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a b s t r a c t

Phosphorylation of endothelial nitric oxide synthase (eNOS) is an important regulator of its
enzymatic activity. We generated knockin mice expressing phosphomimetic (SD) and unphosphory-
latable (SA) eNOS mutations at S1176 to study the role of eNOS phosphorylation. The single amino
acid SA mutation is associated with hypertension and decreased vascular reactivity, while the SD
mutation results in increased basal and stimulated endothelial NO production. In addition to these
vascular effects, modulation of the S1176 phosphorylation site resulted in unanticipated effects on
metabolism. The eNOS SA mutation results in insulin resistance, hyperinsulinemia, adiposity, and
increased weight gain on high fat. In contrast, the eNOS SD mutation is associated with decreased
insulin levels and resistance to high fat-induced weight gain. These results demonstrate the impor-
tance of eNOS in regulation of insulin sensitivity, energy metabolism, and bodyweight regulation,
and suggest eNOS phosphorylation as a novel target for the treatment of obesity and insulin
resistance.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Diabetes and obesity are associated with increased risk for ath-
erosclerotic cardiovascular disease [1] due to multiple pathophys-
iologic links between insulin resistance, obesity, hypertension, and
atherogenic dyslipidemia [2,3]. One common feature of these con-
ditions is endothelial dysfunction, caused by a relative deficiency
of nitric oxide (NO), which normally serves protective roles in
the vasculature [4–6]. Reduced NO bioavailability leads to vaso-
constriction, proliferation of vascular smooth muscle cells, recruit-
ment of inflammatory cells, and increased platelet aggregation, all
of which contribute mechanistically to atherosclerosis [7]. The
importance of normal NO generation has been demonstrated by
the phenotypes of mice lacking the endothelial nitric oxide syn-
thase (eNOS) gene [8], which represent an extreme example of
endothelial dysfunction, because they lack any endothelial NO pro-
duction [9–13].

eNOS enzymatic activity is regulated at multiple levels [7,14],
including gene transcription and mRNA stability [15], substrate
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and cofactor availability [16–18], protein–protein interactions
with hsp90 and caveolins [19], and post-translational modifica-
tions including phosphorylation [20,21]. Among these possible
mechanisms, phosphorylation of eNOS protein at S1177 (human
amino acid sequence numbering) plays important roles in regula-
tion of its enzymatic activity [20,21]. The corresponding amino
acid residue is S1176 in mice; thus, S1176 was modulated in the
current report. Insulin, leptin, vascular endothelial growth factor
(VEGF), estrogens, statins, and shear stress increase eNOS S1176
phosphorylation by Akt kinase [22–27]. Adipokines that regulate
insulin sensitivity and systemic metabolism such as adiponectin
and resistin modulate S1176 phosphorylation by AMP kinase
[28,29]. The convergence of these diverse metabolic signals and
pathways to regulate eNOS activity suggests the importance of
eNOS phosphorylation.

In order to study the role of eNOS S1176 phosphorylation
in vivo, we generated knockin mice that carry a phosphomimetic
and unphosphorylatable mutation in the native eNOS gene. Mice
carrying these single amino acid substitutions at the S1176
phosphorylation site showed expected effects on blood pressure,
NO production, and vascular reactivity. In addition, they also
revealed alterations in glycemic response and bodyweight
regulation. These novel results indicate that modulation of eNOS
phosphorylation significantly influences metabolism and may
therefore be a novel target not only for cardiovascular disease,
but also diabetes and obesity.

http://dx.doi.org/10.1016/j.bbrc.2012.12.110
mailto:phuang1@partners.org
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2. Materials and methods

2.1. Generation and genotyping of SD and SA knockin mice

We used homologous recombination to generate knockin mice
carrying mutations in the eNOS gene. Targeting constructs were
engineered to carry specific amino acid substitutions at the
S1176 codon in the exon 26 of the eNOS gene to encode alanine
(A) or aspartate (D). The constructs also included a neomycin resis-
tance gene flanked by loxP sites for later excision, and a thymidine
kinase gene to select against random integration. The region sur-
rounding exon 26 of the eNOS gene was replaced by homologous
recombination with the mutated exon and the neomycin resis-
tance gene in mouse J1 ES cells. After germ line transmission, the
mice were mated with EIIa-Cre transgenic mice to excise the neo-
mycin gene. Mice were backcrossed to C57BL6 genetic background
by a marker-assisted congenic strategy.

