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Abstract: Insulin receptors are internalized by endothelial cells; however, the impact of hyperinsu-
linemia on this process is not known. Thus, the aim of this study is to determine the role of hyper-
insulinemia on insulin receptor function and internalization, as well as the potential impact of pro-
tein tyrosine phosphatase 1B (PTP1B). To this end, hippocampal microvessels were isolated from
male C57BI/6] mice on either a control or high-fat diet and assessed for insulin receptor signaling.
Cell surface insulin receptors in brain microvascular endothelial cells were labelled with biotin to
assess the role hyperinsulinemia plays on receptor internalization in response to stimulation, with
and without Claramine treatment, a potent PTP1B antagonist. Our results indicated that insulin
receptor levels increased in tandem with insulin receptor dysfunction in the high-fat diet mouse
hippocampal microvessels. Hyperinsulinemic cell-receptors demonstrate a shift in splice variation
towards decreased IR-A/IR-B ratios and demonstrate a higher membrane-localized proportion. This
corresponded with decreased autophosphorylation at sites critical for receptor internalization and
signaling, however, Claramine restored signaling and receptor internalization in hyperinsulinemic
cells. In conclusion, hyperinsulinemia negatively impacts brain microvascular endothelial cell insu-
lin receptor function and internalization, likely through both alternative splicing and increased neg-
ative feedback from PTP1B.
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1. Introduction

Obesity impacts over 93 million adults in the United States and over 1 billion adults
worldwide [1], and leads to various metabolic complications including hyperglycemia,
dyslipidemia, hypertension, and insulin resistance [2]. Obesity is also linked with an in-
creased risk for developing cognitive impairment, neurodegenerative diseases, and brain
atrophy [3-5], although the connection between this peripheral phenomenon and central
nervous system functional decline is still an active area of investigation. An accumulating
body of knowledge supports the role of sedentary lifestyle and the consumption of a diet
with a high fat content in this pathogenesis [6,7]. A high-fat diet (HFD) leads to impaired
learning and memory performance in animal models [8-11]. Given the role obesity seems
to be playing in memory impairment, this makes understanding the connecting mecha-
nisms an important focus of research.

There are likely several factors which lead to obesity induced cognitive impairment,
and recent focus has centered on endothelial dysfunction [5]. It is known that HFD leads
to insulin resistance and hyperinsulinemia, a state of high circulating insulin within the
plasma [12]. Insulin is a hormone released following feeding and its dysregulation is
thought to contribute to the pathogenesis of diseases such as diabetes and Alzheimer’s
disease [13]. Insulin binds its receptor in the venous capillaries of the cerebral vasculature
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[14], which is a selectively permeable, non-fenestrated endothelial layer [15,16]. Some
point to the fact that hippocampal microvessels exhibit high concentrations of insulin re-
ceptors [17-19], coupled with the impact of insulin receptor signaling on cerebral blood
flow, barrier integrity, and insulin transcytosis [5,20,21] as a potential underlying mecha-
nism connecting obesity and memory decline. Much about the impact of obesity on the
insulin receptor functioning at this unique barrier is still unknown.

Insulin binding to the insulin receptor leads to a conformational change, which al-
lows for autophosphorylation of the receptor at specific tyrosine residues. This leads to
the tyrosine phosphorylation of adaptor proteins such as the insulin receptor substrate
(IRS)1, which in turn triggers signaling cascades such as phosphatidylinositol 3-kinase
(PI3K) / protein kinase b (AKT) pathway [22,23]. While chronic serine phosphorylation of
IRS: and reduced phospho-activated AKT have been indicated as markers of insulin re-
sistance [9,24], this ultimately stems from lack of insulin receptor autophosphorylation.
This lack of insulin receptor autophosphorylation not only negatively impacts insulin re-
ceptor activation and downstream insulin signaling but also the internalization of the in-
sulin/insulin receptor from the plasma membrane via endocytic vesicles [25-29]. This in-
ternalization plays a key role in regulating and sustaining insulin receptor signaling. Fur-
thermore, some studies support the idea that internalization of insulin/insulin receptor is
a necessary step in the transport of insulin into the brain via the brain microvascular en-
dothelial cells [20]. There is a lack of information on how hyperinsulinemia impacts the
internalization of the insulin receptor at this microvascular barrier.

Insulin receptor kinase activity and regulatory phosphatase crosstalk is essential for
directing insulin receptor internalization and signaling [30]. Increased tyrosine phospha-
tase activity, particularly protein tyrosine phosphatase 1B (PTP1B), is linked with im-
paired insulin receptor signaling and may contribute to pathological serine kinase activity
associated with obesity [24,31,32]. In fact, PTP1B is one of the major tyrosine phosphatases
in endothelial cells. This prompted us to explore whether PTP1B leads to insulin receptor
impairments during high-fat diet-induced hyperinsulinemia in microvascular endothelial
cells.

