioanalyzer. Total RNA samples (2 mg, RNA
integrity score > 7) were submitted for library preparation and next-
generation sequencing by Novogen. Briefly, mRNAs were purified
from total RNAs using poly-T oligo-conjugated magnetic beads. Non-
stranded cDNA libraries were prepared and subjected to sequencing
(paired-end 150 bp).
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2.6. Bioinformatic analysis
The RNA-seq data analyses were performed as previously described
[41,42]. Reads in FASTQ files were aligned to mouse reference
genome (mm10) using STAR read aligner (STAR 2.7.7a) [43]. The
numbers of reads aligned to the exon regions of each gene were
quantified by a Perl script. The normalization and comparison of RNA-
seq were performed using edgeR [44]. Genes with average count-per-
million <0.5 were filtered out. The absolute value of log2 fold change
(log2FC) greater than 1.5 and false discovery rate (FDR) less than 0.05
were set as the thresholds to determine significantly differentially
expressed genes (DEGs). Data plotting was carried out using the R
version 4.0.4. The DESeq2 [45] was used to perform the principal
component analysis (PCA). The colorRampPalette in mixOmics was
used to compute the distances between variables to plot the clustering
image map (CIMs, heatmap). Pathway enrichment analysis was per-
formed using g:Profiler (version_e106_eg53_p16 _65fcd97) and was
carried out to detect the most enriched Gene Ontology (GO), including
Biological Process, Cellular Component, Molecular Function, KEGG,
and Reactome. The custom background used in g:profiler comprised
genes expressed with the BenjaminieHochberg FDR algorithm was
used with a significance threshold of 0.05. The gene ratio was
computed by the intersection size divided by the query size. The gene
ratio and intersection size were used as input to generate a dot plot for
enriched GO terms. The autophagy pathway analysis of the DEGs was
carried out using the KEGG database (KEGG:04140; Autophagy: ani-
mal) to generate heat maps.

2.7. RT-PCR and quantitative real-time PCR
500 ng RNA was reverse transcribed using a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). Quantitative real time
PCR was performed using the SYBR Green PCR master mix (CoWin
Biosciences), and analyzed in a QuantStudio 3 (Applied Biosystems).
All the primer sequences used for this study were listed in
Supplemental Table 1.

2.8. Preparation of total cell lysates and immunoblotting
Cells were washed immediately with ice-cold 1� PBS once after
treatment. Then, cells were lysed in 1� RIPA lysis buffer com-
plemented with 1� protease inhibitor cocktail (Bimake). Protein con-
centrations were determined using a BCA kit (ThermoFisher). Lysates
(10e20 mg) were resolved on SDS-PAGE gels, transferred to PVDF
membranes. PVDF membranes were blocked in 1� PBS supple-
mented with 0.1% Tween-20 and 1% casein (PCT) at room temper-
ature for 1 h, and incubated with the indicated primary antibodies in
PCT overnight at 4 �C. Following the primary antibody incubation,
membranes were washed three times with 1� PBS supplemented
with 0.1% Tween-20 (1� PBST), incubated with HRP-conjugated
secondary antibody (anti-rabbit IgG, NA934; 1:20,000, GE Health-
care) in 1� PBST for 1 h. The chemiluminescent signals were detected
using Immobilon Western Chemiluminescent HRP Substrate (Millipore)
in an Amersham Imager 680 (GE Healthcare). Densitometric analyses
were performed by ImageJ on three independent experiments. Due to
the signal variance among different replicates, densitometric signals of
each condition were normalized to the intensity of the starvationþ Baf
A1 lane of the same replicate.

2.9. Autophagy flux by confocal microscopy
IR/IGF1R-flox and DKO astrocytes cultured in 8-chamber slides were
infected with adenovirus encoding tfLC3 reporter (1 � 108 GC/ml)
overnight and cultured for an additional 24 h. Then astrocytes were
kept in normal culture conditions or serum starved for 5 h. Following
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serum depletion, one third of the wells were treated with 100 nM
insulin overnight; one third of the cells were treated with 100 nM IGF-1
overnight; and the rest of the cells were kept in serum-free medium
overnight. To induce the maximal autophagy flux, the IR/IGF1R-flox and
DKO astrocytes under different treatment conditions were incubated in
1� HBSS in the absence of amino acids for 4 h before live cell im-
aging. The green and red fluorescence of these cells were captured by
Zeiss LSM 980 with Airyscan 2 confocal microscope. GFPþ and RFPþ

puncta in the astrocytes were identified and segmented by Ilastik [46].
The resulting segmentation files were analyzed and quantified in
ImageJ using the “analyze particles” function. The total area of each
cell analyzed was outlined and measured after contrast/brightness
adjustment in ImageJ. The GFPþ and RFPþ puncta of each astrocyte
were normalized to total cell area.

2.10. Statistical analysis
Data are presented as means � SEM. For two population comparison,
2-tailed Student’s t tests were performed. When comparing multiple
treatments, one-way ANOVA followed by Tukey’s post hoc test was
performed. In the analyses comparing both genotype and treatment,
two-way ANOVA followed by Tukey’s post hoc test was performed.
Significance level was set at P < 0.05.

2.11. Data availability
RNA-seq data of IR-flox and IRKO astrocytes with or without 100 nM
insulin or IGF-1 treatment is deposited in Gene Expression Omnibus
under accession number GSE213062 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc¼GSE213062). All the computational scripts
used in this study are available at GitHub repository (https://github.
com/Jerry-Zhao/2022CaiLabInsIgf1).

