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ABSTRACT: Hypoxic respiratory diseases or hypoxia exposures
are frequently accompanied by glucose intolerance and impaired
nitric oxide (NO) availability. However, the molecular mecha-
nism responsible for impaired NO production and insulin
resistance (IR) during hypoxia remains obscure. In this study,
we investigated the possible mechanism of impaired NO
production and IR during hypoxia in a mouse model. Mice
were exposed to hypoxia for different periods of time (0—24 h),
and parameters of IR and endothelial dysfunctions were analyzed.
Exposure to hypoxia resulted in a time-dependent increase in IR
as well as multimeric forms of von Willebrand factor (VWF) and
subsequently a decrease in eNOS activity. Preincubation with
plasma of hypoxia-exposed animals (different time points) or
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human vWF inhibited insulin-induced NO production in a dose-dependent manner; larger doses of insulin reversed the effect. In
contrast, preincubation of vWF-immunodepleted plasma failed to inhibit insulin-induced NO production, whereas vWF
immunoneutralization abolished the effect of hypoxia-induced IR and p-[U-"*C]glucose uptake. Furthermore, the interactions
between YWF and eNOS were studied by far-Western blotting, co-immunoprecipitation, and surface plasma resonance
spectroscopy. Kinetic analyses showed that the dissociation constant (Kp), inhibitory constant (K;), and half-maximal inhibitory
concentration (ICs,) were 1.79 X 1078 M, 250 pM, and 18.31 pM, respectively, suggesting that vVWEF binds to eNOS with a high
affinity and greater efficacy for activator (insulin) inhibition. These results indicated that vWF, an antagonist of eNOS, inhibits

insulin-induced NO production and causes IR.

lucose intolerance is a basic clinical feature of the metabolic
syndrome whose growing prevalence has led to an increase
in cardiovascular morbidity and mortality in industrial countries.
In respiratory diseases such as chronic pulmonary disease (CPD)
or obstructive sleep apnea (OSA) and altitude hypoxia, glucose
intolerance is frequently observed. Obesity is the main risk factor
for glucose intolerance and diabetes mellitus, but CPD or OSA is
associated with glucose intolerance that is independent of the
body mass index and mainly caused by hypoxia."” The
prevalence of CPD and OSA is high and both diseases are
increasingly linked to cardiovascular diseases (CVDs).? The
association between insulin resistance (IR), CVDs, and hypoxia
also seen in high-altitude exposure, hypoxic gas breathing, or
hypobaria has been reported previously in both human and
animal models."*> Exposure to altitude hypoxia elicits changes in
glucose homeostasis, with an increase in glucose and insulin
concentrations within a few days.*
Insulin induces vasodilatation by modulating endothelial nitric
oxide synthase (eNOS) activity and expression through
activation of the insulin receptor/insulin receptor substrate-1/2
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and phosphatidylinositol 3-kinase/protein kinase B/Akt signal-
ing cascade.’™®

Deficiency of NO is believed to be the primary defect that links
endothelial dysfunction (ED) and IR in hypoxia.”'® The
production of NO plays an important role in preventing vascular
diseases via the regulation of thrombosis, vascular tone, and
remodeling."' The treatment of human erythrocytes, platelets,
and neutrophils with insulin stimulated the synthesis of NO
through activation of a membrane-bound constitutive form of
insulin-activated nitric oxide synthase.'”'* NO is an endothe-
lium-derived relaxing factor. It is a chemically unstable
compound with a half-life of 3—5 ms in an aqueous solution. It
activates guanylate cyclase in various cells, including platelets,
and has also been shown to be a second messenger of insulin.'*'*
The reduced bioavailability of NO is thought to be one of the
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central factors in the onset and progression of CVDs due to
hypoxic exposure. It has also been shown that impaired NO
availability plays an important role in the pathogenesis of
hypoxia-induced vascular diseases."

von Willebrand factor (vWF), an adhesive multimeric
glycoprotein produced by endothelial cells, has an important
function in primary hemostasis and also serves as a carrier protein
of factor VIIL' It has also been established as a prognostic
marker for different pathological conditions such as CPD,
hypertension, and diabetes mellitus, for which ED is one of the
prominent feature.'®'” Previous studies have proven that the
levels of plasma vWEF increase in hypoxia-exposed animals
because of ED.”>*' A Framingham Offspring study by Frankel et
al. showed that higher levels of vWF were associated with an
increased risk of CVDs in people with type 2 diabetes mellitus or
IR which was also associated with worse endothelial function and
hemostatic imbalance.'® These observations suggest that vVWF
might act as an inhibitor of insulin and antagonize insulin action.
Therefore, we hypothesized that vWF inhibits insulin action by
binding to NOS which simultaneously impairs insulin-induced
NO production.

This study was designed with the following objectives: (1) to
test whether vWF inhibits insulin-induced NO production and
glucose metabolism during hypoxic exposure by using a glucose
tolerance test (GTT), an insulin tolerance test (ITT), and p-
[U-"*C]glucose uptake; (2) to test whether vVWF binds directly to
eNOS in RBCs or in a cell-free system; (3) to assess the binding
affinity of vYWEF protein with eNOS in a cell-free system by surface
plasma resonance spectroscopy (SPR); and (4) to analyze the
binding kinetics of YWF with eNOS in RBCs.