In the present set of studies, we assessed insulin receptor signaling in isolated hippo-
campal microvessels, which represent the blood-brain barrier microenvironment includ-
ing endothelial cells, from HFD mice. To address mechanisms, we utilized both mouse
primary microvascular endothelial and human immortalized microvascular endothelial
cells. Using molecular techniques, we assessed the internalization and phosphorylation
state of the insulin receptor following experimental hyperinsulinemia and evaluated the
potential role of PTP1B on insulin receptor internalization.

2. Materials and Methods
Animal Model

Three separate cohorts of five male C57BL6 mice, purchased from the Jackson Labor-
atory (Bar Harbor, Maine), were randomly assigned to either a standard diet consisting of
10% kcal from fat (STD; Research Diets Inc.; #D12450B, New Brunswick, NJ) or a high-fat
diet with 54% kcal from fat (HFD; Research Diets Inc.; D05090701) ad libitum at approxi-
mately 5 weeks of age for 6 weeks.

Mice were housed in a pathogen-free environment. All protocols/procedures were
approved by the Medical University of South Carolina Institutional Animal Care and Use
Committee, and were conducted in accordance with the university guidelines, state and
federal regulations, and the standards of the “Guide for the Care and Use of Laboratory
Animals.” Animal Welfare Assurance Number on file with the NIH Office of Laboratory
Animal Welfare (OLAW) is A3428-01 (Medical University of South Carolina). The Medical
University of South Carolina is accredited by the Association for the Assessment and Ac-
creditation of Laboratory Animal Care International (AAALAC, Intl.).



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 November 2021

Pooled Hippocampal Microvessel Isolation

Microvessels were isolated per previous protocols [33,34] with minor modifications.
Briefly, after 4 hours of fasting, mice on either a STD or HFD were euthanized via cervical
dislocation. Pooled hippocampal samples from five mice were transferred to a 50 ml Fal-
con tube filled with 2.5-5 ml of 1x PBS containing protease inhibitor (Roche, Branchburg,
NJ). The tissues were minced with a 18, 23, and finally 25-gauge needle/syringe until the
media became milky. Cells were then centrifuged at 4000 x g, 4°C for 10 minutes, and the
supernatant was removed. Pellets were re-suspended in 30% Dextran (31390, Sigma-Al-
drich Burlington, MA) approximately 25 times at 1:3 pellet:Dextran ratio, and re-centri-
fuged at 10,000 x g, 4°C for 10 minutes. The myelin layer and supernatant were discarded,
and the pellet was re-suspended in 50 pl 1x PBS. Microvessels were then passed through
a cell strainer (40 pm, Greiner Bio-one, Monroe, North Carolina) with 500ul 1x PBS and
treated with 20nM insulin or saline for 15 minutes diluted in the 1x PBS, centrifuged at
10,000 x g, 4°C for 5 minutes. The supernate was discarded and the pellet was re-sus-
pended in 300 pl T-PER with protease inhibitor for analysis. The samples were stored at -
80°C until use for western immunoblotting as described below.

Microvascular Endothelial Cell Culture

Primary C57BL/6 mouse brain microvascular endothelial cells (MBECs; C57-6023,
Cell Biologics, Chicago, IL) were seeded in 12-well plates coated with 5 pg/cm? rat tail
collagen type I (A1048301, Gibco, Waltham, MA) for cell assays and allowed to grow to
80-90% confluency before treatment. Cells were grown in Complete Mouse Endothelial
Cell Medium with supplemental kit (M1168 + kit, Cell Biologics), at 37°C in 5% CO2. All
experiments were completed on cell passage 5.

Human cerebral microvascular endothelial cells were isolated from post-mortem
brains of donors and transfected with plasmid containing SV40 large T antigen (HBEC-5i;
CRL-3245™, ATCC®, Manassas, VA). Cells were grown in F12:2DMEM plus 10% FBS and
Endothelial Cell Growth Supplement (356006, Corning) on 0.1% Gelatin (PCS-999-027,
ATCC®). To exclude the effect of growth factors, culture medium was changed to
F12:DMEM without serum 4 hours prior to treatment. All experiments were completed
on cell passage 4.

All insulin stimulation and inhibitor treatments were performed at 37°C. Hyperinsu-
linemic conditioning was induced in MBECs by incubating cells for 12 hours in 20nM hu-
man recombinant insulin (19278, Sigma, St. Louis, MO), and HBEC-5is in 5 nM human
recombinant insulin for 12 hours. Time and concentrations for hyperinsulinemic condi-
tioning were determined in pilot studies, data not presented here.