3. RESULTS

3.1. Insulin and IGF-1 elicit robust regulations on gene
transcription in astrocytes
To explore the transcriptional regulation of insulin and IGF-1 on primary
cultured astrocytes, we serum-starved astrocytes overnight and
stimulated these cells with insulin, IGF-1 or vehicle for 6 h. To maxi-
mize the transcriptional response, we chose to stimulate astrocytes
with 100 nM insulin or IGF-1, which would effectively activate both
endogenous IR and IGF1R by either ligand. Total cellular RNAs from
these astrocytes were isolated, enriched for poly-A tailed RNAs, and
subjected to RNA Seq analysis. The normalized sequence counts
demonstrated the dramatic enrichment of astrocyte-specific markers,
including Gfap, Slc1a3, Aqp4, Apoe and Aldh1l1 (Supplemental
Figure S1A) [47]. Meanwhile, the transcripts of the markers for other
major cell types in the brain, such as microglia, oligodendrocytes,
neurons, and endothelial cells, remained very low or undetectable
(Supplemental Figure S1A) [47e49]. Immunostaining showed that
over 97% of the cultured cells express Gfap. 1.34% of the cells were
Iba-1þ, representing a low level of microglia in the culture
(Supplemental Figures S1BeD). Additionally, 0.92% of the cultured
cells were negative for both Gfap and Iba-1 (Supplemental Figures
S1BeD). Together, the vast majority of the cultured cells were
astrocytes.
While astrocytes express abundant insulin receptors, IGF-1 receptors,
and their major substrates Irs1 and Irs2, the expression levels of Igf1r
and Irs2 were about 3-fold higher than Insr and Irs1 (Supplemental
Figures S1EeH). Importantly, all were transcriptionally suppressed
following insulin and IGF-1 stimulation (Supplemental Figures S1EeH),
suggesting a ligand-induced desensitization.
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Figure 1: Insulin and IGF-1 potently regulate transcription in astrocytes. A. Principal component analysis (PCA) of transcriptomes in primary cultured astrocytes at baseline or
following 100 nM insulin or IGF-1 stimulation for 6 h. B. Pearson correlation showing transcriptional groupings for control, insulin-stimulated and IGF-1-stimulated astrocytes. C.
VENN diagram showing unique and common genes regulated by insulin or IGF-1 (FDR < 0.05, |FC| > 1.5). Numbers in the square bracket indicate the up-regulated genes versus
down-regulated genes. D. Scattered plot showing ligand stimulated transcriptional changes by insulin and IGF-1. Gray dots represent commonly regulated genes. Blue dots
represent insulin-specific regulations, whereas red dots represent IGF-1-specific regulations. E. Heatmap of all significantly regulated genes (FDR < 0.05, |FC| > 1.5) and clustered
by their responses to insulin and IGF-1.
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Figure 2: Pathways transcriptionally regulated by insulin and IGF-1. A. Heatmap showing the Log2 (fold change) of the top regulated genes by both 100 nM insulin and IGF-1
stimulation. B. The most enriched GO: biological processes commonly regulated by insulin and IGF-1. C. Heatmap showing the Log2 (fold change) of the top regulated genes only by
100 nM insulin stimulation. D. The most enriched GO: biological processes only regulated by insulin. E. Heatmap showing the Log2 (fold change) of the top regulated genes only by
100 nM IGF-1 stimulation. F. The most enriched GO: biological processes only regulated by IGF-1. The size of the dots in the GO plots indicates the number of regulated genes
within the pathway, while the color of the dots represents the proportion of the regulated genes over total genes in the pathway.
The unbiased principal component analysis showed that the tran-
scriptomes of ligand-stimulated astrocytes clearly differentiated from
that of the vehicle-treated group, indicating a robust transcriptional
regulation in response to insulin and IGF-1 (Figure 1A). Insulin- and
IGF-1-treated samples were slightly separated, indicating ligand-
specific regulations (Figure 1A). Pearson correlation analysis
confirmed a predominant effect by ligand stimulation (Figure 1B). Of
the 1,933 differentially expressed genes among the groups
(FDR < 0.05, |FC| > 1.5), 1064 (55%) were regulated by both insulin
MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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and IGF-1 (Figure 1C, D, and Supplemental Table 2). 488 of these
genes were upregulated following stimulation, while 576 were
downregulated (Figure 1C, D). Insulin specifically regulated the
expression of 233 genes (12.1%), whereas IGF-1 uniquely regulated
the expression of another 636 genes (32.9%) (Figure 1C, D). An
approximately equal number of genes were either up- or down-
regulated following ligand stimulation. Figure 1E demonstrates the
relative expression of genes either commonly, or uniquely regulated by
insulin and IGF-1. Together, the bioinformatic analyses clearly
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
demonstrate the intertwined nature of insulin and IGF-1 signaling in
astrocytes, while also highlighting the individual transcriptional effects
each ligand alone possesses.

3.2. Insulin and IGF-1 show common and ligand-specific
regulations on gene transcription in astrocytes
Among the top commonly regulated genes by insulin and IGF-1, many
were known to be involved in various critical cellular processes
(Figure 2A). Thus, both insulin and IGF-1 upregulated secreted pro-
teins/peptides, albumin (Alb) and apelin (Apln); microtubule subunit,
tubulin alpha subunit isoform 8 (Tuba8); cholesterol biosynthesis
enzyme, hydroxysteroid 17-beta dehydrogenase 7 (Hsd18b7); and G
protein-coupled receptor 3 (Gpr3). The top down-regulated genes by
both ligands were exemplified by metalloproteinase pappalysin 1
(Pappa), which has been shown to cleave IGFBPs [50]; pyruvate de-
hydrogenase kinase 4 (Pdk4); G protein-coupled receptor Gprc5c; and
voltage-gated potassium channel Kcnc2. Notably, the most sup-
pressed gene by insulin and IGF-1 was F-box protein 32 (Fbxo32), also
known as Atrogin1. Fbxo32 is an E3 ubiquitin ligase and has been
shown to be one of the most insulin-suppressed proteins in skeletal
muscle [51]. In astrocytes, the expression of Fbxo32 was decreased by
w90% in response to insulin and IGF-1, suggesting a conserved
insulin-Fbxo32 axis to regulate protein ubiquitination and degradation
in different cell types in the body. In addition, many non-coding RNAs,
including long non-coding RNAs (Gm44109 and 2610035D17Rik), and
snoRNAs (Snord50b and Snord99), were among the top regulated
genes, revealing previously unrecognized regulation of non-coding
RNAs by insulin and IGF-1 in astrocytes.
To further examine the functional impact of these transcriptional
regulations in astrocytes, we performed unbiased pathway enrichment
analysis. We found that genes commonly regulated by insulin and IGF-
1 were enriched in many biosynthetic and metabolic pathways. These
included lipid and cholesterol biosynthesis, ribosome biogenesis, and
alcohol metabolic pathways (Figure 2B, and Supplemental Table 3).
Besides these typical metabolic pathways, insulin- and IGF-1-
regulated genes were enriched in autophagy, gap junctions and their
related intracellular trafficking, pathways of neurodegeneration, Alz-
heimer’s disease, among others (Supplemental Figures S2A and B).
Notably, insulin and IGF-1 significantly suppressed the majority of the
genes involved in apoptosis (Supplemental Figures S2C and D, and
Supplemental Table 4).
To identify potential transcriptional factors responsible for insulin/IGF-
1-mediated gene regulation, we performed TF enrichment analysis.
We found that the commonly regulated genes were enriched for motifs
of many transcriptional factors like ZF5, E2F-1, FOXN4 (Supplemental
Figure S3A, and Supplemental Table 5). As expected, motifs for FoxO1
and Elk1 were also significantly enriched in genes commonly regulated
by insulin and IGF-1 (Supplemental Figure S3B).
The comprehensive RNA Seq analysis also revealed ligand-specific
gene regulations. Among the most induced genes following insulin
stimulation alone was aldolase b (Aldob) which is crucial for fructose
modification for feeding into glycolysis (Figure 2C). Interestingly, in-
creases in Aldob mRNA levels in pancreatic islet cells have been
associated with impaired insulin release [52], perhaps showing
negative feedback in this signaling cascade. Another strong increase
was seen in glutamate decarboxylase 2 (Gad2) which is essential for
GABA synthesis. One of the most downregulated genes was Erbb3
encoding for a receptor tyrosine kinase in the epidermal growth factor
family (Figure 2C). On the pathway level, genes specific to insulin
stimulation were enriched in pathways involved in regulations of
protein kinases, transferases and serine/threonine protein kinases
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(Figure 2D, and Supplemental Table 3). This is in accordance with our
knowledge of insulin’s primary mechanism for signal transduction and
activation of tyrosine kinases [53].
The expression of Il18rap, an accessory subunit of interleukin-18 re-
ceptor, was significantly increased only by IGF-1 treatment (Figure 2E).
Genes exclusively down-regulated by IGF-1 were exemplified by Skor1
which has ties to restless leg syndrome and neurodevelopment
(Figure 2E) [54]. All the genes exclusively regulated by IGF-1 were
primarily enriched in pathways related to ribosomal RNA processing
and ribosome biogenesis (Figure 2F, and Supplemental Table 3), which
aligns with the crucial role of IGF-1 signaling in growth and develop-
ment [6].