We fed male C57BL/6 and eNOS knockin mice ad libitum with a
standard chow diet or a high-fat diet (Harlan Teklad, TD88137;
0.2% cholesterol and 42% milk fat) from 5 weeks of age for 8 weeks.
All experiments were approved by the Massachusetts General Hos-
pital Institutional Animal Care and Use Committee.
2.2. NO measurement in murine lung endothelial cells

Murine lung endothelial cells (MLECs) were isolated from 8-
week-old WT and eNOS knockin mice, and incubated for 30 min
with or without 1 lM A23187. Nitrite accumulation was measured
by using a chemiluminescence Sievers NO analyzer.
2.3. Measurement of cGMP production in aortic rings

Mouse aortas were pretreated with 200 lM of IBMX, and cGMP
extracted and measured using the Amersham cGMP ELISA kit.
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Fig. 1. Effect of phosphomimetic and unphosphorylatable eNOS mutations on NO produ
and following stimulation with 1 lM A23187 for 30 min. n = 4 for each group. (B) cGMP
WT (n = 13), SD (n = 10), and SA (n = 4) mice. (D) Vascular reactivity in common carotid
mice. (A–D) #P < 0.05 versus SA mice. (E–F) #P < 0.05 versus SD mice.
2.4. Blood pressure determination

Systemic blood pressure was measured in the common carotid
artery using a catheter from pulled PE-10 tubing under isoflurane
anesthesia [30].

2.5. Vascular reactivity studies

Carotid arteries were mounted onto glass cannulas in a pressure
myograph (DMT), and perfused in physiologic saline (PSS). The ves-
sel diameter was continuously recorded using a video system (Ion-
Wizard version 4.4; IonOptix Corp.). After pre-constriction with
10�5 M phenylephrine, increasing concentrations of Ach from
10�9 to 10�5 M were added stepwise to the organ bath. Basal NO
production was inhibited by L-N-arginine methyl ester (L-NAME)
at 3 � 10�4 M for 30 min. Dose–response curves for SNP from
10�9 to 10�5 M were measured. Passive diameters were determined
by applying Ca2+-free PSS. ACh and SNP relaxation responses were
expressed as percentage change in diameter after phenylephrine
preconstriction compared with the difference between calcium-
free diameter and diameter after phenylephrine constriction.

2.6. Insulin and glucose tolerance tests

At 15 and 16 weeks of age, animals were subjected insulin and
glucose tolerance tests, respectively. After 16 h fast, intraperitoneal
insulin (1 U/kg of Humulin-R) or glucose (2 g/kg) was administered
and blood samples measured for glucose at 0, 15, 30, 60, 120 min
using a BREEZE� 2 Blood Glucose Meter (Bayer).

2.7. Biochemical characterization

Serum measurements for insulin, leptin, adiponectin, and MCP-
1 were measured by ELISA. Serum lipid analysis was performed by
Skylight Biotech Inc. (Akita, Japan) using HPLC.
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Fig. 2. Effect of phosphomimetic and unphosphorylatable eNOS mutations on insulin sensitivity on regular chow and on high fat diet. (A) Intraperitoneal ITT and GTT of WT
and eNOS knockin mice fed a regular chow diet. Left, ITT at 15 weeks in WT (n = 17), SD (n = 36) and SA (n = 25) mice. Right, GTT at 16 weeks in WT (n = 23), SD (n = 33) and SA
(n = 28) mice. (B) Fasting and non-fasting plasma glucose levels (left) and serum insulin levels (right) in WT and eNOS knockin mice. (C) Intraperitoneal ITT and GTT of WT and
eNOS knockin mice fed a high fat diet. (D) Fasting and non-fasting plasma glucose levels (left) and serum insulin levels (right) in WT and eNOS knockin mice after 8 weeks on
high-fat diet. ⁄P < 0.05 as compared to WT mice. #P < 0.05 versus SD mice.
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2.8. Histology

Paraffin sections (5 lm) of epididymal fat pads were stained
with hematoxylin-eosin. Cross-sectional areas of adipocytes were
measured using MatLab 7.5 software.

2.9. qPCR analysis

Quantitative real-time PCR was performed using an ABI Prism
7000 (Applied Biosystems) with SYBR Green Master Mix (SABio-
sciences) and normalized to a-actin.

