Biochemical and Biophysical Research Communications 421 (2012) 9-14

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Insulin transcriptionally regulates argininosuccinate synthase to maintain
vascular endothelial function

Ricci J. Haines?, Karen D. Corbin®, Laura C. Pendleton?, Cynthia J. Meininger ¢, Duane C. Eichler **

2 Department of Molecular Medicine, University of South Florida, Morsani College of Medicine, Tampa, FL, United States
Y Nutrition Research Institute, UNC Chapel Hill, Kannapolis, NC, United States
¢ Systems Biology & Translational Medicine, Texas A&’M Health Science Center, Temple, TX, United States

ARTICLE INFO ABSTRACT

Article history:
Received 9 March 2012
Available online 20 March 2012

Diminished vascular endothelial cell nitric oxide (NO) production is a major factor in the complex path-
ogenesis of diabetes mellitus. In this report, we demonstrate that insulin not only maintains endothelial
NO production through regulation of endothelial nitric oxide synthase (eNOS), but also via the regulation
of argininosuccinate synthase (AS), which is the rate-limiting step of the citrulline-NO cycle. Using serum

Keywords: starved, cultured vascular endothelial cells, we show that insulin up-regulates AS and eNOS transcription
{\S i to support NO production. Moreover, we show that insulin enhances NO production in response to
nsuiin . physiological cues such as bradykinin. To translate these results to an in vivo model, we show that AS
Streptozotocin L. N . . . . .

eNOS transcription is diminished in coronary endothelial cells isolated from rats with streptozotocin (STZ)-

induced diabetes. Importantly, we demonstrate restoration of AS and eNOS transcription by insulin treat-
ment in STZ-diabetic rats, and show that this restoration was accompanied by improved endothelial
function as measured by endothelium-dependent vasorelaxation. Overall, this report demonstrates, both
in cell culture and whole animal studies, that insulin maintains vascular function, in part, through the
maintenance of AS transcription, thus ensuring an adequate supply of arginine to maintain vascular

Vasorelaxation

endothelial response to physiological cues.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The hallmark of endothelial dysfunction is the inability of endo-
thelial cells to release nitric oxide (NO) in response to physiological
cues that promote vasodilation [1]. NO production in endothelial
cells is supported by the citrulline-NO cycle which is comprised
of three enzymes: the arginine recycling enzymes argininosucci-
nate synthase (AS) and argininosuccinate lyase (AL), and endothe-
lial NO synthase (eNOS) [2]. Various studies, both in vitro and
in vivo, have demonstrated that arginine recycling is required for
the physiologically regulated production of endothelial NO [3-6].

Endothelial NO is a readily diffusible free radical that stimulates
soluble guanylyl cyclase in smooth muscle cells to regulate smooth
muscle relaxation and blood vessel dilation. Consequently, impaired
production of NO by endothelial cells contributes to hypertension
[1]. Since endothelial NO plays a critical physiological role in con-
trolling vasodilation, the regulation of eNOS has been extensively

Abbreviations: AS, argininosuccinate synthase; eNOS, endothelial nitric oxide
synthase; NO, nitric oxide; qRT-PCR, quantitative real time polymerase chain
reaction; CEC, coronary endothelial cells; BAEC, bovine aortic endothelial cells; STZ,
streptozotocin.
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investigated to better understand the mechanisms which regulate
NO production. Several physiological factors, such as acetylcholine,
bradykinin, and insulin are known to regulate eNOS to increase
NO production by vascular tissues. Acetylcholine and bradykinin
are acute regulators recognized to promote NO production by
increasing eNOS activity through phosphorylation at serine-1177
(bovine S1179) [7,8]. Insulin is likewise known to stimulate eNOS
activity to promote NO production through phosphorylation;
however, insulin has also been acknowledged to support NO
production via maintenance of eNOS transcription [9,10].

Importantly, it is also known that the loss of insulin sensitivity,
which underlies the cause of type 2 diabetes, results in serious
vascular complications, including hypertension [11]. Because of
this, the vasodilatory effects of insulin have been extensively stud-
ied and shown to be mediated essentially through NO signaling. For
example, in type 2 diabetes where insulin signaling is impaired [12-
14], treatment with sodium nitroprusside (SNP), an NO donor, im-
proved vasodilation [15]. The association of endothelial dysfunction
with type 2 diabetes [16,17] is further supported by reports showing
that therapeutic interventions used to alleviate the insulin resis-
tance also ameliorated endothelial dysfunction [18,19].