3.3. Insulin-induced transcriptional regulation in IR knockout
astrocytes
Insulin and IGF-1 preferentially bind to their cognate receptors, but also
each other’s receptors at higher concentrations, such as the 100 nM
used in the present study. Given the co-expression of IR and IGF1R in
astrocytes, we next sought to examine the receptor-dependent effects
and the relative importance of ligand-receptor cross activation. We
focused on the insulin-IR system. Primary astrocytes from IR-flox pups
were cultured and infected with adenovirus encoding Cre fused with
GFP to trigger flox allele recombination and IR deletion [33]. In parallel,
IR-flox astrocytes infected with adenovirus encoding GFP alone were
used as controls. Loss of IR in astrocytes led to global gene tran-
scription alterations at basal condition, as the transcriptomes of IR-flox
and IRKO cells were separated on the principal component 2 (PC2) in
the principal component analysis (Figure 3A). Following 6 h of 100 nM
insulin treatment, both IR-flox and IRKO astrocytes showed robust
transcriptomic changes, indicated by a rightward shift on PC1 axis
(Figure 3A). Pearson correlation analysis showed a predominant effect
by insulin stimulation in both IR-flox and IRKO astrocytes (Figure 3B).
Of the 1,720 genes significantly regulated by insulin in either IR-flox
and IRKO astrocytes (FDR < 0.05, |FC| > 1.5), 434 genes were only
significantly regulated by insulin when the IR was present (25.2%),
demonstrating the necessity of IR for the regulation of this set of genes
in astrocytes (Figure 3C, D, and Supplemental Table 6). On the other
hand, 863 genes (50.2%) were still strongly regulated by insulin even
in the absence of IR (Figure 3C, D). These data suggest that 100 nM
insulin can elicit robust transcriptional regulations in astrocytes
through endogenous IGF-1 receptors. Interestingly, the remaining 423
genes were only significantly regulated by insulin in the absence of IR
(Figure 3C, D). The heat map in Figure 3E demonstrates the gene
regulations by insulin in IR-flox and IRKO astrocytes.
Functionally, genes significantly regulated by insulin in both IR-flox and
IRKO astrocytes were enriched in pathways involved in sterol and
cholesterol biosynthesis, lipid biosynthesis, autophagy, intracellular
trafficking of gap junctions (Supplemental Figure S4, and
Supplemental Table 7). The preserved regulation of these pathways by
insulin in the absence of endogenous IR strongly suggests the
involvement of IGF1R. Interestingly, these same pathways were also
highly regulated by IGF-1 in wild-type astrocytes. Together, these data
indicate the important and common roles of insulin-IR and IGF-1-IGF1R
signaling for lipid and cholesterol metabolism, autophagy and gap
junctions in astrocytes.
The genes regulated by insulin in IR-flox but not in IRKO astrocytes
were enriched in a few very general pathways such as protein and ion
binding, as well as metabolic pathways (Figure 4A). On the individual
gene level, the top 40 up- or down-regulated genes by insulin in IR-
flox astrocytes, but not in IRKO astrocytes, included 25 protein-coding
genes and 15 non-coding RNAs. Albumin (Alb), which is usually
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Figure 3: IR-dependent gene regulations. A. Principal component analysis (PCA) of transcriptomes in IR-flox and insulin receptor knockout (IRKO) astrocytes with or without
100 nM insulin stimulation for 6 h. B. Pearson correlation showing the clusters of the four distinct conditions. C. VENN diagram showing significantly up- or down-regulated genes
by insulin in the presence and absence of IR (FDR < 0.05, |FC| > 1.5). Numbers in the square bracket indicate the up-regulated genes versus down-regulated genes. D. Scattered
plot showing insulin-stimulated transcriptional changes in IR-flox and IRKO astrocytes. Gray dots represent genes regulated by insulin in both IR-flox and IRKO astrocytes. Green
dots represent genes regulated by insulin specifically in IR-flox astrocytes, while purple dots represent genes regulated only in IRKO astrocytes. E. Heatmap of all significantly
regulated genes (FDR < 0.05, |FC| > 1.5) and clustered by the responses in different cell types.
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Figure 4: Gene regulation required by IR. A. GO pathways significantly regulated by insulin only in IR-flox astrocytes. The size of the dots indicates the number of regulated
genes within the pathway, while the color of the dots represents the proportion of the regulated genes over total genes in the pathway. B. Heatmap showing the Log2 (fold change)
of the top genes only regulated by insulin in IR-flox astrocytes. CeF. mRNA abundance of representative genes induced by insulin only in IR-flox astrocytes, including Alb (C),
AF357399 (D), Apoa2 (E) and Tmem158 (F). G-J. mRNA abundance of representative genes suppressed by insulin only in IR-flox astrocytes, including Gm21123 (G), Gm47467 (H),
Gm29442 (I) and Gm20703 (J). Data are shown as mean � SEM. Two-way ANOVA followed by Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
****, P < 0.0001. N ¼ 4.

