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NO prevents atherosclerosis by inhibiting leukocyte 
adhesion and transcytosis through the endothelium. 

Constitutive endothelial NO synthase (eNOS) generates NO 
from L-arginine in endothelial cells. Functional eNOS is a 
dimer and is regulated through protein–protein interactions, 
subcellular trafficking, and through phosphorylation of ser-
ine, threonine, or tyrosine residues.1 Dysregulation of any of 
these leads to aberrant eNOS activity in diabetes mellitus and 
thus causes endothelial dysfunction and consequent vascu-
lar complications.2,3 Before developing overt hyperglycemia, 
patients with diabetes mellitus exhibit insulin resistance and 
compensatory hyperinsulinemia. Recent studies have dem-
onstrated that chronic hyperinsulinemia induces endothe-
lial inflammation in a p38 mitogen-activated protein kinase 
(MAPK)–dependent manner4,5 and enhances the sensitivity of 
endothelial cells to suboptimal concentrations of tumor necro-
sis factor-α.6 However, the signaling intermediates involved in 
this cascade are ill characterized.

Src-homology domain-2–containing protein tyrosine 
phosphatase 2 (SHP2) is a ubiquitously expressed cytosolic 
phosphatase.7 It potentiates insulin-induced MAPK activation. 
It also mediates cytokine-induced nuclear factor-κB and Janus 
kinase-signal transducer and activator of transcription signaling 
in immune cells.7,8  In endothelial cells, SHP2 regulates eNOS 

activity in response to flow and vascular endothelial growth 
factor through mechanisms involving protein kinase A and 
Akt, respectively.9,10 The enzyme consists of 2 N-terminal 
SH2 domains, a catalytic protein tyrosine phosphatase (PTP) 
domain, and C-terminal tyrosine phosphorylation sites (Tyr542 
and Tyr580). Tyr542 and Tyr580 constitute the consensus binding 
sites (YXNX) for growth factor receptor-bound protein 2 
(Grb2) SH2 domain.11,12 In a resting state, SHP2 exists in a 
folded autoinhibitory conformation and gets activated upon 
binding of its SH2 domains to phosphotyrosine motifs present 
in adapter proteins such as Grb2-associated-binding protein 
1 (Gab1),13 fibroblast growth factor receptor substrate 2,14  
insulin receptor substrate-1 (IRS-1),15 or SH2 domain-
containing protein tyrosine phosphatase substrate-1.16 Others 
have shown that phosphorylation of tail tyrosine residues 
(Tyr542 and Tyr580) of SHP2 is necessary for growth factor– 
and cytokine-induced MAPK signaling.17–19 Given that SHP2 
is a positive regulator of MAPK signaling and because p38 
MAPK mediates hyperinsulinemia-induced endothelial 
inflammation, we wanted to determine whether SHP2 is 
involved in this cascade. In the present study, we demonstrate 
that in endothelial cells, SHP2 is phosphorylated at Tyr542 in 
response to insulin and upregulates its own expression in a 
p38 MAPK–dependent manner. Increased SHP2 consequently 
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Objective—Insulin promotes adhesion of leukocytes to the endothelium through increased expression of surface adhesion 
molecules. We determined whether src-homology domain-2–containing protein tyrosine phosphatase 2 (SHP2), a 
downstream effecter of insulin signaling, is involved in insulin-induced endothelial inflammation.

Methods and Results—In human umbilical vein–derived endothelial cells, treatment with insulin (100 nmol/L) increased  
Tyr542 phosphorylation, activity, and subsequently expression of SHP2. Increase in SHP2 accompanied a parallel decrease 
in the availability of the anti-inflammatory molecule, NO. This consequently enhanced the expression of cell adhesion 
molecules. Decrease in NO index was caused by endothelial NO synthase (eNOS) uncoupling and increased arginase 
activity. Among the 2 isoforms, insulin treatment induced the expression of arginase II. Inactivation of endogenous 
SHP2 via NSC87877 [8-hydroxy-7-(6-sulfonapthalen-2-yl)-diazenyl-quinoline-5-sulfonic acid] and its knockdown by 
small interfering RNA decreased arginase activity by blocking arginase II expression; however, it failed to restore eNOS 
coupling. Inactivation of SHP2 also abrogated insulin-mediated leukocyte adhesion by blocking the expression of adhesion 
molecules. Finally, downregulation of endogenous arginase II blocked insulin-mediated endothelial inflammation.