Unlike eNOS, however, there is a limited understanding of the
regulation of AS, which catalyzes the rate-limiting step in the
citrulline-NO cycle in endothelial cells. The current literature
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suggests that AS mRNA levels appear to be coordinately regulated
by physiological factors that regulate eNOS to affect endothelial NO
production [20,21]. For example, the pro-inflammatory cytokine
TNFa has been shown to coordinately decrease eNOS and AS tran-
scription in endothelial cells [5], while the PPARY agonist troglitaz-
one, as well as sheer-stress, have been shown to coordinately
increase eNOS and AS transcription [22]. In the work presented
here, we investigated how insulin mediates its effects on the citrul-
line-NO cycle, not only by affecting eNOS expression, but also AS
expression in order to ensure that the levels of available arginine
are sufficient to support eNOS-catalyzed NO production. To exam-
ine this question, we investigated whether insulin supports the
expression of AS mRNA in vascular endothelial cells; and if so, if
changes in AS mRNA levels mediated by insulin coordinate with
eNOS mRNA levels. Two systems were used to investigate this
question; cultured bovine aortic vascular endothelial cells and cor-
onary endothelial cells isolated from streptozotocin-induced type
1 diabetic rats.

2. Materials and methods
2.1. Cell culture

Bovine aortic endothelial cells (BAEC) were cultured in com-
plete DMEM (1 g/L glucose, Mediatech) containing 10% fetal bovine
serum (Hyclone Laboratories), 100 units/ml penicillin and 100 pg/
ml streptomycin (Mediatech) at 37 °C and 5% CO-.

2.2. Rat STZ-diabetic in vivo model

Insulin-dependent diabetes was induced in male Sprague-
Dawley rats (approximately 300 g) by injecting 65 mg/kg streptozo-
tocin (STZ)(Sigma, in 0.1 M citrate buffer, pH 4.5) into the peritoneal
cavity. Control rats received vehicle injection only. Three experi-
mental groups of animals were followed for 21 days: (i) STZ-diabetic
rats (STZ, n = 8); (ii) age-matched control non-diabetic rats treated
with vehicle only (controls, n = 16), and (iii) STZ-diabetic rats receiv-
ing subcutaneously delivered insulin (STZ+INS, n=4, for each
dose). Insulin was delivered via a slow release pellet (LinPlant)
implanted under the dorsal skin of the neck according to the manu-
facturer’s (LinShin Canada) instructions. The size of the pellet was
chosen to deliver consistent daily doses of insulin from 1-5 IU/
day, allowing maintenance of normo-glycemia or mild to moderate
hyperglycemia, if desired, in the animals. The pellets provided
insulin delivery for up to 56 days.

Non-fasting blood glucose concentration and body weight of all
animals were measured weekly and when animals were sacrificed.
Blood glucose was measured using a One-Touch Ultra glucose me-
ter (LifeScan). At 21 days, animals were euthanized and the hearts
removed for isolation of coronary endothelial cells (CEC) as de-
scribed by Zuidema et al. [23]. Briefly, ventricular tissue in
20 mM HEPES was digested with Liberase Blendzyme 3 (final
0.02-0.07 mg/ml; Roche) and CEC were isolated using biotinylated
PECAM-1 antibody (Sertec) and streptavidin-coated M280 mag-
netic beads (Invitrogen). Endothelial cells bound to beads were iso-
lated using a magnetic stand to collect CEC. CEC for total RNA
isolation were frozen in RNAlater (Applied Biosystems).

2.3. NO determinations

Confluent BAECs were serum starved for 16 h in DMEM without
phenol red, and in the presence of 0.1% BSA (Fraction V, Sigma)
then treated with 10 nM insulin, 10 pM bradykinin, both or neither
for 4 h. The total nitrite from cell culture media was measured
using the 2,3-diaminonaphthalene (DAN) assay and BMG Fluostar

Galaxy spectrofluorometer using an excitation wavelength of
360 nm and emission wavelength of 405 nm [24].

2.4. Western blot analysis

BAECs were serum starved as described above followed by
treatment with 10 nM insulin for 2 h and then harvested and lysed
by scraping in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, 1x protease inhibitors (Calbiochem)
in PBS). Protein concentrations were determined by BCA assay
(Pierce) and equal amounts of protein were resolved on 4-15%
Tris-HCl SDS-polyacrylamide gels (Bio-Rad) and blotted onto
Immobilon PVDF (Millipore) for immunoblotting. Primary antibod-
ies used include anti-AS and anti-eNOS (BD Transduction Labs) and
anti-GAPDH (Novus Biologicals). Secondary antibodies used were
peroxidase-conjugated goat anti-mouse or anti-rabbit IgG (Jackson
ImmunoResearch Labs). Blots were visualized by chemilumines-
cence using ECL reagent (Pierce) and exposed to film.