Original Article
considered a liver-specific gene, was not expressed in IR-flox as-
trocytes under basal conditions. However, upon insulin stimulation,
Alb was the most up-regulated transcripts and expressed at a
meaningful level in astrocytes (Figure 4C). Importantly, the strong
induction of Alb expression by insulin was not preserved in IRKO
astrocytes. Similarly, IR was required for the insulin-induced
expression of AF357399, a protein coding gene with unknown
8 MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. T
function (Figure 4D); Apoa2, an apolipoprotein responsible for
cholesterol balance (Figure 4E); and transmembrane protein
Tmem158 (Figure 4F). Interestingly, of the 15 non-coding RNAs that
were only regulated in IR-flox astrocytes, 11 were specifically down-
regulated, and were classified as long non-coding RNAs (lncRNAs),
indicating specific coupling of these lncRNAs to IR signaling in as-
trocytes (Figure 4GeJ).
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Figure 5: Insulin and IGF-1 regulate pathways involved in proteostasis. A. Heatmap showing the Log2 (fold change) of the significantly regulated ribosomal subunits by
100 nM insulin or IGF-1 treatment for 6 h (FDR < 0.05). Numbers in the parenthesis indicate significantly regulated genes over total genes detectable in the RNA Seq. B. Heatmap
showing the Log2 (fold change) of the significantly regulated heat shock proteins by 100 nM insulin or IGF-1 treatment (FDR < 0.05). Numbers in the parenthesis indicate
significantly regulated genes over total genes detectable in the RNA Seq. C. Heatmap showing the Log2 (fold change) of the autophagy genes significantly regulated by at least 50%
by 100 nM insulin or IGF-1 treatment (FDR < 0.05, |FC| > 1.5). Numbers in the parenthesis indicate genes significantly regulated by at least 50% over total genes detectable in the
RNA Seq. D. Relative mRNA expression of genes involved in autophagy and ubiquitination in astrocytes following 100 nM insulin or vehicle treatment for 6 h. Tbp was used as
internal control. Data are shown as mean � SEM. Two-tailed Student’s t-test. *, P < 0.05; **, P < 0.01; ****, P < 0.0001. N ¼ 6. E. Relative mRNA expression of p62, Ulk1,
Atg9a, Atg13, and Fbxo32 in astrocytes following 0, 1, and 10 nM insulin treatment for 6 h. Tbp was used as internal control. Data are shown as mean � SEM. One-way ANOVA
followed by Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01. N ¼ 4. F, Immunoblotting showing the protein expression of LC3-I/II, p62 and Ulk1 in astrocytes
subjected to overnight serum starvation, 100 nM insulin or IGF-1 stimulation, with or without 100 nM Bafilomycin A1 co-treatment. GeI. Densitometric analysis of LC3-II (G), p62
(H) and Ulk1 (I). Data are shown as mean � SEM. One-way ANOVA followed by Tukey’s multiple comparison test for the conditions with Baf A1 co-treatment. *, P < 0.05; **,
P < 0.01. N ¼ 3.
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Of note, genes that were uniquely regulated by insulin in IRKO astro-
cytes were enriched in the Ras and Rap1 signaling pathways
(Supplemental Figure S5A), indicating specific regulation on small
GTPase signaling cascades by insulin likely through IGF1R. The top 40
genes only up- or down-regulated in IRKO astrocytes included both
protein coding genes and a significant amount of non-coding RNAs
(Supplemental Figure S5B). Thus, among the top 40 insulin-regulated
transcripts in IRKO astrocytes included 15 non-coding RNAs, 13 of
which were significantly up-regulated. Strikingly, these up-regulated
non-coding RNAs included 9 snoRNAs, indicating a unique regulation
of ribosomal RNA processing and ribosomal biogenesis by insulin
through IGF1R. The normalized transcript counts of representative
genes exclusively regulated by insulin in IRKO astrocytes were illus-
trated in Supplemental Figures S5CeJ.

3.4. Insulin and IGF-1 transcriptionally regulate pathways involved
in proteostasis in astrocytes
The unbiased bioinformatic approach above showed that both insulin
and IGF-1 elicited strong transcriptional regulation on pathways
involved in protein homeostasis. Thus, the top regulated pathways by
both ligands included ribosomal biogenesis, rRNA processing, as well
as autophagy, representing both the synthesis and degradation of
proteins. We next looked into the detailed expression levels of indi-
vidual genes within these pathways. Of the 89 ribosomal subunits
detectable in our RNA Seq dataset, insulin and IGF-1 significantly
regulated 75 subunits (FDR < 0.05), all of which were up-regulated
(Figure 5A). In general, IGF-1 induced a larger fold-change on ribo-
somal subunits than insulin. Similarly, mitochondrial-specific ribo-
somal subunits were predominantly up-regulated by insulin and IGF-1
(Supplementary Figure S6A). In addition to ribosomal biogenesis, the
majority of the heat shock proteins were dramatically up-regulated
(Figure 5B). This up-regulation was, at least in part, due to an in-
crease in Hsf1 expression following insulin or IGF-1 treatment
(Supplemental Figure S6B). Heat shock proteins play a diverse range of
critical functions in cells, including protein folding, stress response,
and providing scaffolding for signaling complexes. The up-regulation of
heat shock proteins may help facilitate the correct folding of newly
synthesized polypeptides or misfolded proteins, thus contributing to
protein homeostasis.
When assessing catabolism, insulin and IGF-1 showed remarkable
regulations on genes involved in autophagy. Among the 96 genes
included in the KEGG autophagy e animal pathway, 51 were signifi-
cantly suppressed by insulin and IGF-1, whereas 25 were induced
(Supplementary Figure S6C). Of the 17 genes whose expressions were
changed by at least 50%, all except one, Pik3r3, were dramatically
suppressed (Figure 5C). These included key upstream regulators and
core enzymes to form autophagosome, such as Ulk1, Ulk2, Sqstm1,
and many Atg genes. Notably, sequestosome 1 (commonly known as
p62) provides a docking site for ubiquitinated proteins, therefore
routing ubiquitinated proteins to autophagosomes for degradation.
Together, these transcriptomic results demonstrate an overall shift
toward an anabolic state of protein homeostasis in astrocytes following
insulin or IGF-1stimulation.