We showed that vWF inhibits insulin-induced NO production
in a dose-dependent manner, which subsequently impaired
glucose metabolism. We also showed the existence of a novel
direct protein—protein interaction between vYWF and eNOS by
using far-Western blotting, co-immunoprecipitation (CoIP), and
the BIAcore technologies. The binding of YWF to eNOS
inhibited insulin-induced NO production which led to IR in vivo.

B MATERIALS AND METHODS

Ethical Clearance. Protocols used in these studies were
approved by the Internal Review Board, Defence Institute of
Physiology and Allied Sciences. Studies were conducted in
accordance with the Helsinki declaration of 1964. All volunteers
who participated in the study were asked to sign an informed
consent form before being included in the study. Adult Swiss
albino mice weighing 25—30 g were used in this study. The mice
were housed in the experimental animal facility of the institute
and were fed a standard diet with deionized water on an ad
libitum basis. All animal study protocols were approved by the
institutional ethical committee of the Defence Institute of
Physiology and Allied Sciences and the Ministry of Environment
and Forest, Government of India.

Blood Collection. Blood was collected by venipuncture from
volunteers using a 22 gauge siliconized needle. The blood was
anticoagulated by adding 1 volume of 130 mM sodium citrate to
9 volumes of blood in plastic tubes and mixing by gentle
inversion.

Chemicals. Human vWF (h-vWF; catalog no. ab88555) and
rabbit polyclonal anti-eNOS antibody (catalog no. ab66127)
were purchased from Abcam (Cambridge, MA). ECV-304 cell
lysate (catalog no. SC-2269), goat polyclonal anti-vWF antibody
(catalog no. SC8068), and protein A/G PLUS-agarose for
immunoblotting and ColP were from Santa Cruz Biotechnology
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Inc. (Santa Cruz, CA). Rabbit polyclonal anti-vWF antibody
(catalog no. F3520) for immunoneutralization, phloretin, and L-
arginine were purchased from Sigma-Aldrich (St. Louis, MO). p-
[U-"*C]Glucose was from the Board of Radiation and Isotope
Technology (Mumbai, India). eNOS protein (human origin), a
kind gift from A. K. Sinha, was used as a positive control."> Mouse
eNOS (catalog no. MBS954270) was purchased from
MyBioSource, Inc. (San Diego, CA). Polyvinylidene difluoride
(PVDF) membranes (ImmunoBlot PVDF) were purchased
from Bio-Rad (Hercules, CA). Monocomponent human insulin
(Human Mixtured) was procured from Torrent Pharmaceuticals
Ltd. (Ahmedabad, India). Nitroglycerine (NG) patches were
obtained from Novartis (Novartis TTS; Novartis India Ltd.,
Worli, Mumbai, India).

Animal Treatment and Induction of Hypoxia. h-vWF
(100 ug/kg of body weight), rabbit anti-vWF neutralizing
antibody [6.5 mg/kg of body weight; catalog no. F3520 (Sigma-
Aldrich)] or rabbit nonimmune IgG (control) was delivered
through tail vein injection 2 h prior to the GTT or ITT or
homeostasis model of assessment insulin resistance (HOMA-IR)
or hypoxic exposure (6—24 h) at the indicated times. NG patches
(25 mg each) were applied to the dorsocervical area of the body
which has been shaved normally on the same day of the
experiment, and remained there throughout the experiments for
the indicated times. Blood was withdrawn from retro-orbital
veins through heparinized capillaries for HOMA-IR assays at the
indicated times. Animals were subjected to hypoxia in a specially
fabricated animal decompression chamber equivalent to the
prevailing atmospheric conditions at an altitude of 7628 m (282
mmHg) having an O, content of ~8.5% as described
previously.”> The temperature and humidity were maintained
at25 +2 °Cand 60 + 5%, respectively. Control animals were not
placed in the decompression chamber but were otherwise treated
in the same manner.

NO Assay. The synthesis of NO was assessed by using the
conversion rate of oxyhemoglobin to methemoglobin through
NO using a scanning spectrophotometer (Lambda 35, Perkin-
Elmer, Norwalk, CT) as described by Jia et al.>* Briefly, hypoxia-
exposed plasmas were added to a reaction mixture containing
Krebs buffer (pH 7.4) with 15 mM oxyhemoglobin, 10 mM L-
arginine, and 240 nM insulin in a total volume of 2.5 mL for 45
min at 37 °C while the mixture was constantly stirred. The NO
content was quantitated by recording the spectral changes in the
reaction mixture due to the conversion of oxyhemoglobin to
methemoglobin, i.e., a decrease in the absorbance at 575 and 630
nm maxima on a standard curve constructed by using pure
commercial (>99% pure) NO in 0.9% NaCl under identical
conditions. The amount of NO in the reaction mixture was
confirmed by using an independent chemiluminescence
technique.** Briefly, in the NO chemiluminescence analyzer,
the 1 mM NO,™ standard was serially diluted (i.e, 107 to 107
mM) and added with 3 mL (1 M) of potassium iodide along with
3 mL (1 M) of HCl to the purge vessel which was then bubbled
with helium for 5 min. The electrochemical signal generated by
the product of each NO,™ standard was recorded and a standard
curve was generated as a logarithmic function of nitrite dose
(moles) versus chemiluminescence (millivolts). For the
inhibition study, different concentrations of h-vWF or hypoxic
plasma (100 pL/reaction) or saline (control) were incubated in
this reaction mixture for 1 h before insulin was added.