2.5. RNA isolation and quantitative RT-PCR

To measure steady state RNA expression of AS and eNOS, total RNA
from cultured BAEC and isolated rat CEC was isolated using Tri Reagent
according to the manufacturer's recommendations (MRC) and as de-
scribed previously [25]. RNA was treated with DNase (Ambion) and
quantitated prior to reverse transcription with the High Capacity cDNA
kit (Applied Biosystems) according to the manufacturer’s instructions.
Quantitative RT-PCR (qRT-PCR) was performed using the following
probe/primer sets: bovine AS sense (5'-TCAGCAAGGAG TTTGTGGAG-
GAGT-3') AS antisense (5'-ACACATACTTGGCTCCTTCTCG CT-3') AS
probe (5-FAM ATCCAGTCCAGCGCACTGTACCAGGABHQ-3'); bovine
eNOS sense (5-TACATGAGCACGGAGATTGG-3') and eNOS antisense
(5'-AGCACAGCCAGGTTGATCTC-3') detected with sybr green; and
GAPDH sense (5'-CATGTTTGTGATGGGCGTGAACCA-3’), GAPDH anti-
sense (5-TGATGGCGTGGACAGTGGTCATAA-3'), GAPDH probe (5'-R
OXN ATTGTCAGCAATGCCTCCTGCACCACCAABHQ-3'). Data for bovine
gene expression levels was normalized to GAPDH. Rat mRNA levels
were detected with the following Tagman Gene Expression Assays (Ap-
plied Biosystems) AS: Assl argininosuccinate synthetase 1,
Rn00565808_g1; eNOS: Nos3 NO synthase 3, Rn02132634_s1; Rplp2:
ribosomal protein, large P2, Rn01479927_g1. Data for rat gene expres-
sion levels was normalized to Rplp2.

2.6. Aortic ring preparation and vascular reactivity measurement

Endothelium-dependent vascular reactivity was assessed as
previously described [26]. Briefly, abdominal aortic rings were
fixed on two stainless steel wires, one attached to a force trans-
ducer and the other attached to a micrometer. The rings were then
lowered into a bath containing Krebs bicarbonate buffer, equili-
brated for 1.5 h, followed by pre-constriction with norepinephrine
(10~% mol/L), and the concentration-response relationships to ace-
tylcholine (Ach, 107 1°-107° mol/L) were determined by cumula-
tive addition of Ach in half-log increments directly to the bath. In
all rings, NO-mediated relaxation was verified at the end of the
experiment using 100 mmol/L sodium nitroprusside (SNP), a spon-
taneous NO donor used to assess endothelium-independent relax-
ation of aortic rings. The contraction tension was recorded and
vasorelaxation in response to Ach or SNP was calculated as percent
reduction from norepinephrine-induced tension.

2.7. Statistical analysis

All in vitro data were from at least three independent experi-
ments. Results were expressed as the mean * standard error. The
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student’s t-test was used to note statistical significance at p < 0.05
between means of treated and control groups.

3. Results

3.1. Insulin treatment promotes AS and eNOS transcription to support
NO production

Since the expression of AS is necessary to support endothelial
NO production [6,27-29], we investigated whether the effects of
insulin on vascular endothelial NO production may be mediated
through AS, or whether the increase in NO production was simply
due to established effects on eNOS activation [30-32]. To examine
changes in AS transcription that may result from insulin treatment,
BAECs were grown to confluence and then serum starved for 16 h
before treatment with insulin for 2 h. RNA was prepared and quan-
titated by qRT-PCR, and as shown in Fig. 1A, there was almost a 2-
fold increase in AS mRNA observed after treatment with 10 nM
insulin. Similarly, eNOS mRNA levels increased 1.5-fold (near
significance) in response to insulin treatment, and these results
with eNOS were comparable to reported values [33].

With cultured endothelial cells, there was sufficient sample to
verify whether mRNA levels corresponded to protein levels. Protein
levels of AS and eNOS were determined by Western blotting and, as
shown in Fig. 1B and C, insulin treatment resulted in an increase in
AS and eNOS protein that closely correlated with the corresponding
mRNA changes. AS and eNOS expression increased 2.2- and 2.5-
fold, respectively, as shown in Fig. 2B. These results demonstrated

A * OAS
E &2 meNOS
»
e
o
>
W 154
<
z
£l
[]
2
w 05
©
[\
0 T
Control Insulin
Treatment

that insulin did indeed promote an increase in AS as well as eNOS
expression.