3.5. Insulin and IGF-1 signaling potently suppress autophagy
through transcriptional regulation
To validate the RNA sequencing data on autophagy, we investigated
the transcriptional responses of astrocytes to insulin using qPCR.
100 nM insulin stimulation triggered a dramatic downregulation of a
diverse assortment of autophagy genes by w50% (Figure 5D). These
included p62, and Ulk1/2 critical for transducing signals from
10 MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. T
upstream regulators such as mTOR or AMPK, and multiple Atg genes
which have a diverse range of actions including membrane tethering
and autophagosome fusion (Figure 5D). Meanwhile, the expression of a
well-known autophagy marker gene, Lc3b, showed a trend toward
reduction following insulin stimulation (Figure 5D). When stimulated by
100 nM IGF-1, the same group of autophagy genes were all signifi-
cantly down-regulated (Supplemental Figures 7DeG). Consistent with
the RNA Seq data, the mRNA level of Fbxo32 dramatically decreased
by almost 95% in insulin treated astrocytes compared with that in
astrocytes without stimulation (Figure 5D). The consistent down-
regulation of p62 and Fbxo32 further indicated the role of insulin to
suppress autophagy selective for proteins in astrocytes. Insulin’s
suppression of autophagy mediators was potent. Thus, many of the
same autophagy genes, as well as Fbxo32, can be efficiently sup-
pressed by insulin at 1 nM, a concentration close to the postprandial
plasma insulin levels in humans (Figure 5E) [55,56].
We next examined if these changes encompassed protein levels and
autophagy flux, or if they were limited to genomic transcription
modulation. LC3 is initially synthesized as an inactive cytosolic protein
(LC3-I). During the activation of autophagy process, LC3-I is subjected
to multi-step enzymatic reactions by Atg 3, Atg4, and Atg7 to form
lipid-conjugated LC3-II, which is specifically inserted into the newly
generated autophagosome [57]. Thus, the abundance of LC3-II is
commonly used to gauge autophagy flux. To prevent rapid degradation
and allow accumulation of autophagy proteins, we co-treated astro-
cytes with 100 nM bafilomycin A1 (Baf A1) to block autophagosome e
lysosome fusion. As expected, astrocytes without Baf A1 treatment
showed low proteins levels of LC3-II and p62 (Figure 5F). Following Baf
A1 treatment, however, the expression of LC3-II and p62 were
dramatically increased in total protein extracts of astrocytes cultured in
normal culture conditions containing 10% FBS (Figure 5F). Importantly,
while serum starvation moderately increased the protein levels of p62
and Ulk1, both insulin and IGF-1 stimulation significantly decreased the
protein contents of p62 and Ulk1 by w30% and 50%, respectively, in
comparison with serum starved group (Figure 5F, H and I). The LC3-II
levels were also decreased by 29% (P ¼ 0.16) in insulin-treated as-
trocytes and by 51% (P¼ 0.01) in IGF-1-treated astrocytes (Figure 5F,
G). Together, these results demonstrate that both insulin and IGF-1
regulate autophagy flux by suppressing the expression of many up-
stream kinases and enzymes of autophagy.

3.6. Both insulin and IGF-1 receptors contribute to the regulation of
autophagy genes
To further determine the relative importance of both IR and IGF1R on
autophagy, we applied the same Cre-dependent flox allele recombi-
nation to specifically delete IR, IGF-1R or both in primary cultured
astrocytes. IR-flox astrocytes infected with adenovirus encoding
Cre:GFP showed an almost complete loss of transcripts containing
floxed exon 4 of IR compared with control IR-flox astrocytes infected
with adenovirus encoding GFP alone (Supplementary Figure S7A).
Accompanied with IR loss in astrocytes, the mRNA levels of IGF1R
showed a trend toward an increase. Consistent with our RNA Seq
analysis comparing IR-flox and IRKO astrocytes, quantitative real-time
PCR showed that insulin suppressed representative autophagy genes,
such as p62, Ulk1, and Atg13 by around 50% in both IR-flox and IRKO
astrocytes (Figure 6AeC), suggesting that endogenous IGF1R was
sufficient to mediate the insulin-dependent suppression of autophagy
in astrocytes. The expression of Lc3b was modestly decreased in both
IR-flox and IRKO astrocytes treated with insulin (Figure 6D).
When IGF1R-flox astrocytes were infected with adenovirus encoding
Cre:GFP, the expression of transcripts containing floxed exon 3 of
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Figure 6: Both IR and IGFR contribute to autophagy gene regulation. AeD. Relative mRNA expression of p62 (A), Ulk1 (B), Atg13 (C) and Lc3b (D) in IR-flox and IRKO
astrocytes treated with 100 nM insulin for 6 h. Tbp was used as internal control. Data are shown as mean � SEM. Two-way ANOVA followed by Tukey’s multiple comparison test.
*, P < 0.05; **, P < 0.01. ***, P < 0.001; ****, P < 0.0001. N ¼ 5e6. EeH. Relative mRNA expression of p62 (E), Ulk1 (F), Atg13 (G) and Lc3b (H) in IGF1R-flox and IGF1RKO
astrocytes treated with 100 nM insulin for 6 h. Tbp was used as internal control. Data are shown as mean � SEM. Two-way ANOVA followed by Tukey’s multiple comparison test.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. N ¼ 5e6. I-L. Relative mRNA expression of p62 (I), Ulk1 (J), Atg13 (K) and Lc3b (L) in IR/IGF1R-flox and DKO
astrocytes treated with 100 nM insulin for 6 h. Tbp was used as internal control. Data are shown as mean � SEM. Two-way ANOVA followed by Tukey’s multiple comparison test.
**, P < 0.01; ****, P < 0.0001. N ¼ 5e6. M. Immunoblotting showing the protein expression of LC3-I/II, p62, Ulk1, IRb and IGF1Rb in astrocytes with or without 100 nM
Bafilomycin A1 treatment overnight. NeO. Densitometric analysis of LC3-II/LC3-I ratio (N) and p62 (O). Data are shown as mean � SEM. Two-way ANOVA followed by Tukey’s
multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. N ¼ 3.
IGF1R decreased by more than 95%, whereas the mRNA levels of IR
was slightly increased in IGF1RKO astrocytes (Supplementary
Figure S7B). In general, IGF-1-mediated suppression of autophagy
genes was preserved in IGF1RKO astrocytes, but with a slightly lower
percentage reduction when compared with IGF1R-flox astrocytes
(Supplemental Figures 7DeG). These data suggest that despite the
lower expression of IR in astrocytes, IGF-1 can signal through IR to
suppress autophagy.
MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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Since the expression of IGF1R is 3 times higher than IR in astrocytes,
we sought to examine whether insulin-induced suppression of auto-
phagy is primarily mediated by IGF1R. The expression of p62 was
decreased by around 50% in both IGF1R-flox and IGF1RKO astrocytes
(Figure 6E), indicating endogenous IR was sufficient to fully suppress
autophagy by insulin. The expression of Ulk1 was significantly sup-
pressed by insulin in IGF1R-flox astrocytes, whereas its expression
only showed a non-significant reduction by w30% in IGF1RKO
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Figure 7: Both IR and IGFR contribute to autophagic flux in astrocytes. A. Representative confocal images showing red and green puncta of IR/IGF1R-flox and DKO astrocytes
expressing tfLC3 reporter in normal culture condition (10% FBS), overnight serum depletion, and overnight treatment of 100 nM insulin or IGF-1 following 5 h serum depletion. To
induce maximal autophagy flux, all cells were incubated with 1� HBSS for 4 h before confocal live cell imaging. Scale bar: 10 mm. BeD. Quantification of RFPþ puncta over total
cell area (B), GFPþ puncta over total cell area (C), and GFPþ to RFPþ ratio (D) in IR/IGF1R-flox and DKO astrocytes under different treatments indicated. Data are shown as
mean � SEM. One-way ANOVA followed by Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. N ¼ 50e61 individual cells. E.
Illustration showing that while multiple upstream signaling cascades converge on mTOR kinase activity to regulate autophagy flux, insulin and IGF-1 trigger strong transcriptional
suppression on many genes directly involved in autophagy in astrocytes. Collectively, autophagy in astrocytes is tightly regulated by metabolic states and nutrient levels.