2.10. Statistics

Data were analyzed by unpaired Student’s t-test or one-way
analysis of variance (ANOVA) and Bonferroni’s post-test as appro-
priate. Values are expressed as mean ± s.e.m. Statistical signifi-
cance was set at P < 0.05.

3. Results

3.1. Modulation of the eNOS S1176 phosphorylation site affects NO
production, blood pressure, and vascular reactivity

We generated knockin mice carrying specific single amino acid
substitutions in the native eNOS gene. We mutated the S1176 co-
don to encode alanine (A) or aspartate (D), resulting in an unpho-
sphorylatable (SA) and a phosphomimetic (SD) mutation. These
mutant forms of eNOS have been characterized in vitro [20,21],
but not in vivo in intact animals. Both the eNOS SA and SD mutant
knockin mice are viable and fertile. All experiments were per-
formed on animals on C57BL/6 genetic background.
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Fig. 3. Effect of phosphomimetic and unphosphorylatable eNOS mutations on weight gain. (A) Weekly weight profile of WT and eNOS knockin mice on regular chow and high
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Endothelial cells isolated from SD mice showed greater produc-
tion of NO under basal conditions and after stimulation with the
calcium ionophore A23187 than WT or SA mice (Fig. 1A). Cumula-
tive cGMP production in the presence of the phosphodiesterase
inhibitor isobutylmethylxanthine (IBMX) was also greater in aortic
rings from SD mice than WT or SA mice (Fig. 1B).

Mean arterial blood pressure of eNOS SA mice was higher
(111.6 ± 3.7mmHg) than that of WT (91.8 ± 2.4mmHg) and eNOS
SD mice (98.0 ± 4.4mmHg), as shown in Fig. 1C. To assess endothe-
lium dependent relaxation, we measured vascular reactivity of iso-
lated pressurized carotid arteries using a myograph in response to
acetylcholine (ACh). The vascular reactivity dose–response curve
was significantly shifted to the right in SA mice compared with
WT or SD mice, indicating reduced vascular relaxation (Fig. 1D).

3.2. S1176 mutations affect insulin sensitivity and glucose metabolism

To determine the effects of eNOS S1176 phosphorylation site on
insulin sensitivity and glucose metabolism, we performed intra-
peritoneal insulin (IPITT) and glucose (IPGTT) tolerance tests on
the eNOS knockin mice. On normal chow diet, the ability of insulin
to reduce glucose levels was impaired in SA mice compared to SD
and WT mice (Fig. 2A, left). In the IPGTT, the SD mice had improved
glucose tolerance compared with SA mice and WT mice (Fig. 2A,
right). Fasting and non-fasting glucose levels, and fasting insulin
levels, were not significantly different among these genotypes
(Fig. 2B). The non-fasting insulin level was significantly higher in
SA (1.25 ± 0.12 lg/l) mice compared to SD mice (0.79 ± 0.10 lg/l)
(Fig. 2B, right). These results suggest that SA mice are able to main-
tain normal glucose levels and normal IPGTT response despite im-
paired insulin responsiveness, because of their higher insulin
levels. This is similar to the pathophysiology of developing type 2
diabetes in humans. In contrast, the SD mice require less insulin
to dispose of plasma glucose upon feeding, indicating higher
peripheral insulin sensitivity. Taken together, these results show
that modulation of the eNOS S1176 site affects systemic insulin
sensitivity and responses to glucose challenge.

In the setting of a high fat for 8 weeks, SA mice displayed a sig-
nificantly blunted response to insulin, and 15 and 30 min time-
points measured in the IPITT curve were significantly higher than
in WT mice and SD mice (Fig. 2C, left). In contrast, there was no sig-
nificant difference between the IPGTT curves for WT, SA and SD
mice (Fig. 2C, right). Fasting and non-fasting glucose levels among
all the genotypes were significantly higher than those upon feeding
with a chow diet (Fig. 2D, left). After high fat diet, the fasting glu-
cose level of SA (129.7 ± 5.5 mg/dl) was higher than that of SD
(110.5 ± 5.0 mg/dl) mice (Fig. 2D, left), while it had been normal
with the chow diet. Fasting and non-fasting serum insulin levels
of SA mice (1.77 ± 0.26 lg/l and 3.44 ± 0.66 lg/l) were also higher
than those of SD mice (0.73 ± 0.19 lg/l and 1.35 ± 0.20 lg/l) and
WT mice (1.52 ± 0.22 lg/l and 1.93 ± 0.32 lg/l) (Fig. 2D, right).
Thus, high fat diet exaggerates the metabolic abnormalities seen
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288 S. Kashiwagi et al. / Biochemical and Biophysical Research Communications 431 (2013) 284–290
in SA mice, with the development of fasting hyperglycemia and
more marked hyperinsulinemia.