To show that up-regulation of AS and eNOS expression by insulin
corresponded to enhanced production of NO, cultured endothelial
cells were treated with insulin under basal and stimulatory condi-
tions. BAEC were serum starved for 16 h and treated with or without
insulin (10 nM) for 4 h to measure the effect of insulin on basal NO
levels. For stimulatory conditions, BAEC were again serum starved
for 16 h, and then treated with 10 pM bradykinin, with or without
insulin (10 nM), for 4 h. From both determinations, culture media
was collected and nitrite, a stable metabolite of NO, was measured
using the DAN assay. As shown in Fig. 2, no significant change in
NO production was observed with treatment of insulin alone. How-
ever, under the stimulatory conditions of 10 uM bradykinin, insulin
enhanced the levels of NO produced approximately 30% compared
to cells treated with bradykinin alone.

3.2. Insulin restores AS expression in the streptozotocin-induced
diabetic rat

To ensure that the insulin effects observed in cultured endothe-
lial cells translate to vascular endothelial cells from whole animals,
we investigated the effects of insulin on AS expression in the cor-
onary endothelial cells isolated from STZ-treated diabetic rats.
The STZ-diabetic rat is a well-characterized animal model of type
1 diabetes mellitus for metabolic studies [34,35] and for evaluation
of vascular function [20,36], allowing us to address (1) whether
treatment with insulin in STZ-induced diabetic rats restores AS
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Fig. 1. Quantitation of eNOS and AS expression in cultured cells by qRT-PCR and Western blotting. Confluent BAEC were serum starved for 16 h and treated with 10 nM
insulin for 2 h. Control cells were untreated. (A) Total RNA, isolated from treated and control BAEC, was reverse transcribed and AS and eNOS mRNA levels were measured
relative to GAPDH by qRT-PCR. (B) BAEC were lysed with RIPA buffer, equal amounts of protein were separated by SDS-PAGE, and standard Western blotting was performed
using anti-AS, anti-eNOS, and anti-GAPDH antibodies. (C) Quantitation of the Western blots relative to GAPDH expression, respectively (*p < 0.05, *p < 0.01).
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Fig. 2. Measurement of NO production by stimulated BAEC. Confluent BAEC were
serum starved 16 h and NO production was stimulated by 10 pM bradykinin in the
absence (BK) or presence (BK+ INS) of 10 nM insulin for 4 h. NO produced was
compared to insulin alone (INS) and untreated BAEC (control). Total nitrite from cell
culture media was measured using the 2,3-diaminonaphthalene (DAN) assay.
Nitrite levels were normalized to total protein and reported as relative change from
non-treated (control) (*p < 0.05).

expression, and (2) whether insulin restoration of AS expression
restores endothelial function.

Because STZ selectively destroys insulin-producing beta cells of
the pancreas [37], the effects of STZ treatment are to generate an
animal which is insulin-dependent. This type 1 diabetes was con-
firmed in each animal by measuring serum glucose levels after
treatment. Nonfasting hyperglycemia in the STZ-treated rats aver-
aged 586.3 mg/dL blood glucose compared to 140.4 mg/dL blood
glucose for the untreated, normal animals. Correspondingly, the
hyperglycemia in the STZ-treated rats decreased with increasing
doses of insulin that followed STZ treatment. For the 1/2 implant
(25% normal insulin), the average level in blood glucose was found
to average 462.8 mg/dL, a 21% reduction in blood glucose relative
to STZ alone. For the 1 implant (50% normal insulin) blood glucose
was reduced, on average, to 315.6 mg/dL for approximately 46%
reduction in blood glucose; and for the 2 implants (100% normal
insulin) the average blood glucose was found to be slightly below
the values seen in the normal rats, at 124.5 mg/dL (78% reduction
in blood glucose).
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As shown in Fig. 3, qRT-PCR on the RNA from isolated coronary
endothelial cells demonstrated a 50% decrease in AS mRNA levels
in the STZ induced diabetic rat relative to control animals. A similar
decrease, by approximately 20%in eNOS mRNA levels, was ob-
served to result from STZ-treatment which was comparable with
reported literature values [20]. Importantly, treatment with insulin
was shown to restore both AS and eNOS transcription in a dose-
dependent fashion, consistent with results from cultured endothe-
lial cells where serum starved levels of AS and eNOS mRNAs were
restored by treatment with insulin (Fig. 1).