Original Article

12 MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


astrocytes (Figure 6F), suggesting a slightly stronger suppression of
Ulk1 by IGF1R. Loss of IGF1R in astrocytes up-regulated the expression
of Atg13 by 30% in astrocytes at basal condition (Figure 6G). In
response to insulin stimulation, however, both IGF1R-flox and IGF1RKO
astrocytes showedw40% reduction in Atg13 expression compared to
baseline (Figure 6G). Thus, IGF1R contributed to the basal expression
of Atg13 in astrocytes, whereas IR alone was sufficient to suppress
Atg13 expression in response to insulin. Meanwhile, Lc3b expression
was not significantly changed in IGF1RKO astrocytes at both basal and
insulin-stimulated states (Figure 6H). Together, these data suggest that
endogenous insulin receptors are sufficient to suppress autophagy in
astrocytes despite having a lower level of expression than IGF1R.
In stark contrast, loss of both endogenous IR and IGF1R
(Supplementary Figure S7C) completely blunted insulin-induced sup-
pression of p62, Ulk1, and Atg13 in astrocytes (Figure 6IeK), whereas
the expression of Lc3b was not altered by insulin in both IR/IGF1R-flox
and IR/IGF1R double knockout astrocytes (Figure 6L). In the normal
culture media containing 10% FBS, bafilomycin A1 dramatically
increased the protein expression of LC3-I and II in astrocytes, as well
as the LC3-II to LC3-I ratio as expected (Figure 6M, N). Their protein
levels, however, were not significantly altered in the absence of IR and
IGF1R (Figure 6M, N). Hence, loss of both IR and IGF1R does not impact
the formation and maturation of autophagosomes in normal culture
media supplemented with 10% FBS. Notably, DKO astrocytes showed
a dramatic accumulation of p62 in the presence of Baf A1 (Figure 6M,
O), strongly suggesting a robust suppression of autophagic flux se-
lective for ubiquitinated proteins by IR/IGF1R signaling.

3.7. Both IR and IGF1R signaling contribute to autophagic flux in
astrocytes
We next sought to validate the functional impact of insulin and IGF-1
signaling on autophagic flux in astrocytes using mRFP-GFP tandem
fluorescent-tagged LC3 (tfLC3) reporter [58]. The tfLC3 emits both
green and red fluorescence when embedded into an autophagosome
with neutral pH. However, once an autophagosome fused with a lyso-
some to form autophagolysosome, the acidic environment quenches the
GFP signal, leading to only red fluorescence from tfLC3 reporter. After
both IR/IGF1R-flox and DKO astrocytes were infected with adenovirus
encoding tfLC3, astrocytes were placed in normal culture media with
10% FBS, or subjected to serum depletion, 100 nM insulin or IGF-1
treatment overnight. Following the serum depletion or insulin/IGF-1
stimulation, all cells were incubated in Hank’s balanced salt solution
(HBSS) lacking amino acids for 4 h to induce autophagy flux.
In IR/IGF1R-flox astrocytes, serum depletion increased the RFPþ

puncta by w2.5-fold compared with normal culture condition
(Figure 7A, B), whereas the GFPþ puncta showed a modest increase in
serum starved astrocytes (Figure 7A, C). As a result, the GFPþ/RFPþ

ratio was dramatically decreased by serum depletion in IR/IGF1R-flox
astrocytes (Figure 7D), demonstrating rapid autophagosome-lysosome
fusion in serum starved astrocytes. Both insulin and IGF-1 stimulations
dramatically decreased intracellular RFPþ puncta, to a degree similar
to that of the cells under normal culture condition (Figure 7B). The less
accumulation of RFPþ LC3 in astrocytes treated with insulin or IGF-1
indicated decreased autophagic flux, consistent with the decreased
expression of autophagy genes like p62, Ulk1, Atg13, among others. In
agreement with these data, the astrocytes without endogenous IR and
IGF1R showed significantly higher intracellular RFPþ puncta in all
different treatment groups (Figure 7A, B), due to the loss of IR/IGF1R-
mediated suppression on the expression of autophagy genes.
Taken together, insulin and IGF-1 induce robust transcriptional regu-
lation in astrocytes to regulate multiple cellular processes, including
MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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the suppression of autophagy. Both IR and IGF1R mediate the sup-
pression of key autophagy genes, including p62, Ulk1, Ulk2, and
Atg13. Thus, in addition to the acute regulation of mTOR kinase activity
by insulin/IGF-1, ATP/AMP ratio, and the abundance of intracellular
amino acid pool, insulin and IGF-1 can trigger transcriptional regulation
to elicit prolonged suppression on autophagy in astrocytes (Figure 7E).