Cell Assays and Analysis Preparation

Human recombinant insulin and 1 ug total of Claramine trifluoroacetate (SML1545,
Sigma-Aldrich) were diluted directly into culture media. Prior to treatment, cells were
washed with warm 1x PBS solution (Corning™ Mediatech™, Tewksbury, MA) and re-
placed with fresh media for at least 30 minutes. After treatment, media was removed and
supplanted with T-PER (Thermo Scientific™, Waltham, MA) + protease inhibitor (Roche),
scraped, and stored at -80°C until analysis.

Cell Surface Receptor Biotinylation

Cell surface receptor biotinylation was performed as previously described [35,36].
Briefly, following hyperinsulinemic conditioning, cells were washed with cold 1xPBS, and
incubated in 0.5 mg/ml EZ-Link™ Sulfo-NHS-SS-Biotin (21331, ThermoFisher Scientific,
Waltham, MA) for 30 minutes at 4°C. Cells were immediately quenched with glycine-HCI,
aspirated, and supplanted with 250 puL of T-PER + protease inhibitor and collected. Ly-
sates were incubated at room temperature for 1 hour in Streptavidin Plus UltraLink™
Resin (Pierce™, Waltham, MA), followed by centrifugation at 400 x g for 10 minutes.
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Supernates, which contain the non-biotinylated (i.e. internalized) receptor pool, were col-
lected. To remove the biotinylation, the pellet was treated in glycine-HCI and vortexed for
10 seconds, followed by 10 minutes of incubation at room temperature. Cells were centri-
fuged at 4,000 x g for 10 minutes, and supernates were collected for analysis.

Stimulation Induced Biotinylated Receptor Internalization

Biotinylated receptor internalization analysis was performed as previously described
[35,36]. Briefly, following hyperinsulinemic conditioning, cells were washed with cold
1xPBS, and incubated in 1 mg/ml EZ-Link™ Sulfo-NHS-SS-Biotin (21331, ThermoFisher
Scientific, Waltham, MA) for 15 minutes at 4°C. Cells were immediately washed in cold
1xPBS, and incubated in complete medium containing 20 nM recombinant human insulin
for the designated period of time. Cells were immediately washed in cold 1xPBS. Cells
were then incubated in a glutathione buffer for 10 minutes followed by a rinse in cold
1xPBS. This buffer wash was repeated 3 times in order to cleave extracellular biotin. Fi-
nally, cells were supplanted with 200 uL of T-PER + protease inhibitor and collected. A
portion of the sample was saved for total protein analysis and western immunoblotting.
The rest of the lysates were incubated at room temperature for 1 hour in Streptavidin Plus
UltraLink™ Resin (Pierce™, Waltham, MA), followed by centrifugation at 400 x g for 10
minutes and removal of the supernates. The pellet was resuspended in 1x PBS + protease
inhibitors, ready to be processed for protein analysis.

Protein Analysis

Lysate preparation

Hippocampal microvessel samples were analyzed for utilizing the Pierce Protein As-
say for protein concentration quantification in order to ensure equal sample concentra-
tion. Samples were subjected to sodium dodecyl sulfate (SDS) to make lysates for poly-
acrylamide electrophoresis and western immunoblotting analysis.

Western immunoblotting

Western immunoblotting was performed per our previously published protocol [37].
Briefly, lysates were separated by SDS-PAGE and transferred to a nitrocellulose mem-
brane. TBS with Tween-20 supplemented with 5% BSA was used to block the membranes
and to dilute the antibodies. Polyclonal antibodies against protein kinase B (AKT), phos-
phorylated AKT at serine residue 473 (pAKT%¥3; Cell Signaling Technology, Danvers,
MA), and tubulin (Abcam, Cambridge, MA), were used at a 1:1,000 dilution. Insulin re-
ceptor substrate (IRS)1, IRS1 phosphorylated at the serine residue 307 (pIRS1%%; equivalent
to human pIRS:15312), insulin receptor (InsR-{), phosphorylated insulin receptor at tyrosine
residues 1150/1151 (pInsRY11501151; a]] from Cell Signaling Technology), were used at a
1:750 dilution. The appropriate horseradish peroxidase-conjugated secondary antibodies
(Cell Signaling Technology) was used at a 1:2,000 dilution. Protein signal quantification
was visualized using Clarity Western ECL Substrate (Bio-Rad Laboratory, Hercules, CA),
with images captured using ChemiDoc™ Imaging System, analyzed by Image Lab soft-
ware (Bio-Rad Laboratory), and normalized to total lane protein concentrations.