3.3. Insulin restores acetylcholine induced, NO mediated relaxation in
vascular rings from streptozotocin induced diabetic rats

To demonstrate that reestablishment of AS and eNOS transcrip-
tion relates to the physiological recovery of endothelial function,
vasodilatory studies were carried out on isolated aortic rings from
the STZ-treated rats. Not surprisingly, NO-dependent, acetylcho-
line-stimulated vaso-relaxation was shown to be reduced in aortic
rings taken from STZ-induced diabetic rats compared to those iso-
lated from untreated animals (Fig. 4). Relaxation values (% of max-
imal non-endothelium-mediated relaxation by SNP) decreased
from 61.21 + 1.62% in the normal animals to 45.31 + 3.97% in the
STZ-diabetic animals. However, aortic vessel reactivity was shown
to recover in rats treated with insulin implants as demonstrated by
relaxation values of 54.03+2.41% for 1/2 insulin implant,
70.53 £ 1.58% for 1 insulin implant, and 60.86 * 2.65% for 2 insulin
implants. The 1 insulin implant level actually improved vessel
function to a greater extent than that observed in normal animals,
consistent with its reduction in blood glucose.

4. Discussion

Impairment of endothelial NO production plays a pivotal role in
the pathogenesis of diabetes, compromising endothelial cell regu-
lation of vascular function and homeostasis [38]. Therefore, deci-
phering the molecular mechanisms involved in the constitutive
and stimulated production of NO by vascular endothelial cells is
critical to understanding how physiological cues mediate their car-
diovascular protective effects, thereby maintaining endothelial
function, and how risk factors mediate their deleterious effects
resulting in endothelial dysfunction.
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Fig. 3. Quantitation of eNOS and AS mRNA expression in STZ-induced diabetic rats by qRT-PCR. STZ-induced diabetic rats were compared to normal rats relative to insulin
induced expression of AS and eNOS. Diabetic rats were randomly divided into four groups (n =4 per group). Three groups of diabetic rats had slow-release insulin pellets
implanted under the dorsal skin of the neck at a dosage of 25% normal insulin (1/2 implant), 50% normal insulin (1 implant), and 100% normal insulin (2 implant) for 21 days.
One group of diabetic rats received no implant (STZ). Non-diabetic (Normal) animals also received no implant. Total CEC RNA was reverse transcribed and AS and eNOS mRNA
levels were quantitated relative to ribosomal protein, large P2 (RPLP2) (*p < 0.05 compared to control, *p < 0.05 compared to STZ alone).
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Fig. 4. Endothelium-dependent relaxation assessment of vascular rings isolated from treated STZ-induced diabetic rats. Rats were treated as described in Fig. 3. At 21 days,
animals were euthanized and segments of abdominal aorta were dissected for vessel reactivity studies. Aortic rings were pre-constricted with norepinephrine and aortic
vessel reactivity was measured in the presence of increasing concentrations of acetylcholine (10~'°-10-% M).

In this study, the enhancement of AS expression by insulin in
BAECs was shown to correspond to a similarly enhanced expres-
sion of eNOS, as well as to an augmented response to bradykinin,
evidenced by increased NO production relative to bradykinin treat-
ment alone. The fact that the response to NO stimulators, such a
bradykinin, was enhanced by insulin suggests that one action of
insulin may be to poise the endothelium to more effectively re-
spond to physiological cues by promoting both AS and eNOS
expression. This is important since the coordinate expression of
AS is necessary to maintain an adequate source of arginine to sup-
port endothelial NO production [6]. If arginine availability is lim-
ited under conditions of no or limited insulin sensitivity, this
could lead to enzymatic uncoupling of eNOS with subsequent pro-
duction of reactive oxygen species [39].

Furthermore, using the STZ-treated diabetic rat, we showed that
the absence of insulin resulted in diminished expression of AS
mRNA, as well as eNOS mRNA; the latter having been well-estab-
lished as important to insulin cardioprotective effects [30-32].
The loss of AS expression in coronary endothelial cells from STZ-
treated diabetic rats suggested that insulin signaling is required
to maintain a functional citrulline-NO cycle. Also noted was that
aggressive insulin therapy with regards to the STZ-treated diabetic
rats resulted in an increased expression of both eNOS and AS
mRNA over that of the control with a matching improvement in
vascular function.

In summary, this examination of insulin regulation of endothe-
lial AS transcription provides an additional level of support for the
physiological significance of AS in vascular endothelial NO produc-
tion. These results suggest that insulin preserves optimal endothe-
lial function by maintaining the appropriate expression of the
major enzymatic constituents of the citrulline-NO cycle.
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