4. DISCUSSION

Insulin is critical for the balance of anabolic and catabolic states
throughout peripheral tissues, in addition to modulating blood glucose
levels [1]. The discovery that insulin is capable of both crossing the
blood brain barrier while remaining biologically active and that the
central nervous system contains insulin receptors and closely related
IGF-1 receptors opened the door for investigation into insulin’s less
well characterized actions in the central nervous system [59]. IGF-1, on
the other hand, is known to function as a neurotrophic factor and play
crucial roles in neural differentiation, survival, and development [20]. In
the present study, we examined insulin- and IGF-1-stimulated tran-
scriptomic changes in primary cultured IR-flox or IR knockout astro-
cytes using RNA sequencing. This unbiased approach allowed us to
assess the functional consequences of insulin and IGF-1 signaling in
astrocytes. We noted changes in genomic transcription, protein levels,
and confocal targets following insulin or IGF-1 stimulation in astrocytes
that had varying levels of insulin and IGF-1 receptors. The variety of
conditions and stimuli allowed us to better understand a crucial,
currently poorly defined signaling cascade in astrocytes.
Our present data demonstrate that insulin and IGF-1 signaling controls
a broad transcriptional network related to cellular metabolism in as-
trocytes. In particular, insulin predominantly enhances the expression
of the majority of the cholesterol biosynthetic enzymes. This is in
agreement with our recent study demonstrating a potent and robust
transcriptional up-regulation of the same pathway in the brains of the
mice subjected to hyperinsulinemic-euglycemic clamps [60]. The brain
almost exclusively relies on local cholesterol production. Astrocytes are
considered one of the major reservoirs of cholesterol in the brain. Loss
of cholesterol synthesis in astrocytes impairs normal brain develop-
ment while also inducing cognitive dysfunction in mice [61]. On the
other hand, excess cholesterol may also be detrimental, since
cholesterol-enriched plasma membrane microdomains in neurons
have been shown to facilitate the production of amyloid-b, and
contribute to the pathogenesis of Alzheimer’s disease [62]. The
regulation of cholesterol biosynthesis by insulin and IGF-1 in astrocytes
may be critical for normal brain development, synaptic plasticity, and
cognitive function. The impairment of astrocytic insulin signaling in
diabetes and insulin resistant states may lead to the disruption of brain
cholesterol homeostasis and increase the risks to develop neurode-
generative disease like Alzheimer’s disease.
Autophagy is a “self-eating” process that allows for selective recycling
of cellular components [63]. It is known to be tightly controlled by
multiple signaling cascades. For instance, branched-chain amino acid
levels, ATP/AMP ratio, and hormones like insulin and IGF-1 have been
reported to converge on mTOR activity to regulate autophagy [64,65].
Downstream of mTOR, Ulk1/2 initiates phosphorylation events on key
Atg family proteins, which aid in membrane tethering and autophago-
some fusion [66,67]. Our data demonstrate that in addition to spatial
and temporal phosphorylation events, autophagy in astrocytes is sub-
jected to potent transcriptional regulation by insulin and IGF-1 signaling.
P62 specifically recruits ubiquitinated proteins to autophagosomes
[68]. The potent suppression of p62 expression strongly indicates that
insulin and IGF-1 regulate selective autophagy for the degradation of
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ubiquitinated proteins. In agreement with this, Fbxo32, an E3-ubiquitin
ligase, is the most suppressed gene by insulin and IGF-1 in astrocytes.
The suppression of autophagy and protein degradation by insulin/IGF-1
signaling has also been demonstrated in skeletal muscles. Loss of IR
and IGF1R in skeletal muscle leads to uncontrolled autophagy and
proteolysis, contributing to severe muscle atrophy in these mice [69].
While the functional significance of insulin/IGF-1-dependent suppres-
sion of selective autophagy in astrocytes requires further investigation,
it is plausible to speculate that this regulation may be important for
protein and neurotransmitter homeostasis in the brain. Dysregulation
of selective autophagy pathways in astrocytes under an insulin
resistant state may be a contributing factor for many diabetes-related
neurological complications.
In addition to the potent effect on autophagy, insulin and IGF-1
signaling show strong transcriptional regulation on ribosomal
biogenesis. Ribosomal biogenesis and rRNA processing are among the
top regulated biological processes by both insulin and IGF-1. 85% of
the ribosomal subunits are significantly up-regulated by insulin and
IGF-1, whereas none are suppressed. Further supporting the elevation
of ribosomal biogenesis, the top up-regulated genes by insulin and
IGF-1 include many small nucleolar RNAs (snoRNAs), which are known
to facilitate the modification and folding of the ribosomal RNAs.
Together, the predominant up-regulation of ribosomal biogenesis
strongly indicate that insulin/IGF-1 signaling promotes protein syn-
thesis [70]. Notably, IGF-1 appears to have a stronger induction on
genes involved in ribosomal biogenesis, which is consistent with the
conventional understanding that IGF-1 is a more potent inducer of
protein synthesis, cell growth and proliferation [69,71].
Collectively, the induction of ribosomal biogenesis and the suppression
of selective autophagy suggests the important role of insulin and IGF-1
in protein homeostasis by shifting the balance toward an anabolic
preference in astrocytes. This is also supported by the up-regulation of
the majority of the heat shock proteins in our RNA Seq dataset. Thus, in
conjunction with increased protein translation, insulin and IGF-1 tune
up the chaperones to facilitate proper folding of newly synthesized
polypeptides. Alternatively, increased expression of heat shock pro-
teins may also increase the cellular capacity to re-fold the damaged or
misfolded proteins, which would also promote protein homeostasis in
astrocytes [72].
Our data also strongly suggest astrocytic insulin and IGF-1 signaling are
critical for maintaining mitochondrial homeostasis; with their role being
analogous to the one seen in proteostasis. Both insulin and IGF-1
predominantly up-regulate the expression of mitochondrial specific ri-
bosomal subunits. Among the highly regulated heat shock proteins,
Hspd1 (Hsp60) and Hspe1 (Hsp10) are exclusively localized in mito-
chondria and important for mitochondrial stress response [73,74].
Astrocytic insulin and IGF-1 signaling may also regulate mitophagy
through p62 and ubiquitination of mitochondrial-residing Parkin [75].
Together, our data suggest that a major role of astrocytic insulin and