Receptor Splice Variant Analysis

Total RNA was isolated from cells using the RNeasy mini kit (74104, Qiagen, Ger-
mantown, MD) and was reverse transcribed using QuantiTect Reverse Transcription Kit
(205311, Qiagen) per the manufacturer’s instructions from 1 g of total RNA. Quantitative
PCR (qPCR) analysis was performed using the CFX Connect qPCR system (Bio-Rad La-
boratory) with primers described in Table 1 (validated in a previous publication [38]).
Relative quantification of gene expression was calculated by the comparative threshold
cycle (Ct) method and expressed as 224, using GADPH gene as an internal control.
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Statistical Analysis

Data analyses were performed using Prism v9 (GraphPad Software, Inc., San Diego,
CA). Data was quality checked for outliers using the ROUT outlier analysis (Q = 1%) prior
to performing statistical analyses. All data was analyzed via two-tailed t-test with two
exceptions. First, the MBEC InsR-{3 internalization after 15 minutes of stimulation experi-
ment was analyzed using a one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test. Finally, the supplemental InsR-f3 internalization time course experiment
was analyzed via two-way ANOV A with Bonferroni’s multiple comparisons test. All data
is represented as mean + standard error of the mean, and significance was determined
using an alpha-level of 0.05. Cell culture sample sizes represent the number of total bio-
logical replicates (n) over the number of independent experiments (N).

3. Results

Insulin receptor levels are elevated and exhibit impaired signaling in hippocampal microvessels
from high-fat diet mice

We first sought to assess the impact of diet on insulin receptor levels and function in
the hippocampal microvessels from STD and HFD mice (n= 3/ group). Microvessels from
HFD mice demonstrate an increase of 118% = 37% in total insulin receptor levels (Figure
1A-B) compared to microvessels from STD mice (t(4)= 3.174, p= 0.0337). Following ex vivo
stimulation with 20 nM of insulin for 15 minutes, microvessels from HFD mice demon-
strate a decrease of 132% =+ 37% in pAKT%¥%/ AKT levels compared to stimulated mi-
crovessels of STD mice (t(3)= 3.896, p= 0.0176; Figure 1C-D).
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Figure 1. Hippocampal microvessels isolated from high-fat diet mice exhibit signs of insulin
receptor dysfunction. (A) Immunoblot and (B) densitometry analysis of insulin receptor (InsR-{3)
in hippocampal microvessels isolated from mice after 6 weeks of either a standard diet (STD) or a
high-fat diet (HFD). (C) Immunoblot and (D) densitometry analysis of protein kinase B (AKT)
phosphorylated at serine 473 (pAKT%7%), and total AKT following ex vivo stimulation with 20 nM
insulin for 15 minutes in microvessels isolated from STD and HFD mice. There were 5 pooled
mouse hippocampi per experiment, n= 3. All images were normalized to total gel protein concen-
trations shown as “Stain free gel”, calculated in Image Lab software per the manufacturer’s in-
structions. Line down center of immunoblot indicates a break in the blot; images are from the
same immunoblot for each figure and received identical formatting.
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Insulin receptor levels are elevated and exhibit impaired insulin signaling in brain endothelial
cells following experimental hyperinsulinemia

Given that microvessels contain multiple cell types, we assessed the impact of hyper-
insulinemia on insulin receptor levels and function in primary mouse brain endothelial
cells (MBECs; n=9-12/ group, N=4). Indeed, MBECs treated with experimental hyperin-
sulinemia demonstrate a significant increase of 263% + 78% in total insulin receptors com-
pared to untreated MBECs (t(21)= 3.384, p=0.0028; Figure 2A-B). Further, analysis of the
IRS1 protein demonstrates that hyperinsulinemic treatment of MBECs exhibit a significant
increase in serine phosphorylation by 281% + 92% compared to untreated MBECs (t(19)=
3.043, p=0.0067; Figure 2A-C).