Enzyme-Linked Immunosorbent Assay. An enzyme-
linked immunosorbant assay was performed as described
previously.” Briefly, 50 pg of plasma was incubated with an
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equal volume of coating buffer [0.5 M carbonate buffer (pH 9.6)]
in an assay plate overnight at 4 °C. Nonspecific binding was
blocked by 5% bovine serum albumin in the same buffer. The
samples were then washed with PBS containing 0.05% Tween 20
and incubated for 2 h with diluted rabbit anti-vWF primary
antibody in blocking buffer (1:500). The samples were next
washed and incubated with diluted goat anti-rabbit IgG-alkaline
phosphatase (1:2000) in the same buffer for 2 h. After being
washed, the samples were incubated with p-nitrophenyl
phosphate (1 mg/mL) in carbonate buffer containing 10 mM
MgCl,. The development of color was assessed at 450 nm. The
reaction was stopped by adding 50 yL of 1 M NaOH. The
amount of VWF present in the sample was determined by
constructing a standard curve using different amounts of h-vWF
(purchased from abcam, catalog no. ab88555).

Erythrocyte Membrane Preparation. The erythrocyte
membrane was prepared from human RBCs as described by
Mihow et al.*® Briefly, citrated blood was centrifuged at 4000g for
S min at room temperature and pack cells were collected. Then,
500 pL of the pack cells was hemolyzed in 2 mL of ice-cold lysis
buffer containing 10 mM Tris-HCl, 1 mM ethylenediaminete-
traacetate, 10 pg/mL pepstatin A, 10 mM sodium pyrophos-
phate, and 10 mM NaF (pH 7.4). Membranes were pelleted at
47000g for 20 min at CR (Beckman Coulter Optima L 100K
Ultracentrifuge, rotor SW 41 Ti). Next, the membranes were
solubilized in lysis buffer containing 0.5% sodium deoxycholate
and 1% Triton X-100. The protein concentrations of the samples
were determined with the BCA protein assay (Pierce, Rockford,
IL) using BSA as a standard.

ColP and Western Blotting. CoIP of vWF and eNOS and
their detection by Western blotting were conducted as described
previously.”” Briefly, RBC membranes were lysed in RIPA buffer
[SO mM Tris-HCI (pH 7.4), 1% Nonidet P-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM ethylenediaminetetraacetate
(EDTA), 1 mM NaF, 10 g/mL aprotinin, 10 g/mL leupeptin,
and 1 mM phenylmethanesulfonyl fluoride]. Equal amounts of
proteins were incubated with 0.5 yg of h-vWEF protein for4 hin a
shaker at 4 °C followed by overnight incubation with 10 L of
rabbit polyclonal anti-eNOS antibody (1:1000 dilution). After
being incubated with 25 uL of protein A/G PLUS-agarose beads
at 4 °C for 2 h, the beads were washed thrice with phosphate-
buffered saline and then boiled in sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) sample buffer
(1:1) for S min to elute proteins for subsequent electrophoresis.
Western blotting was conducted as follows. The eluted proteins
were resolved by 10% SDS—PAGE, transferred to a PVDF
membrane, and subjected to immunoblotting using a goat
polyclonal anti-vWF primary antibody (1:500). After incubation
with a horseradish peroxidase-linked anti-goat secondary anti-
body, proteins were visualized by using an enhanced
chemiluminescence detection system (Thermo Scientific, Rock-
ford, IL).

SDS—Agarose Electrophoresis. For the analysis of vWF
multimers, discontinuous thin-layer agarose electrophoresis was
performed as described by Furlan et al.*® using 1% agarose for
high-resolution gels. Proteins were transferred to a PVDF
membrane and subjected to immunoblotting using a goat
polyclonal anti-vWF primary antibody and visualized with an
enhanced chemiluminescence detection system as described
above.

Far-Western Blotting. Far-Western blotting of vWF and
eNOS was conducted as reported previously.”” Briefly, 45—50 ug
of protein from RBC lysates and 2 ug of purified eNOS proteins

were boiled for $ min in Laemmli sample buffer (1:1), resolved
via 8% SDS—PAGE and transferred to PVDF membranes. After
being incubated for 1 h with 1% casein (dissolved in Tris-
buffered saline and 0.1% Tween), membranes were incubated
with 2 pg of vWF protein for 3 h at 4 °C. The membranes were
then washed with Tris-buffered saline and 0.1% Tween and
incubated with an anti-vWF antibody (1:500) overnight at 4 °C.
The membranes were washed again and incubated with the
horseradish peroxidase-linked anti-goat IgG secondary antibody
(1:2000) (Santa Cruz Biotechnology) for 1 h at room
temperature. Finally, the resulting protein bands were detected
with the ECL plus Western Blotting Detection System (Thermo
Scientific).