Interestingly, the fasting insulin level of SD mice after high fat
diet was lower than seen in either WT or SA mice. Insulin levels
also remained the same after high fat diet as with a chow diet
(0.71 ± 0.13 lg/l versus 0.73 ± 0.19 lg/l) (Fig. 2B and D). These re-
sults suggest that SD mice maintain lower insulin levels despite
high fat diet. In contrast, the SA mice show diet-induced hyperin-
sulinemia and decreased insulin sensitivity. Thus, the phosphomi-
metic SD mutation confers protection against diet-induced insulin
resistance, while the unphosphorylated SA mutation is associated
with insulin resistance exaggerated by high fat diet.
3.3. eNOS SA mutation is associated with increased weight gain with
high fat diet

On a regular chow diet, the growth curves and rates of weight
gain were similar among the three genotypes. However, on a high
fat diet, SA mice showed a faster increase in weight than SD or WT
mice (Fig. 3A and B). The body weight of SA mice was significantly
higher than those of WT and SD mice. Total food intake did not dif-
fer between the genotypes (Fig. 3C and D).
3.4. Increased energy storage and inflammation in adipose tissue of SA
knockin mice

We examined the expression of genes responsible for energy
storage in adipose tissue. While expression of SREB F1 and CD36
were the same, LpL, FASN and FABP4, which lie downstream of
insulin, were up-regulated in SA mice (Fig. 4A). Histologically,
the size of each adipocyte was significantly larger in SA mice com-
pared to that of SD mice (10.3 ± 0.4 � 103 lm2 versus
6.7 ± 0.1 � 103 lm2) (Fig. 4B and C).

Expression of inflammatory cytokines, such as IL-6, TNF-a,
inducible nitric oxide synthase (iNOS), and MCP-1 in adipose tissue
was increased in SA mice compared to SD mice (Fig. 4D). Serum
MCP-1 concentration was significantly increased in SA mice (Ta-
ble 1). Adiponectin, which plays a key role in glucose and lipid
homeostasis and is decreased in diabetes and metabolic syndrome



Table 1
Effect of eNOS mutation on serum adipokines and lipid profile.

Chow HFD

S1177D S1177A S1177D S1177A

Fasting leptin 9.02 ± 3.68 6.33 ± 3.15 18.74 ± 4.55 37.71 ± 5.22#

(ng/ml) (n = 6) (n = 4) (n = 6) (n = 6)
Fasting adiponectin 8.99 ± 0.43 6.78 ± 0.83* 9.78 ± 0.72 7.83 ± 0.33#

(lg/ml) (n = 6) (n = 5) (n = 5) (n = 4)
MCP-1 14.84 ± 2.02 45.88 ± 10.48* 14.49 ± 2.02 27.11 ± 6.49#

(pg/ml) (n = 11) (n = 7) (n = 5) (n = 6)
NEFA 0.32 ± 0.03 0.43 ± 0.04* 0.36 ± 0.04 0.65 ± 0.19
(mEq/l) (n = 7) (n = 6) (n = 3) (n = 4)
HDL 81.92 ± 7.73 63.59 ± 5.87 137.88 ± 14.96 172.11 ± 7.03
(mg/dl) (n = 7) (n = 6) (n = 3) (n = 4)
VLDL 3.56 ± 0.65 3.59 ± 0.50 8.75 ± 1.09 10.95 ± 1.65
(mg/dl) (n = 7) (n = 6) (n = 3) (n = 4)
sLDL 1.88 ± 0.11 2.31 ± 0.17 4.55 ± 0.29 6.34 ± 0.46#

(mg/dl) (n = 7) (n = 6) (n = 3) (n = 4)
LDL 9.60 ± 0.60 11.71 ± 0.82 25.16 ± 3.99 42.70 ± 5.52#

(mg/dl) (n = 7) (n = 6) (n = 3) (n = 4)
Tryglyceride 40.49 ± 10.01 37.71 ± 4.16 27.29 ± 9.77 24.13 ± 5.04
(mg/dl) (n = 7) (n = 6) (n = 3) (n = 4)

Values are the mean ± s.e.m.
HFD: high fat diet, MCP-1: monocyte chemotactic protein-1, NEFA: non-esterified fatty acid, HDL: high-density lipoprotein, VLDL: very low-density lipoprotein, sLDL: small
low-density lipoprotein, LDL: low-density lipoprotein.
* P < 0.05 as compared to SD mice on chow diet.