We also confirmed these findings in human cerebral microvascular endothelial cells
(HBEC-5is, n="7-10, N=4). HBEC-5is treated with experimental hyperinsulinemia demon-
strate a significant increase of 288% + 135% in total insulin receptors compared to un-
treated HBEC-5is (t(16)= 2.129, p= 0.049; Figure 2C-D). Further, analysis of the IRS: pro-
tein demonstrates that hyperinsulinemic treatment of HBEC-5is exhibit a significant in-
crease in serine phosphorylation by 281% + 92% compared to untreated HBEC-5is (t(12)=
3.439, p=0.0044; Figure 2C-D).
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Figure 2. Experimentally hyperinsulinemic microvascular brain endothelial cells exhibit dys-
functional insulin receptors. (A) Immunoblots and densitometry analysis for (B) total insulin re-
ceptor (InsR-B), and (C) insulin receptor substrate 1 (IRS): phosphorylated at the 307 residue
(pIRS1%377)/ IRSt total, in mouse brain microvascular endothelial cells (MBECs) that are untreated
(non-HI) or treated in hyperinsulinemic conditions for 12 hours (HI). (D) Immunoblots and densi-
tometry analysis for (E) total InsR-, and (F) IRS: phosphorylated at the 312 residue (pIRS1532; the
human equivalent of mouse 5307)/ IRS: total, in non-HI or HI human immortalized brain microvas-
cular endothelial cells (HBEC-5is).

Data was analyzed via two-tailed t-test, n= 9-12/ group, N=4 (MBECs) and n=7-10, N= 4 (HBEC-
5is), % p<0.05, k% p<0.01. All images were normalized to total gel protein concentrations shown as
“Stain Free Gel”, calculated in Image Lab software per the manufacturer’s instructions. Line down
center of immunoblot indicates a break in the blot; images are from the same immunoblot for each
figure and received identical formatting.

Hyperinsulinemia leads to differential receptor splice variation

We next sought to examine whether hyperinsulinemia had an impact on receptor
splice variation through RT-qPCR quantification of both receptor isoforms A (IR-A) and
B (IR-B). Our data indicate that MBECs treated with experimental hyperinsulinemia
demonstrate a significant increase of 79% * 7% in IR-A levels compared to untreated
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MBECs (t(14)= 11.94, p<0.0001; Figure 3B), however there were no significant differences
in IR-B levels (Figure 3C). This translated to a significant decrease of 54% * 11% in IR-A/
IR-B ratios (t(12)= 4.966, p= 0.0003; Figure 3D) and a significant overall decrease of 70%
+ 10% in total insulin receptors (t(11)= 7.288, p< 0.0001; Figure 3E) for MBECs treated
with experimental hyperinsulinemia compared to untreated MBECs.

Table 1. Primers used for experiments. Primers sequences for splice variants were chosen for in-
clusion or exclusion of the junction between exon 10 and exon 12 (see Figure 5A). Splice variant
specific primers were created based off a previous publication (see Supplementary Appendix in
[38]), GADPH primers were ordered off of Integrated DNA Technologies ReadyMade™ Primers
site: https://www.idtdna.com/pages/products/custom-dna-rna/readymade-inventoried-oli-
gos/readymade-primers.
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GADPH Forward ACC ACA GTC CAT GCC ATC AC
GADPH Reverse TCCACCACCCTCTTGCTGTA
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IR-B Reverse TTC GGG ATG GCC TACTGT
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Figure 2. Diagram of RT-qPCR primer design for insulin receptor isoforms A and B (IR-A and IR-B,
respectively), using exons 10-12 of the mouse insulin receptor coding region. Primers (Table 1) were
designed specifically for each isoform. Calculated 222 values for (B) IR-A and (C) IR-B in mouse
brain microvascular endothelial cells (MBECs) that are untreated (non-HI) or treated with experi-
mental hyperinsulinemic conditions for 12 hours (HI), normalized to non-HI. (D) Ratio of the 2¢24Ct
values for IR-A and IR-B variants in non-HI and HI MBECs, normalized to non-HI. (C) Total insulin
receptor mRNA levels in non-HI and HI MBECs, normalized to non-HI.

(B-E) Data analyzed via two-tailed t-test between non-HI and HI MBECs, n= 6-7/ group, N=4;
%k %k %k p< 0.001, % %k *k3%kp< 0.0001. GADPH was used as internal control for all RT-qPCR experi-
ments.

Insulin receptor internalization is reduced following hyperinsulinemia in MBECs
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Given that the insulin receptor isoform may impact receptor internalization, we as-
sessed the insulin receptor internalization in MBECs (n= 6-9/ group, N= 3-4). The analysis
indicates a significant effect of time (F(3, 52)= 3.501, p= 0.0217) and treatment (F(1, 52)=
7.175, p=0.0099). A Bonferroni’s multiple comparison revealed significant internalized in-
sulin receptors at 15 minutes (p=0.0342) and 30 minutes (p= 0.0136) after stimulating with
insulin in untreated MBECs. There were no changes to insulin receptor internalization in
the MBECs treated with hyperinsulinemia at any timepoint (Supp. Figure 1).