SPR Methodology. The binding properties of vWF with
eNOS protein were investigated via SPR. The BIAcore-2000
apparatus (Pharmacia Biosensor AB, Uppsala, Sweden), a
biosensor-based system for real-time specific interaction analysis
was used. The interaction of two biological molecules can be
monitored directly by SPR. The phenomenon of SPR was
studied by Otto>® and Kretschmann and Raether®® and used as a
chemical detection method by Nylander.>!

Sensor chip CMS and the amine coupling kit containing N-
hydroxysuccinimide, N-ethyl-N’-3-[(dimethylamino)propyl]-
carbodiimide, and ethanolamine hydrochloride (Pharmacia
Biosensor AB, Uppsala, Sweden) were used. The running buffer
consisted of 10 mM HBS-EP (pH 7.4) containing 0.005%
surfactant P20. Sensor chip CMS is a disposable sensor chip. Its
surface is covered with a thin gold layer coated with carboxy-
methyl dextran residues for covalent protein immobilization. The
CMS chip was purchased from Pharmacia Biosensor AB. The
coated CMS chip was used for protein immobilization.
Immobilization of human eNOS or mouse eNOS protein was
performed at a flow rate of 10 yL/min at 25 °C using the amine
coupling kit. The dextran on the chip was equilibrated with
running buffer and carboxymethylated and matrix-activated with
an N-ethyl-N'-3-[ (dimethylamino)propyl]carbodiimide/N-hy-
droxysuccinimide mixture. Then, 210 uL of eNOS protein (0.2
ug/uL) in 10 mM sodium acetate (pH 5.0) was injected and
unreacted groups were blocked by injection of ethanolamine.
Three different concentrations of ligand (h-vWF), ie. 9.837,
19.675, and 29.513 nM were prepared in 10 mM HBS-EP buffer
(pH 7.4). These samples were then injected separately in two
different flow cells, i.e., one with immobilized eNOS protein and
the other without ligand as a reference to remove nonspecific
binding to the surface of the chip in different cycles at a flow rate
of 10 yL/min at 25 °C. Dissociation of the ligand was performed
by using 10 mM HBS-EP buffer (pH 7.4). Rate constants K, and
Kp, were obtained by fitting the primary sensorgram data using
BIA evaluation version 3.0. Regeneration of the ligand bound to
the surface of the protein was achieved by using 1 mM NaOH.
Kinetic parameters were obtained using BIA evaluation version
3.0. The association (K_,) and dissociation (Kg) rate constants
for ligands binding to eNOS were calculated and the equilibrium
(Kp) value was determined by using the mass action relation Ky,
= off/ Kon'

Kinetics and Inhibition Studies of the Protein by
Spectrophotometry. For the inhibition study, h-vWF was
incubated in a reaction mixture containing 10 yM L-arginine
(substrate) in Krebs buffer (pH 7.4) with 15 mM oxyhemoglobin
for 1 h, prior to addition of 240 nM insulin. The change in
absorbance was monitored at 575 and 630 nm and the
percentage of inhibition was calculated. An experimental control
was always included, i.e., a sample without h-vWF protein.
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Figure 1. Time course study of the effect of hypoxia on glucose metabolism and ED. Animals were exposed to hypoxia as described in Materials and
Methods for 0 (unexposed), 6, 12, and 24 h. The GTT, ITT, and HOMA-IR were conducted for IR study, and SDS immunoblotting, an ELISA of vWF,
and the NO assay were preformed for ED. (A) A glucose tolerance test was performed after a 16 h fast (n = 4 per group). (B) An insulin tolerance test
(0.7S unit/kg of insulin) was performed in random-fed mice for different periods of hypoxia (n = 4 per group). (C) The insulin resistance test was
performed by HOMA-IR score in hypoxia-exposed mice (1 = 4 per group). (D) Insulin-induced NO production was inhibited by addition of plasma of
different AH-exposed animals. (E) Quantitation of vWF total antigen by an ELISA in plasma (1 = 4 per group). (F) Immunoblotting of vWF at different
time points. (G) Multimer analysis of VWF by SDS—agarose gel electrophoresis followed by immunobotting for the indicated time points. Results are
from a representative experiment from three independent experiments. Data are means & SEM of three separate experiments. The results show a
significant (*p < 0.05) difference between different time points using one-way ANOVA.
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Figure 2. Central role of vWF in inhibition of insulin-induced NO synthesis and glucose hemostasis. (A) Insulin-induced NO production was inhibited
by addition of plasma of hypoxia-exposed (24 h) animals and h-vWF, but addition of vWF immunodepleted plasma in the reaction mixture restored the
insulin-induced NO production. (B) Addition of different doses of h-vWF to the reaction mixture inhibits insulin-induced NO production dose-
dependently. (C—E) GTT, ITT, and HOMA-IR in hypoxia/h-vWF as well as anti-vWF neutralizing antibody (2 h before) infused in mice (n = 4 per
group). (F) The uptake of p-[U-"*C]glucose by insulin was measured in RBCs pretreated with either h-vWF, phloretin, or L-NAME. Data are means +
SEM of three separate experiments. The results show a significant (*p < 0.05) difference between different time points using one-way ANOVA.