# P < 0.05 as compared to SD mice on HFD.
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[31], was significantly lower in SA mice compared to SD mice
(Table 1).

After high fat diet, the masses of fat depots of SA mice were
higher than those of SD mice, indicating higher adiposity along
with weight gain (Fig. 4E). Serum leptin level of SA mice was also
increased (Table 1) as was liver weight. SA mice had elevated low-
density lipoprotein (LDL) cholesterol and particularly small dense
LDL particles, compared to SD mice (Table 1).
4. Discussion

We report here that single amino acid modifications at the
eNOS S1176 phosphorylation site directly affect systemic insulin
sensitivity and bodyweight regulation. The unphosphorylatable
SA eNOS mutation results in insulin resistance, hyperinsulinemia,
and fasting hyperglycemia. SA mice show increased adiposity,
expression of inflammatory markers, and increased weight gain
on high fat diet. In contrast, the phosphomimetic SD mutation re-
sults in decreased insulin levels and protection from diet-induced
insulin resistance.

The eNOS SA and SD mice express normal levels of eNOS pro-
tein. By mimicking the biological actions of phosphorylated and
unphosphorylated states, they can reveal how modulation of the
S1176 phosphorylation site affects vascular function. The vascular
phenotypes of the mice are consistent with known roles of NO.
Endothelial cells from SD mice show greater NO production, great-
er aortic cGMP content, and lower blood pressure.

S1176 mice show unanticipated phenotypes related to metabo-
lism. SA mice show insulin resistance. When fed a normal diet,
they maintain euglycemia in the face of insulin resistance by
hyperinsulinemia. When faced with the increased stress of a high
fat diet, they are unable to compensate fully for insulin resistance
by hyperinsulinemia, resulting in hyperglycemia. In contrast, the
SD mice show resistance to the effects of high fat diet and maintain
insulin sensitivity and a lean phenotype.

NO is an important downstream effector of insulin signaling.
NO induces translocation of GLUT4 and increases glucose uptake
in muscle cells and adipocytes [32–36]. Insulin increases blood
flow in muscle and adipose tissue via NO, resulting in an increase
in glucose uptake in these tissues [37–39]. Additionally, NO medi-
ates mitochondrial biogenesis and increases energy expenditure in
adipose tissue, resulting in glucose consumption [40,41]. Because
of these important functions of NO, it is not surprising that total
absence of eNOS in knockout mice can affect metabolism [42–
45]. What is surprising is that the single amino acid substitution
of SA has profound effects that mimic eNOS knockout mice in the
setting of completely normal eNOS protein levels and basal enzy-
matic activity. In contrast, SD mice fed a high fat diet maintain
insulin sensitivity and have a lean phenotype. These results indi-
cate that eNOS phosphorylation state and its regulation play
important roles in insulin sensitivity.

We previously showed that modulation of eNOS phosphoryla-
tion, using a different transgenic approach, affects outcome to an
intact animal model of stroke [30]. We also showed that the defec-
tive postnatal angiogenesis characteristic of Akt1 knockout mice
was rescued by a phosphomimetic eNOS SD mutation [46]. The
current report is the first demonstration that eNOS phosphoryla-
tion may be a therapeutic target for obesity and metabolism. Our
results show that single amino acid modulation of the eNOS
S1176 phosphorylation site alone is sufficient to affect systemic
insulin sensitivity. Mice carrying the unphosphorylatable SA muta-
tion display insulin resistance and features of metabolic syndrome,
while mice carrying the phosphomimetic SD mutation show de-
creased insulin levels and resistance to high fat induced weight
gain. Together, these results demonstrate a crucial role for eNOS
phosphorylation in the mechanisms of metabolic diseases, and
suggest that eNOS phosphorylation may be a useful target for
treatment of diabetes and obesity.
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