Conclusion—SHP2 mediates chronic insulin-induced endothelial inflammation by limiting the production of NO in an 
eNOS–independent and arginase-II–dependent manner. (Arterioscler Thromb Vasc Biol. 2012;32:1943-1950.)
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upregulates the expression and activity of arginase II, thereby 
decreasing the cellular NO to promote leukocyte adhesion.

Methods
For a detailed section on Materials and Methods, please refer to the 
online-only Data Supplement. Experimental procedures involving 
human tissue samples (umbilical cord or blood) were reviewed and 
approved by the IIT Madras institutional ethics committee in accor-
dance with Declaration of Helsinki revised in 2000.

Cell Culture
Human umbilical vein–derived endothelial cells (HUVECs) were 
isolated from umbilical cords by digestion with collagenase.20 
HUVECs were cultured maximum up to passage 2. Nuclear local-
ization of SHP2 was assessed via confocal microscopy (Zeiss LSM 
710; Carl Zeiss Microscopy GmbH, Munich, Germany) and sub-
cellular fractionation as described in a published study.21 Changes 
in mRNA expression were determined by semiquantitative reverse-
transcriptase polymerase chain reaction. NO release from endo-
thelial cells was measured via 4,5-diaminofluorescein diacetate  
imaging. 4,5-diaminofluorescein diacetate is a cell-permeable dye 
that fluoresces upon binding to NO.

Peripheral Blood Mononuclear Cell–HUVEC 
Adhesion Assay
HUVEC monolayers were treated with endotoxin-free insulin for 
the mentioned duration before adhesion experiment. PKH26-labeled 
peripheral blood mononuclear cells were incubated with insulin-
treated HUVECs at 37°C and 5% CO

2
 for 3 hours based on a pub-

lished study.22 Cells were then washed with PBS thrice to remove 
nonadherent leukocytes. Adhesion was assessed as the number of leu-
kocytes adhered to HUVEC monolayer per field view. Each experi-
ment was performed in triplicate, and the results are summarized for 
a minimum of 3 independent experiments.

Phosphatase Assay
Immunoprecipitated enzyme was incubated with 20 mmol/L p-nitro-
phenol phosphate as substrate for 2 hours at 37°C. The reaction was 
stopped by addition of 5 nmol/L NaOH, and the amount of p-nitro-
phenol released was measured at 405 nm.23

Arginase Assay
Cells were lyzed by sonication at 20 kHz for 30 s (10 s/cycle) in a 
lysis buffer containing 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L 
NaCl, and protease inhibitor cocktail with or without selective argi-
nase inhibitor (S)-(2-boronoethyl)-L-cysteine hydrochloride. Arginase 
activity was measured as described previously.24

Data Analysis
Data are expressed as mean±SEM, and statistics were performed 
using Student t test. Values of P<0.05 were considered to be statisti-
cally significant.

Results
Insulin Promotes Endothelial Inflammation Even at 
Lower Concentration
Hyperinsulinemia observed during pre-diabetes and metabolic 
syndrome is associated with increased circulating levels of 
proinflammatory cytokines.25,26 Others have shown that chronic 
hyperinsulinemia enhances endothelial inflammation through 
increased surface expression of adhesion molecules.4,5 We 
sought to determine which between the 2, the concentration or 