For the kinetic assay, the experiment described above was
conducted with five different concentrations of h-vWF (60—
1000 pM). For each concentration of h-vWF, the experiment was
repeated with three different concentrations (0.24—1.2 uM) of
an activator, ie., insulin. The enzyme and substrate concen-
trations were constant throughout the assay. The enzyme
inhibitor constant (K;) and half-maximal inhibitory concen-
tration (ICsy) were calculated graphically using the Michaelis—
Menten equation in GraphPad Prism version 5.0. A graph of
activity versus concentration of insulin was plotted.

p-[U-"*C]Glucose Uptake. RBCs were incubated with
insulin in the absence or presence of h-vWF for 4 h followed
by stimulation with insulin (240 nM) for 30 min. p-[U-'*C]-
Glucose (0.4 nM/mL) was added to each incubation mixture S
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min before termination of the experiment. Cells were washed
three times with ice-cold Krebs-Ringer Bufter in the presence of
0.3 mM phloretin and then lysed with hypotonic lysis buffer [1 M
NaH,PO,/NaHPO, (pH 8.0)]. p-[U-"*C]Glucose uptake was
measured in a liquid scintillation counter (Tri-Carb 2800TR
LSA, Perkin-Elmer).

GTTs. Mice were fasted for 16 h before the GTT was
performed. The GTT was conducted as follows. After blood had
been collected from the tail vein (0 h), mice received glucose (2
g/kg of body weight) via intraperitoneal (ip) injection, and blood
glucose levels were measured at 0, 30, 60, 90, and 120 min by
using the Accu-Chek glucometer (Roche).

ITTs. The insulin tolerance test was performed on randomly
fed animals between 2:00 and 5:00 p.m. Animals were injected
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(ip) with monocomponent human insulin (0.75 unit/kg of body
weight). Blood glucose levels were determined immediately
before and 30, 60, 90, and 120 min after injection. Results were
expressed as the percentage change compared to the initial blood
glucose concentration.

IR. IR was assessed by HOMA-IR as described by Mathew et
al*® The plasma insulin level was estimated by using an
electrochemiluminescence assay (Roche Diagnostics, Man-
nheim, Germany).

CT. The blood clotting time was measured as described by
Lemini et al.>* Briefly, the tails of the untreated WT mice and WT
mice treated with the anti-vWF antibody (6.5 mg/kg of body
weight) were warmed for 1 min in water at 40 °C. The tails were
dried and cut at the tips with a sterilized razor blade. A 25 uL
sample of the capillary blood was collected into a micro-
hematocrit glass capillary. The stopwatch was started when the
blood first made contact with the glass capillary tube. The blood
was left to flow by gravity between two marks of the tube, 45 mm
apart, by tilting the capillary tube alternately +60° and —60°
angles with respect to the horizontal plane until blood ceased to
flow (reaction end point).

BT. The BT was performed as described by Dejana et al.**
Briefly, untreated WT mice and WT mice treated with the anti-
vWF antibody (6.5 mg/kg of body weight) were maintained in a
restrainer and a distal 2 mm segment of the tail was severed with a
razor blade. The tail was immediately immersed in 0.9% isotonic
saline at 37 °C with the tip of the tail 5 cm below the body. The
BT was defined as the time required for the stream of blood to
cease.

Statistical Analysis. All experiments were repeated at least
three times. Data are expressed as means =+ the standard error of
the mean. The statistical analysis of differences between
experimental groups was performed by one-way analysis of
variance (ANOVA). A p value of <0.05 was considered
statistically significant. Further statistical analysis was performed
by Bonferroni’s multiple-comparison tests.

B RESULTS

Effect of Hypoxia on Glucose Homeostasis and ED.
Experiments were conducted to determine the time-dependent
effect of hypoxia on glucose metabolism and ED. It was found
that animals exposed to hypoxia showed time-dependent
increases in GTT, ITT, and HOMA-IR values in comparison
to those of control animals (Figure 1A—C). We further showed
the time-dependent inhibition of NO production (Figure 1D)
and time-dependent upregulation of multimeric forms of vWF in
the plasma of hypoxia-exposed animals in comparison to those of
control animals (Figure 1E—G). These results suggest that
hypoxia induces ED as well as glucose intolerance in a time-
dependent manner.

Hypoxia-Induced vWF Inhibits NO Synthesis and IR.
The results described above as well as those of an earlier study
showed that exposure to hypoxia reduces NO production in
vivo.>> However, the mechanism of inhibition of NO synthesis in
vivo is not clearly understood. Studies were conducted to test
whether vVWF has any role in the inhibition of insulin-induced
NO production and induction of IR. It was found that addition of
plasma of hypoxia-exposed animals and h-vWF to the reaction
mixture inhibits insulin-induced NO production (Figure 2A). To
establish the role of YWF, we used vWF-immunodepleted plasma
in the same reaction mixture. The results showed that
immunodepletion failed to inhibit insulin-induced NO synthesis
(Figure 2A). To revalidate the inhibitory role of vWF in insulin-
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induced NO synthesis, we determined the NO synthesis rate in
the presence of different concentrations of h-vWF (60—1000
pM) in the reaction mixture. The results showed that
preincubation of the reaction mixture with h-vWF significantly
inhibited insulin-induced NO synthesis in a dose-dependent
manner (Figure 2B). Optimal inhibition was noted at 125 pM
vWE. Considering this result, we used 125 pM vWF in the
subsequent experiments. These results suggest that vWF acts as
an inhibitor of insulin-induced NO synthesis.