We then sought to understand how this impacted downstream processes of the insu-
lin receptor. MBECs treated with experimental hyperinsulinemia display a significant in-
crease of 384% + 162% in membrane insulin receptor levels of compared to untreated
MBECs (t(12)= 2.373, p= 0.0352; Figure 4A-B). To assess downstream signaling, non-hy-
perinsulinemic and hyperinsulinemic cells were stimulated with 20nM insulin for 15
minutes to probe for autophosphorylation of the insulin receptor and downstream AKT
phosphorylation. Following stimulation, MBECs treated with experimental hyperinsu-
linemia display a significant decrease of 117% + 29% in phosphorylated insulin receptor/
total insulin receptor compared to untreated MBECs, normalized to non-stimulated con-
trol groups for each (t(14)=4.085, p=0.0011; Figure 4C-D). This coincided with a significant
decrease of 106% +* 48% in phosphorylated AKT/ total AKT compared to untreated
MBECs, normalized to non-stimulated control groups for each (t(12)= 2.188, p= 0.0492;
Figure 4E-F).
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Figure 4. Despite having increased insulin receptor levels, hyperinsulinemic MBECs do not stim-
ulate downstream signaling via tyrosine autophosphorylation. (A) Inmunoblots and (B) densi-
tometry analysis for insulin receptor (InsR-f) tagged on the membrane and untagged InsR-3 mouse
brain microvascular endothelial cells (MBECs) treated with experimental hyperinsulinemic
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conditions for 12 hours (HI), and untreated MBECS (non-HI). Data represented as % of total InsR-
per group. (C) Immunoblot and (D) densitometry analysis for tyrosine phosphorylated InsR-f3 at
the 1150/1151 residues (pInsR-BY1150/1151) (E) Immunoblots and (F) densitometry analysis for protein
kinase B (AKT) phosphorylated at serine residue 473 (pAKT%¥%) and AKT total following 20 nM
insulin stimulation for 15 minutes.

Data was analyzed via two-tailed t-test, n=6-9/ group, N=3-4; % p<0.05, % %k p<0.01. All images were
normalized to total gel protein concentrations shown as “Stain Free Gel”, calculated in Image Lab
software per the manufacturer’s instructions.

Selective inhibition of PTP1B improves hyperinsulinemia-induced insulin receptor function and
internalization

Given the decrease in tyrosine phosphorylation, we next sought to assess whether
Claramine, a selective PTP1B inhibitor, could reverse the effects of MBECs treated with
hyperinsulinemia when stimulated with insulin for 15 minutes (n=9-12, N=4). Treatment
of hyperinsulinemic MBECs with Claramine prior to insulin stimulation led to a signifi-
cant increase of 143% + 61% in phosphorylated AKT/ total AKT compared to untreated
hyperinsulinemic MBECs, normalized to the non-stimulated hyperinsulinemic (t(18)=
2.418, p= 0.0264; Figure 5A-B). When we probed for internalization capacity following
stimulation, we demonstrate a significant difference in internalization between untreated
MBECs, MBECS treated with hyperinsulinemia, and MBECs treated with hyperinsuline-
mia and Claramine (F(1,17)= 3.921, p= 0.0398). Tukey’s post-hoc comparison indicates in-
creased internalization between untreated MBECs and MBECS treated with hyperinsu-
linemia by 359% * 133% (p= 0.0380; Figure 5C-D).
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Figure 5. Claramine treatment restores insulin receptor signaling and improves receptor internal-
ization. (A) Immunoblots and (B) densitometry analysis for protein kinase B (AKT) phosphorylated
at serine residue 473 (pAKT5) at baseline, pAKT®*? after 15 minutes of 20 nM insulin stimulation,
and AKT total in mouse brain microvascular endothelial cells (MBECs) treated with just experi-
mental hyperinsulinemic conditions for 12 hours (HI) or HI pre-treated for 30 minutes before stim-
ulation with 1 pg of Claramine (HI + Claramine). (C) Immunoblots and (D) densitometry for inter-
nalized insulin receptor beta (InsR-f) at baseline and internalized InsR-{3 after 15 minutes of 20nM
insulin stimulation in untreated MBECs (non-HI), HI MBECs, and HI + Claramine MBECs.

(A-B) Data was analyzed via two-tailed t-test, n= 8-12/ group, N=4; %p< 0.05. (C-D) Data analyzed
via a two-tailed t-test to group baselines and a one-way ANOVA with Tukey’s multiple compari-
sons, n= 6-8/ group, N= 4. All images were normalized to total gel protein concentrations shown as
“Stain Free Gel”, calculated in Image Lab software per the manufacturer’s instructions. Line down
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center of immunoblot indicates a break in the blot; images are from the same immunoblot for each
figure and received identical formatting.