the duration of insulin treatment, is necessary to impart these 
proinflammatory effects. Confluent cultures of HUVECs were 
treated with varying concentrations of insulin either acutely 
for 30 minutes or chronically for 48 hours in the absence of 
other inflammatory cytokines before performing adhesion 
experiments. As shown in Figure 1A and 1B, although higher 
concentrations of insulin (50 nmol/L or 100 nmol/L) caused 
a marginal increase in leukocyte adhesion upon short-term 
exposure (30 minutes), it was the sustained insulin treatments 
that were more effective. For chronic exposure of 48 hours, 
even a lower concentration of 1 nmol/L insulin was effective 
in enhancing leukocyte adhesion by almost 2.5-fold (Figure 
1B). Thus, insulin is proinflammatory on endothelial cells 
even at lower concentrations, provided the treatment is long-
term. These effects of insulin were not attributable to secretion 
of extracellular inflammatory factors because conditioned 
media obtained from insulin-treated HUVECs failed to 
elicit inflammatory effects on insulin-naive endothelial cells 
(Figure IA in the online-only Data Supplement). Leukocyte 
adhesion was partially attenuated upon small interfering 
RNA (siRNA)–mediated downregulation of insulin 
receptor-β (Figure 1C and Figure IB in the online-only 
Data Supplement). We next determined the effect of insulin 
on time-dependent expression of adhesion molecules via 
reverse-transcriptase polymerase chain reaction (Figure 1D). 
Because for both acute and chronic treatment maximal effects 
were seen with higher concentration, we used 100 nmol/L 
insulin for gene expression analysis. A biphasic response was 
seen for E-selectin with immediate expression at 30 minutes 
followed by sustained expression from 6 hours onward. In 
contrast, expression of intercellular cell adhesion molecule-1, 
vascular cell ahesion molecule-1, and platelet endothelial cell 
adhesion molecule-1  remained significantly high from 3 hours  
onward. The bar graphs for the same are represented in 
Figure IC to IF in the online-only Data Supplement. Increase 
in protein expression for E-selectin and intercellular cell 
adhesion molecule-1 in response to chronic insulin was also 
confirmed (Figure 1E). It should be noted that the expression 
of adhesion molecules was maximal for chronic exposures 
of insulin (ie, for exposure ≥12 hours). In addition, insulin 
induced p38 MAPK activation with stronger effects seen up 
to 6 hours (Figure 2A). The activation was sustained even at 
later time points, although the magnitude of activation was 
lower. Inhibition of p38 MAPK with SB203580, however, 
blocked chronic insulin-induced leukocyte adhesion (Figure 
2B) and expression of adhesion molecules (Figure IIA in the 
online-only Data Supplement).

Insulin Treatment Attenuates NO
Chronic insulin dose-dependently reduced the availability 
of NO from endothelial cells in response to L-arginine, as 
seen via 4,5-diaminofluorescein diacetate fluorescence in 
Figure IIB and IIC in the online-only Data Supplement. In 
addition, in a time-response experiment 100 nmol/L insu-
lin decreased NO levels from 3 hours onward (Figure 2C). 
Intriguingly, the decrease in NO was not attributable to defec-
tive activation of Akt, neither was it attributable to defective 
phosphorylation of eNOS at its activating Ser1177 residue  
(Figure 2D). However, the monomer (M) to dimer (D) ratio of 
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eNOS increased from 3 hours onward with maximal increase 
at 48 hours (Figure 2E), thereby suggesting eNOS uncou-
pling. Upon treatment with exogenous NO donor diethylene-
triamine nitric oxide,  inflammatory effects of insulin were 
abrogated (Figure 2F and Figure IID in the online-only Data 
Supplement).

Insulin Treatment Increases Protein Tyrosine 
Phosphatase SHP2 Activity and Expression
Insulin treatment (100 nmol/L) increased tyrosine phos-
phorylation of SHP2 at position 542 as early as 10 minutes 
with continued phosphorylation even at later time points 
(Figure 3A). Furthermore, insulin increased the protein 
expression of SHP2 from 6 hours onward (Figure 3B). No 
measurable differences in cell numbers or total cellular 
protein content after insulin treatment were detected (data 
not shown). Both NSC87877 and SB203580 blocked insu-
lin-induced increase in SHP2 protein levels (Figure 3C). 
NSC87877 binds to the catalytic cleft of SHP2 and inhibits 
it.27 It also inhibits SHP-1 with similar potency; however, 
the expression of SHP-1 is restricted to hematopoietic and 
epithelial cells.28 Knockdown of insulin receptor-β also 
attenuated insulin-induced expression of SHP2 (Figure 
3D). When equal amounts of SHP2 were pulled down via 
immunoprecipitation, even the overall enzyme activity per 

molecule of SHP2 was significantly enhanced in response 
to insulin (Figure 3E).

Within 30 minutes of insulin treatment, SHP2 was localized 
to the nucleus, and this nuclear retention was seen as long 
as insulin was present (Figure IIIA and IIIB in the online-
only Data Supplement). Because IRS-1 is a major SHP2 
interacting adapter molecule, we sought to determine whether 
it is involved in this cascade. Neither acute nor chronic insulin 
treatment induced tyrosine phosphorylation of IRS-1 (data not 
shown). It also failed to mediate any interaction of SHP2 with 
IRS-1 (data not shown). We then determined whether adapter 
protein Gab1, which is also a coactivator of SHP2, is involved 
in this pathway. It should be noted that although SHP2 lacks 
a nuclear localization signal, it is present in Gab1.29 Increased 
activity of SHP2 was accompanied by increased tyrosine 
phosphorylation (at Tyr627) of Gab1 (Figure 3F). Tyrosine 
phosphorylation of Gab1 at Tyr627 mediates its interaction with 
SHP2 and thus assists in SHP2 activation.13 Overexpression of 
Gab1 mutant (Gab1YF) incapable of interacting with SHP2 
although blocked nuclear localization of SHP2 (Figure IIIC in 
the online-only Data Supplement), it failed to block insulin-
induced leukocyte adhesion (Figure IIID in the online-only 