It has been established that insulin-induced glucose uptake is
mediated through NO, a second-messenger molecule of
insulin.'® The involvement of YWF in IR has been shown
previously.'® To evaluate the possible role of VWF on IR due to
inhibition of NOS, we performed GTT, ITT, HOMA-IR, and
glucose uptake studies on either hypoxia-exposed or h-vWE-
treated animals. Animals exposed to hypoxia or h-vWF were
prone to IR, as evident by increased GTT (Figure 2C), ITT
(Figure 2D), and HOMA-IR scores (Figure 2E) and decreased
levels of p-[U-"*C]glucose uptake (Figure 2F). On the other
hand, pretreatment with a YWF immunoneutralizing antibody 2
h prior to hypoxia exposure blocked the inhibitory effect of VWF
on glucose metabolism (Figure 2C—E). Interestingly, antibody-
mediated vWF immunoneutralization did not alter the BT or CT
(Tables 1A and 1B of the Supporting Information). These results
suggest that vWF inhibits insulin-induced NO production and
IR

NO in Hypoxia-Induced IR. Experiments were conducted to
reconfirm the role of NO in hypoxia-induced IR. We conducted a
series of experiments in which we applied NO mimetic
nitroglycerine (NG) patches transdermally to mice. Our results
showed that transdermal application of NG patches averts
hypoxia-induced IR [i.e,, GTT (Figure 3A), ITT (Figure 3B) and
HOMA-IR (Figure 3C)], whereas treatment with the NO
inhibitor L-NAME also causes IR (Figure 3A—C). This
observation suggests that hypoxia-induced IR is mediated
through inhibition of insulin-induced NO production.

Larger Doses of Insulin Prevent vWF-Mediated
Inhibition of Insulin-Induced NO Synthesis. Experiments
were conducted to analyze whether the inhibition of insulin-
induced NO synthesis by vWF is prevented by larger doses of
insulin. We found that larger doses of insulin (0—1200 nM) in
the reaction mixture prevented the inhibitory effect of vVWF in a
dose-dependent manner (Figure 4). These results suggest that
binding of insulin to eNOS is competitively inhibited by vWF
and consequently inhibits NO production. In other words, it
suggests that VWF and insulin compete for the same binding site
of eNOS.

Binding of VWF to eNOS Detected with Far-Western
Blotting and ColP. From the results mentioned above, we can
infer that vWF binds indirectly to eNOS and inhibits NO
production. To obtain direct evidence of the binding, we first
performed far-Western blotting with RBC membrane lysates
expressing native eNOS, serving as the target prey probed with h-
vWF protein as bait protein, as detailed in Materials and
Methods.

Purified human eNOS protein was used as a positive control,
whereas eNOS-lacking ECV-304 cell lysate served as a negative
control.***” Binding of the prey protein to the bait proteins was
detected with a specific anti-vWF antibody. In the lanes
containing the RBC membrane lysate and eNOS, h-vWF
bound to a 130 kDa protein, which matched the size of this
molecule (Figure SA). No band was detected in the lane
containing the ECV-304 cell lysate (negative control). Then, the
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Figure 3. In hypoxia, VWF induces IR in a NO-dependent manner. (A)
GTT, (B) ITT, and (C) HOMA-IR in control, hypoxia-exposed, L-
NAME-treated, and nitroglycerine (NG) patch-treated mice. The
application of the NG patch reverses the effects of hypoxia, but the L-
NAME (70 mg/kg of body weight) treatment significantly increases
GTT, ITT, and HOMA-IR scores. Data are means + SEM of three
separate experiments. The results show a significant (*p < 0.05)
difference between different time points using one-way ANOVA.

membrane was stripped and reprobed with a rabbit monoclonal
eNOS antibody. A 130 kDa band was detected in both lanes, i.e.,
those containing the RBC membrane lysate and eNOS (Figure
SB). No band was detected in the lane containing the ECV-304
cell lysate. Taken together, these results revealed the specific
binding of YWEF to eNOS contained in RBC cells as well as in the
cell-free system.
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Figure 4. vWF-mediated inhibition of NO production reversed by larger
doses of insulin. Addition of larger doses of insulin dose-dependently
(0—1200 nM) to the reaction mixture eliminates the inhibitory effect of
vWE. Data are means + SEM of triplicate reactions from three separate
experiments. The results showed a significant (*p < 0.05) difference in
comparison to the control using one-way ANOVA.

To revalidate the far-Western blotting result, we performed
ColP experiments. eNOS was immunoprecipitated by vWF and
the subsequent vWF antibody from RBC membrane lysates
(experimental), purified eNOS (positive control), and ECV-304
cell Iysate (negative control) detailed in Materials and Methods.
The immune complexes were resolved by SDS—PAGE and
immunoblotted for eNOS protein. Figure SC again shows clearly
identical bands of 130 kDa in the lanes containing RBC
membrane lysate and purified eNOS, but no band was seen in
ECV-304 cell lysate, proving that eNOS co-immunoprecipitated
with vWF.