4. Discussion

Microvascular dysfunction is a potential underlying mechanism linking obesity and
cognitive impairment that has garnered more attention over the past decade. The brain
microvasculature is a unique subset of the vascular system known as the blood-brain bar-
rier which maintains relative exclusivity of the brain from circulating substances[5]. The
brain microvascular endothelial cells play a significant role in mediating the transport of
hormones and molecules across the blood-brain barrier. For example, insulin must cross
the blood-brain barrier for delivery to tissues such as the hippocampus for normal func-
tion and signaling. It is well known that diet-induced hyperinsulinemia leads to a decrease
in the transport of insulin across the blood brain barrier [21,39,40]. Currently, it is contro-
versial how this transport occurs, whether it is via a paracellular route [41] or via internal-
ization of the insulin/insulin receptor. Hence, the goal of this current study was to under-
stand the impact obesity plays on insulin receptor functioning within the brain microvas-
cular endothelium. Our primary findings indicate that high-fat diet leads to increased to-
tal insulin receptor levels in brain microvasculature, which exhibit impaired signaling
post-stimulation. We replicated this increase in insulin receptor levels and impaired sig-
naling with experimentally hyperinsulinemic cultured brain endothelial cells in vitro.
Upon further analysis, we revealed that this corresponded with a shift in insulin receptor
splice variation and increased membrane presentation of insulin receptors but decreased
the ability for receptors to internalize and to activate signaling cascade effectors via tyro-
sine autophosphorylation. Signaling and internalization were both improved via selective
inhibition of PTP1B.

Membrane receptor tyrosine kinases such as the insulin receptors are unique in their
ability to stimulate growth signaling and maintenance of homeostasis [42]. Insulin signal-
ing plays an important role in regulating endothelial cell function. Indeed, multiple stud-
ies have associated brain microvascular endothelial cell insulin receptor functioning with
regulation of cerebrovascular blood flow via stimulation of nitric oxide and intracellular
calcium [5,43]. Patients with hyperinsulinemia-induced insulin resistance and preclinical
models alike demonstrate impaired hippocampal health and functioning [4,9,44,45].
Given that the hippocampus, which is intimately involved with memory processing, dis-
plays dense insulin receptor expression along its vasculature [17-19], there may be an un-
derlying connection. Thus, we sought to investigate the impact of diet-induced hyperin-
sulinemia on the microvasculature. First, our data in pooled hippocampal microvessels
from high-fat diet fed mice showcase increased levels of total insulin receptors (Figure 1).
This is surprising given that a previous report by Gray, Aylor & Barrett [20] isolated mi-
crovessels from eight week-old rats on a similar dietary treatment for four weeks demon-
strated no such difference. This discrepancy may be explained by important methodolog-
ical differences. For example, we isolated microvessels specifically from the hippocampus,
whereas the former study isolated endothelial cells from the entire rat brain. Given that
there are regional differences in insulin uptake and signaling, additional studies are war-
rented.

Second, the pooled hippocampal microvessels from high-fat diet fed mice also re-
vealed impaired signaling following insulin stimulation (Figure 1). This is interesting, as
the inability to stimulate insulin receptors in brain microvascular endothelial cells can de-
crease blood-brain barrier tight-gap junctions [46,47]. Moreover, both models of insulin
receptor endothelial knock-out [47] and a high-fat diet can decrease insulin signaling in
the brain of mice [48]. In light of our data, this suggests a relationship between barrier
insulin receptor dysfunction and underlying brain processes.

Isolated microvessels contain multiple cell types such as endothelial cells, astrocytic
end-feet, pericyte or vascular smooth muscle cells [49]. Our goal was to better understand
the receptor signaling and expression dynamics specifically in endothelial cells. We rein-
force our findings from Figure 1 by moving our studies to in vitro models, demonstrating
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that both primary C57BL/6 mouse brain microvascular endothelial cells (MBECs) and hu-
man cerebral microvascular endothelial cells (HBEC-5is) treated with experimental hy-
perinsulinemia display increases in total insulin receptor expression compared to un-
treated cells (Figure 2). This hyperinsulinemia-induced change occurred in tandem with
increased serine phosphorylation of the insulin receptor substrate (IRS): (Figure 2), a sign
of impaired insulin signaling 2. This indicates that hyperinsulinemia is sufficient to impair
insulin receptor dysfunction in endothelial cells.