Figure 1. Endothelial inflammation in response to insulin. A, 
Representative picture depicting adherence of PKH26-labeled 
leukocytes to insulin-treated human umbilical vein–derived endo-
thelial cell (HUVEC) monolayer. B, Bar graph summarizing data 
for 5 independent experiments. C, Effect of insulin receptor (IR)-β 
knockdown on chronic insulin-induced leukocyte adhesion. D, 
Reverse-transcriptase polymerase chain reaction for adhesion 
molecules and (E) representative Western blot for protein expres-
sion of E-selectin and intercellular cell adhesion molecule-1 
(ICAM-1) (*P≤0.05 and ***P≤0.001 vs corresponding control). 
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Figure 2. Leukocyte adhesion is attributable to increased p38 
mitogen-activated protein kinase (MAPK) and decreased NO. 
A, Time-dependent activation of p38 MAPK in response to 100 
nmol/L insulin. B, Effect of SB203580 on chronicinsulin-mediated 
leukocyte adhesion. C, Time-dependent decrease in NO levels 
upon exposure to 100 nmol/L insulin. D, Representative Western 
blot for Ser473 Akt and Ser1177 endothelial NO synthase (eNOS). E, 
eNOS uncoupling in response to insulin. D indicates dimer; M, 
monomer. F, Effect of diethylenetriamine nitric oxide (DETANO) 
on leukocyte adhesion. Bar graphs summarize data for a mini-
mum of 3 independent experiments (*P≤0.05 and **P≤ 0.01 vs 
corresponding control and †P≤0.05 vs insulin).
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Data Supplement). Even the knockdown of endogenous Gab1 
with siRNA failed to block leukocyte adhesion (Figure IIIE 
in the online-only Data Supplement). Hence, both IRS-1 and 
Gab1 are of minimal consequence in this cascade.

SHP2 Mediates Inflammatory Effects of Insulin
We next sought to determine whether upregulated SHP2 
is involved in insulin-induced leukocyte adhesion and if 
it is involved, does it bring about insulin-mediated p38 
MAPK activation, reduction in cellular NO, and increase 

in adhesion molecule expression. Inhibition of SHP2 with 
NSC87877 attenuated p38 MAPK activation (Figure 4A). 
Overexpression of Y542F mutant of SHP2 (YF-SHP2) also 
blocked insulin-induced p38 MAPK activation (Figure 
4B). Because maximal increase in SHP2 expression and 
leukocyte adhesion was seen at 48 hours of insulin treat-
ment in conjunction with maximal decrease in NO at 48 
hours, all the subsequent experiments were performed 
with 48 hours of chronic insulin exposure unless speci-
fied otherwise. Both knockdown via siRNA and inhibi-
tion by NSC87877 partially restored NO despite chronic 

Figure 3. Src-homology domain-2–containing protein tyrosine 
phosphatase 2 (SHP2) is upregulated in response to chronic 
insulin treatment. A, Tyr542 phosphorylation of SHP2 in response 
to insulin. B, Time-dependent increase in SHP2 protein expres-
sion in response to 100 nmol/L insulin. C, Effect of NSC87877 
[8-hydroxy-7-(6-sulfonapthalen-2-yl)-diazenyl-quinoline-5-sulfonic 
acid] and SB203580 on SHP2 expression. Cells were pretreated 
with inhibitors for 2 hours before 6-hour insulin treatment. D, 
Effect of knockdown of endogenous insulin receptor (IR)-β on 
insulin-induced SHP2 expression. E, SHP2 immnuophosphatase 
assay in response to chronic insulin. Inset shows equal pull down 
of immunoprecipitated SHP2. F, Phosphorylation of Tyr627 of Gab1 
in response to 100 nmol/L insulin. Bar graphs summarize data for 
a minimum of 3 independent experiments (*P≤0.05, **P≤0.01, and 
***P≤0.001 vs corresponding control and †P≤0.05 vs insulin).