In another experiment, we immunoprecipitated VWF from
hypoxia-exposed animal plasma (experimental) and h-vWF
(positive control) by purified eNOS protein and immunoblotted
the samples for vWF. The results showed that vWF
immunoprecipitated with eNOS; ie., the 180 kDa band of
vWF was detected in hypoxia-exposed plasma (experimental)
and h-vWF (positive control) (Figure SD). However, in the case
of vVWF, the same molecular mass band was noted (Figure SD).
These results further confirm the specific binding of VWF to
eNOS in RBCs.

Determination of K, by SPR. Figure 6 shows the
sensorgram for the binding of the analyte (h-vWF) at varying
concentrations to immobilized human eNOS or mouse eNOS
protein on the CMS sensor chip. The change in the response
units with varying ligand concentrations indicated the change in
the bound mass on eNOS immobilized on the chip (sensor
surface) over time. The binding of h-vWF to human eNOS was
the strongest because of the faster “on” rate (association
constant) (K, = 5.6 X 10’ M) as well as the slower “off” rate
(dissociation constant) [Kp = 1.79 X 107 M (Figure 6A)]. On
the other hand, the binding of h-vWF to mouse eNOS was also
same K of 5.62 X 10" M and K, of 1.75 X 10~® M (Figure 6B)].
These data suggest that h-vWF binds to human or mouse eNOS
with affinity.

Kinetic Analysis of NO Production. The kinetic
mechanisms of eNOS (enzyme), insulin (activator), and vVWF
(inhibitor) were assessed by varying the concentrations of insulin
and h-vWF. The competitive kinetic constant of YWEF was
calculated using GraphPad Prism version 5.0. A linearized
analysis of the data (Michaelis—Menten equation) revealed a
competitive mode of inhibition (Figure 7A). By using the
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anti-vWF antibody, revealing a 130 kDa band representing the eNOS in both RBC membrane lysate and purified eNOS. (B) The same membrane was
striped and reprobed with the anti-eNOS antibody, revealing that of a 130 kDa band. (C) RBC membrane lysate (experimental sample), purified eNOS
(positive cell-free control) and ECV-304 cell lysate (negative control) were incubated with h-vWF protein to pull down the eNOS using the anti-vWF
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double-reciprocal plot, the values of 1/K,, and 1/V_,,, were higher efficacy of the inhibitor (vWF) for activator (insulin)

quantified; the former increased in the presence of vVWF, while inhibition. On the other hand, a higher IC;, value denotes the
the later remained unchanged, proving the competitive mode of higher potency of the inhibitor. The direct plots of reaction
inhibition between the two substrates (Figure 7B). The IC,; and velocity versus substrate concentration demonstrated classical
K values obtained for vVWF were 18.31 pM (Figure 7C) and 250 steady-state kinetic behavior. Best fits for experimental data were
pM (Figure 7D), respectively. The lower K; value suggests a assessed by comparison of the standard errors of the mean;
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Figure 6. Surface plasma resonance analysis of binding of vVWF to human eNOS or mouse eNOS. Sensorgram showing binding of different
concentrations of VWF (9.85, 19.67, and 29.51 nM) immobilized with purified human eNOS or mouse eNOS protein over sensor chip CMS. There is no
change in the binding affinity of human vWF with human eNOS or mouse eNOS (RU, response units). Experiments were performed at least three

separate times, and typical results are shown.

nonlinear regression analysis F tests were employed for
competitive inhibition fits.

B DISCUSSION

This study investigated the relationship between increased levels
of VWF release and decreased levels of NO production and
insulin sensitivity during hypoxia. Using biochemical as well as
functional approaches, this study reveals for the first time that
vWEF is a novel ligand for eNOS. vWEF antagonizes insulin action,
impairs NO production, and elicits changes in glucose
homeostasis with increases in results of the GTT, ITT, and
HOMA-IR and a decrease in the rate of glucose uptake in an
animal model of hypoxia. The binding of YWF to eNOS was
demonstrated in RBC membranes and in a cell-free system
(purified eNOS) by far-Western blotting and CoIP. This
interaction was also confirmed by SPR in a cell-free system.
We further demonstrated that the binding of YWF to eNOS
impaired insulin-induced NO production and increased IR;
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however, larger doses of insulin reversed the inhibitory effect of
vWE.

Recently, data from epidemiological cohort studies and clinical
populations have determined that OSA may contribute to the
development of IR.>*® It was also reported that exposure to acute
hypoxia increased glucose intolerance in healthy men and
women.*> Lee et al. also showed that acute 1 day exposure to
intermittent or continuous hypoxia resulted in impaired glucose
tolerance, reduced insulin sensitivity, and an increased level of
secretion of insulin from the pancreas.” In our study, we also
reported time-dependent increases in results of the GTT, ITT,
and HOMA-IR (exposure to hypoxia for up to 24 h), which
supports previous findings. Peltonen and co-workers recently
reported that acute exposure to hypoxia decreases insulin
sensitivity through sympathetic activation.*” Gamboa et al. also
showed that either acute exposure or continuous hypoxia can
induce IR.*' Therefore, all previous studies and ours arrive at the
same conclusion. However, the molecular mechanism of IR
during hypoxia is still obscure. Previous studies proposed a
relationship between CVDs, IR, and ED, where ED has been
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Figure 7. Enzyme kinetics of eNOS inhibition. (A) Enzyme kinetic analysis of eNOS inhibition by vWF using the Michaelis—Menten equation. (B)
Lineweaver—Burk plots of reaction velocity vs substrate concentration for enzyme kinetics of eNOS in the absence and presence of vWF. The values of
IC, (C) and K; (D) for vWF in displacing insulin binding were 18.31 nM and 250 pM, respectively. Results are from a representative experiment from
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GraphPad Prism version 5.0 (GraphPad Software, Inc., La Jolla, CA).