Insulin receptor protein expression and IRS: post-translational modifications are not
the only way insulin receptor signaling is modified. There are two receptor variants that
differ in the inclusion (variant B, IR-B) and exclusion (variant A, IR-A) of exon 11 in mRNA
processing [50]. Here, we provide novel evidence of a shift in insulin receptor splice vari-
ation in MBECs treated with hyperinsulinemia. Our data reveals a decrease in IR-A levels
and IR-A/ IR-B ratios relative to non-hyperinsulinemic controls (Figure 3). Interesting IR-
A and IR-B differ in their insulin binding kinetics and internalization rates [51]. Following
ligand binding, insulin receptor internalization propagates signal transduction [52]. The
IR-A isoform has been previously described as having increased internalization capacity
relative to IR-B [50], however the splice variant expression response has yet to be deter-
mined in the brain microvasculature during hyperinsulinemia. Hence, we sought to assess
this further by exploring the impact of hyperinsulinemia on insulin receptor internaliza-
tion.

Beyond splice variation, the insulin receptor internalization process also relies on key
autophosphorylation sites along the $-subunit, including tyrosines 1150 and 1151 (splice
variant “B” numbering) [25,26], which in turn initiates downstream receptor signaling ef-
fectors, leading to phospho-activation of protein kinase B (AKT) [30]. While other tissues
such as the liver demonstrate decreased membrane-associated insulin receptor concentra-
tions in models of diabetes [53], we present a unique finding that our experimentally hy-
perinsulinemic MBECs demonstrate increased membrane insulin receptor levels (Figure
4). Furthermore, these receptors did not internalize (Supp. Figure 1), nor did they activate
downstream signaling cascades following stimulation (Figure 4). All of this coincided
with reduced tyrosine autophosphorylation after 15 minutes of stimulation in our model
(Figure 4), suggesting that some phosphatase feedback may be enhanced during hyperin-
sulinemia.

The PTP1B protein is a major regulator of receptor tyrosine activity of the insulin
receptor. Recent studies have demonstrated that selective inhibition of PTP1B via Clara-
mine can facilitate tyrosine mediated insulin receptor signaling in vitro [54]. Given our
findings of perturbed tyrosine-mediated signaling in hyperinsulinemic cells, we explored
whether 30 minutes of Claramine pretreatment prior to stimulation could rescue signaling
and internalization. Hyperinsulinemic cells that are treated with Claramine prior to insu-
lin stimulation exhibit restored downstream signaling (Figure 5) and receptor internaliza-
tion (Figure 5) over baseline. This aligns with previous reports of increased insulin uptake
in endothelial cells [30] and improved peripheral insulin sensitivity in vivo [55] following
PTP1B inhibition. Further research into the efficacy of Claramine as a brain microvascular
endothelial cell insulin receptor sensitizer is warranted, however these results indicate
potential for PTP1B inhibition in alleviating insulin receptor dysfunction at this unique
microvascular barrier.

In conclusion, we provide data which supports the notion that hyperinsulinemia im-
pacts insulin receptor presentation, internalization, and signaling within brain microvas-
cular endothelial cells in vivo and in vitro. We also offer a potential mechanism to reverse
the impact of hyperinsulinemia on insulin receptor dysfunction with Claramine, a potent
PTP1B inhibitor. Obesity is a varied disorder with multiple complications including
dyslipidemia, atherosclerosis, and systemic inflammation, all of which may confound our
findings; thus, we acknowledge the focus on hyperinsulinemia is limited in scope. How-
ever, we believe our findings support our claim that hyperinsulinemia plays a significant
role in obesity-induced dysfunction. It would be important to follow up these studies in
vivo with PTP1B inhibition to assess whether there is functional recovery of the brain
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microvascular endothelial cells in a high-fat diet model. It will also be prudent to under-
stand whether receptor splice variation occurs in the high-fat model. Finally, next steps
will be taken to further understand the greater endocytic machinery of the brain endothe-
lial cell, as this has implications beyond insulin receptor functionality which include
transcytosis of circulating materials into the brain, as well as functional control over vas-
cular tone and barrier formation.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1

Figure S1: Hyperinsulinemic insulin receptors fail to internalize post-stimulation. (A) Repre-
sentative immunoblots and (B) densitometry analysis of internalized insulin receptors (InsR-f3) fol-
lowing 0, 5, 15, and 30 minutes of stimulation in mouse brain microvascular endothelial cells that
are untreated (Non-HI) or incubated in experimental hyperinsulinemic conditions for 12 hours (HI).
Data was analyzed via two-way ANOVA with Tukey’s multiple comparisons, n= 6-8/ group, N=4;
*p<0.05. All images were normalized to total gel protein concentrations shown as “Stain Free Gel”,
calculated in Image Lab software per the manufacturer’s instructions. Line down center of im-
munoblot indicates a break in the blot; images are from the same immunoblot for each figure and
received identical formatting. Data from 15 minutes post-stimulation is same as Figure 4 non-HI
and HI
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