IGF-1 signaling is to balance the anabolic and catabolic states of protein
and mitochondria. Additional investigations are needed to distinguish
protein and mitochondrial homeostasis using specific models.
Gap junctions between astrocytes and hemichannels in astrocytes
have been shown to release a variety of small molecules and neuro-
transmitters. They play crucial roles in the normal brain development,
synaptic plasticity, and pathogenesis of neurological diseases [76,77].
Here, we show that insulin and IGF-1 transcriptionally regulate gap
junction related pathways in astrocytes, suggesting a potentially novel
mechanism by which insulin signaling contributes to cellecell com-
munications in the brain. Notably, our previous studies have shown
that insulin induces ATP release through exocytosis by mediating
14 MOLECULAR METABOLISM 66 (2022) 101647 � 2022 The Authors. Published by Elsevier GmbH. T
Munc18c tyrosine phosphorylation and SNARE complex assembly [33].
Collectively, these data suggest that astrocytic insulin signaling reg-
ulates astrocyte-derived signals through multiple mechanisms to
modulate neuronal plasticity and neural circuits.
Considering the largely overlapping transcriptional regulation shared
by insulin and IGF-1, it makes the plethora of ligand-specific responses
in astrocytes all the more interesting. Genes specifically regulated by
IGF-1 are enriched in pathways related to ribosomal biogenesis and
rRNA processing, indicating a stronger effect of IGF-1 on protein
synthesis and cell growth. In contrast, many of the top regulated genes
specific to insulin include those involved in cellular metabolism. For
instance, Aldob, which encodes for aldolase B and lipid binding protein,
Apoa2, are among the most induced genes by insulin, but not by IGF-1.
Therefore, insulin appears to have a stronger regulatory role for
metabolism in astrocytes. This is in agreement with many previous
studies in peripheral tissues and cell cultures [71,78,79]. Multiple
mechanisms may contribute to these ligand-specific differences. In
astrocytes, the expressions of Igf1r and Irs2 are w3 fold higher than
Insr and Irs1, indicating a higher signaling capacity of IGF1R-IRS2
cascade. Although both IR and IGF1R can be activated by 100 nM of
ligands, the binding affinity and kinetics of insulin and IGF-1 on IR,
IGF1R and hybrid receptors are different, which can likely lead to
distinct downstream transcriptional regulations. Additionally, IR and
IGF1R themselves harbor distinct signaling properties that could
explain the unique transcriptional regulations. Supporting this, pre-
adipocytes only expressing IR show higher Ser/Thr phosphorylation on
proteins related to mTOR and Akt cascades following ligand stimula-
tion, while cells only expressing IGF1R display higher phosphorylation
on proteins involved in cell cycle and mitosis after activation [78].
Notably, even unoccupied IRs and IGF1Rs during the prolonged serum
starvation can regulate distinct basal phosphorylation of numerous
proteins, which may prime the cells for different transcriptional re-
sponses upon insulin-IR activation versus IGF-1-IGF1R activation [78].
By comparing the global transcriptomes of IR-flox and IRKO astrocytes,
we have found that a large portion of the transcriptional regulation
induced by insulin can go through endogenous IGF1R, providing evi-
dence of ligand-receptor cross activation in astrocytes. Indeed, only
when both receptors were knocked out did we see a complete loss of
insulin response, such as the suppression of autophagic genes.
Additionally, a number of genes require IR for insulin-induced regu-
lation. The most regulated genes in this class include many metabolic
enzymes, such as Aldob and Apoa2. Notably, Alb, the gene encoding
for albumin, is the most insulin-induced gene in IR-flox astrocytes,
whereas this regulation was lost in IRKO astrocytes. While the crucial
roles of circulating albumin in fluid distribution, protein, ion and lipid
balance, and drug binding in adult mammals have been well estab-
lished [80], whether insulin-induced Alb expression has any functional
significance in the brain remains to be investigated. It is worth noting
that fetal brains and choroid plexus have been reported to produce
albumin [81]. While our present data support this observation and
indicate astrocytes may also produce albumin under the regulation of
insulin signaling in neonatal brains, whether such insulin-dependent
regulation is also preserved in adult brains awaits further in-
vestigations. Somewhat unexpectedly, a third group of genes show
transcriptional changes by insulin only when the insulin receptor is
absent. These genes could be oppositely regulated by IR and IGF1R.
Alternatively, loss of IR may disrupt the baseline signaling and
expression, such that removing the insulin receptor essentially lifts any
basal regulation of transcription. Differential signaling properties of an
IR/IGF1R hybrid receptor may also be a possible mechanism. While the
present study was primarily focused on the effect of IR loss in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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astrocytes, similar receptor-dependent regulations are expected for
IGF1R. All of these warrant further investigations.
The present study is one of the first attempts to systemically interro-
gate insulin and IGF-1 action in astrocytes. The transcriptomic ana-
lyses reveal potentially important functional pathways regulated by
insulin and IGF-1, many of which await further investigation using
in vivo models. A growing body of evidence support sexual dimorphism
in central insulin action [33,82,83]. The potential sex-dependent in-
sulin/IGF-1 responses in astrocytes remain unexplored in the present
study. Given the functional heterogeneity of astrocytes in different brain
regions and at the different developmental stages, future studies are
needed to investigate the spatiotemporal effects of insulin and IGF-1 on
astrocytes.
In summary, insulin and IGF-1 signaling regulate a broad transcrip-
tional network in astrocytes, including pathways involved in lipid and
cholesterol metabolism, protein homeostasis, and gap junctions.
Further, both IR and IGF1R can elicit many of these transcriptional
regulations, exemplified by the suppression of autophagy. These data
demonstrate a common and converging role of IR and IGF1R signaling
in regulating lipid and protein homeostasis in astrocytes. Together,
these findings expand our understanding of how astrocytes can react
to local and systemic signals and contribute to brain metabolism and
function. They also provide new insights into ways that insulin resis-
tance in the brain may contribute to neurological disorders, especially
those related to diabetes.
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