characterized by an increased rate of VWF release and a decreased
level of NO production.'®* Impaired NO production, a
phenotype of IR, has also been linked to OSA and CVDs.***
Diabetes mellitus and IR have also been associated with worse
endothelial function and treatment with thiazolidinediones
(insulin sensitizers) has been shown to improve ED.** Our
results also demonstrated a time-dependent upregulation of
multimeric forms of vYWF in plasma and subsequent inhibition of
NOS activity. We further demonstrated that vVWF-immunode-
pleted hypoxic plasma failed to inhibit insulin-induced NO
production and h-vWF also inhibited insulin-induced NO
production in a dose-dependent manner. On the other hand,
larger doses of insulin reversed the effects. In contrast, blockade
of vWF by a neutralizing antibody attenuated hypoxia-induced
IR, as demonstrated by the GTT, ITT, and HOMA-IR without
altering the bleeding phenotype. This suggests that YWF might
play a crucial role in hypoxia-induced IR through inhibition of
NOS and established an inverse relationship between vWF and
NO production during hypoxia. To reconfirm the role of NO in
hypoxia-induced IR, we used NO-mimetic NG patches that were
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transdermally applied to mice and prevented hypoxia-induced
IR. This finding also suggests that hypoxia-induced IR is
mediated through inhibition of NO production. To further
determine the biological relevance of hypoxia-induced upregu-
lation of vVWF and a decreased rate of glucose uptake through NO
inhibition, we used h-vWF in our p-[U-"*C]glucose uptake assay.
Preincubation with either h-vWF or L-NAME completely
abrogated insulin-induced glucose uptake in RBCs. In this
study, we further demonstrated that the continuous delivery of
NO elicited by the application of a transdermal NG patch
protected mice from IR. This result suggests that vYWF inhibits
glucose uptake by inhibiting NO synthesis through inhibition of
NOS.

The biological significance of the antagonizing effect of vWF
on NO production through direct interaction with NOS is
profound. By using far-Western blotting, ColP, and SPR, our
study demonstrated for the first time the direct interaction
between YWF and NOS. Our data suggest that vWF inhibits
insulin-induced NO production by directly binding to eNOS. A
previous study had also established that NOS is the receptor and
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NO is a second messenger for insulin action."> It was also
reported that eNOS is a membrane-bound constitutive enzyme
whose activation is directly related to the binding of insulin to its
specific binding sites on the membrane surface.'> Here, we
performed SPR to determine the affinity of the interaction
between VWF and NOS. The resulting sensorgram showed
concentration-dependent binding of both molecules and the
affinity of the binding was considerably high, as indicated by a K,
of 1.79 X 107 M. This finding was further validated by kinetic
analyses of both molecules. The results showed a noticeably low
inhibitory constant (K; = 250 pM), as well as IC;, (18.31 pM),
suggesting a higher affinity of binding to and greater efficacy of
inhibition of eNOS by vWF. Under normal conditions, the
physiological concentrations of insulin and vWF are 542 and 5.2
nM, respectively;45 therefore, vWF never binds to eNOS because
the affinity is lower than that for insulin (K; = 2.45 X 107 M)."?
However, under several pathological conditions where the
concentration of the ultralarge form of vWF is higher than
normal,* insulin-induced NO production is inhibited by
competitive binding of vWF to NOS.

It was also reported that NO has a role in glucose transport and
metabolism in rat skeletal muscle through NOS activation.*” Our
results indicate that vWF acts as an inhibitor of NOS and
impaired insulin action and NO production. Upon binding to its
receptor (NOS), insulin stimulates NO production, which in
turn activates the Glut-4 receptor, consequently leading to an
increased rate of glucose uptake but a decreased level of platelet
aggregation.”™*® However, a putative predictive functional
region of VWF is shown in Supplement 2 of the Supporting
Information. However, details of the interaction between the two
molecules remain to be explored and the importance of a specific
domain and/or sequence of the respective protein still needs to
be studied.

This study delineates the mechanism of inhibition of NO
production by vWF during hypoxia, where ED is the
predominant feature. It might also explain the mechanism of
increased IR in patients with CVDs and diabetes mellitus. The
data of this study may have important implications for glucose
homeostasis at high altitude and the risk for metabolic diseases
for patients with disorders characterized by hypoxia, sleep apnea,
and chronic obstructive pulmonary disease.

B ASSOCIATED CONTENT

© Supporting Information

Determination of clotting time (CT) (Table 1A), determination
of bleeding time (BT) (Table 1B), and putative interaction of
vWE (residues 2597—2791) with the insulin receptor (Supple-
ment 2). This material is available free of charge via the Internet
at http://pubs.acs.org.
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