Figure 4. Effect of src-homology domain-2–containing protein 
tyrosine phosphatase 2 (SHP2) downregulation and YF-SHP2 
on p38 mitogen-activated protein kinase (MAPK) activation, NO 
index, and leukocyte adhesion. A, Blockade of insulin-induced 
p38 MAPK activation by NSC87877 [8-hydroxy-7-(6-sulfonaptha-
len-2-yl)-diazenyl-quinoline-5-sulfonic acid]. B, Representative 
Western blot for blockade of insulin-induced p38 MAPK activa-
tion in ECV304 cells overexpressing YF-SHP2. C, NO levels in 
cells treated with SHP2 small interfering RNA (siRNA) in response 
to chronic insulin. D, Endothelial NO synthase (eNOS) protein 
levels after insulin treatment in the presence or absence of 
NSC87877. E, eNOS uncoupling in response to chronic insulin in 
the presence of SHP2 siRNA. F, Effect of SHP2 siRNA on insulin-
induced adhesion molecule expression. G, Adhesion assay after 
chronic insulin treatment in the presence or absence of SHP2 
inhibitor. H, Effect of SHP2 siRNA on leukocyte adhesion. Inset 
is a representative Western blot confirming downregulation 
of endogenous SHP2 (*P≤0.05 and ***P≤0.001 vs control and 
†††P≤0.001 vs 100 nmol/L insulin treatment).
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insulin treatment (Figure 4C and Figure IVA and IVB in the 
online-only Data Supplement). Reversal of NO index was 
not attributable to any changes in protein levels of eNOS 
(Figure 4D) neither was it attributable to reversal of eNOS 
uncoupling (Figure 4E). Expression of adhesion molecules 
in response to chronic insulin was blocked by SHP2 down-
regulation (Figure 4F and Figure IVC in the online-only 
Data Supplement) as well as by NSC87877 (Figure IVD). 
Furthermore, adhesion of leukocytes to chronically treated 
HUVECs (1 nmol/L or 100 nmol/L insulin) was signifi-
cantly attenuated by NSC87877 and SHP2 siRNA (Figure 
4G and 4H and Figure IVE and IVF in the online-only Data 
Supplement). Thus, irrespective of the concentration of 
insulin used, the chronic insulin-mediated inflammatory 
responses are abrogated by blocking SHP2.

Increased Arginase Activity Reduces NO Index and 
Thus Promotes Endothelial Inflammation
Because SHP2 inhibition restored NO index in an eNOS-inde-
pendent manner, we next sought to determine the involvement 
of arginases. Arginases compete with eNOS for their common 
substrate L-arginine. They have a greater V

max
 and thus limit 

NO synthesis and NO-dependent vasodilatory functions of the 
endothelium.30 Insulin time-dependently increased the cellu-
lar arginase activity from 6 hours onward (Figure 5A). This 
increase was reversed upon knockdown of SHP2 via siRNA 
(Figure 5B). In addition, (S)-(2-boronoethyl)-L-cysteine, a 
selective arginase inhibitor, restored the availability of NO 
(Figure 5C) and prevented the adhesion of leukocytes to insu-
lin-treated HUVECs (Figure 5D). Thus, the decreased NO 
index is attributable to increased arginase activity and eNOS 
uncoupling, of which SHP2 downregulation only reverses 
arginase activity.

SHP2 Promotes Arginase II Gene Expression
Two isoforms of arginases, arginase I and arginase II, 
are expressed in human endothelial cells.30 We failed to 
detect arginase I expression in resting and insulin-treated 
HUVECs, although it was detected upon treatment with 
lipopolysaccharides (Figure VA in the online-only Data 
Supplement). In contrast, insulin time-dependently 
increased expression of arginase II (Figure 6A), which 
could be blocked through downregulation of endogenous 
SHP2 (Figure 6B) or upon overexpression of YF-SHP2 
(Figure 6C). Downregulation of SHP2 via siRNA was 
confirmed through Western blotting (data not shown). 
Insulin-mediated increase in arginase activity was also 
blocked by overexpression of catalytically inactive 
SHP2 mutant (Figure 6D), whereas overexpression of 
wild-type SHP2 enhanced the expression of arginase II 
(Figure VB in the online-only Data Supplement). Finally, 
downregulation of endogenous arginase II blocked insulin-
induced expression of adhesion molecules (Figure VC in 
the online-only Data Supplement) and leukocyte adhesion 
(Figure 6E). Thus, increase in SHP2 mediates chronic 
insulin-induced endothelial inflammation by an eNOS-
independent and arginase-II–dependent mechanism.

Discussion
Insulin concentrations ranging from 1 to 10 nmol/L are 
attainable in fasting and postprandial states of prediabetic 
individuals.31,32 We observed that insulin-mediated leuko-
cyte adhesion on to the endothelium is highly pronounced 
for sustained as opposed to acute insulin treatment even for 
lower concentration of insulin. This finding suggests that 
mere infusions of insulin is not effective in inducing endo-
thelial activation33; instead a chronic exposure such as that 
achieved via chronic infusion of low-dose lipids34 will have 
more deleterious effects on vascular inflammation. Thus, the 
present study highlights the importance of chronic insulin 
exposure toward endothelial inflammation, a condition that 
can be envisaged in vivo in insulin-resistant hyperinsulinemic 
prediabetic patients.

In this study, we report that increased Tyr542 phosphoryla-
tion and expression of SHP2 in response to insulin medi-
ates endothelial inflammation. Unlike previous studies, we 
did not see any involvement of either IRS-1 or Gab1 in this 
pathway. Upon receipt of insulin signal, Tyr542 of SHP2 
gets phosphorylated as early as 10 minutes. Two models 
have been put forth to explain the role of phosphorylation 
of C-terminal tyrosine residues on SHP2-mediated MAPK 
pathway. In the adapter model, phosphorylation of Tyr542 and 

Figure 5. Effect of chronic insulin treatment on arginase activ-
ity. A, Time-dependent increase in cellular arginase activity in 
response to 100 nmol/L insulin. B, Arginase activity in the pres-
ence and absence of SHP2 small-interfering RNA (siRNA). Inset 
represents the knockdown of endogenous SHP2. C, Effect of 
arginase inhibitor (S)-(2-boronoethyl)-L-cysteine (BEC) on chronic 
insulin–mediated NO index. D, Effect of BEC on insulin-mediated 
leukocyte adhesion (*P≤0.05, **p≤0.01, and ***P≤0.001 vs con-
trol, and †P≤0.05, ††P≤0.01, and †††P≤0.001 vs corresponding 
insulin treatment).
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Tyr580 induces Grb2 interaction and subsequent recruitment 
of the Grb2/Sos complex to the plasma membrane for Ras-
MAPK signaling.11,12 Between the 2, Tyr542 appears to be the 
major Grb2 binding site and is relatively more resistant to 
autodephosphorylation.35 However, others have observed a 
temporal correlation between tyrosine phosphorylation and 
increased catalytic activity of SHP2.36 These observations 
support the enzyme activation model, wherein phosphory-
lation of Tyr542 promotes its intramolecular interaction with 
N-terminal SH2 domain and subsequent phosphorylation of 
Tyr580 promotes its interaction with C-terminal SH2 domain, 
thereby stimulating the enzyme activity. This model was con-
firmed via incorporation of phosphonate moieties at Tyr542 
and Tyr580 residues.35,37 Interestingly, extracellular signal–
regulated protein kinase activation in response to fibroblast 
growth factor and platelet-derived growth factor is attenu-
ated in fibroblasts overexpressing Y542F mutant of SHP2.17 
Because the YF mutant of SHP2 blocked insulin-induced 
p38 MAPK activation and arginase II gene expression, we 
believe this phosphorylation plays a critical role in trigger-
ing insulin-induced endothelial inflammation. Whether Ty542 

activates SHP2 catalytic activity or it directly influences p38 
MAPK pathway by interacting with Grb2, however, remains 
to be determined in future studies.

Arginases are reported to be upregulated in diabetes mellitus 
and hypertension, and the use of tyrosine phosphatase inhibi-
tor vanadate decreases their expression in diabetic rats.30,38–40 
It should also be noted that p38 MAPK and cAMP24 pathways 
regulate arginase expression, and both of these are in turn regu-
lated by SHP2. Intriguingly, SHP2 appeared to positively reg-
ulate its own gene expression in an insulin receptor-β  and p38 
MAPK–dependent manner. Pretreatment of cells with both 
NSC87877 and SB203580 abrogated insulin-induced increase 
in the expression of SHP2. Based on these observations, we 
propose that insulin triggers p38 MAPK activation in endo-
thelial cells by mediating phosphorylation of Tyr542 of SHP2. 
Increased MAPK in turn increases expression of SHP2, thus 
creating a positive feedback loop. Sustained MAPK activation 
resulting from increased SHP2 ensures increased expression 
of arginase II to reduce cellular pool of L-arginine and thus 
NO. These effects finally culminate into increased expression 
of cell adhesion molecules and leukocyte adhesion as sum-
marized in Figure 6F. Thus, we propose that SHP2 not only 
initiates the cascade but also promotes it later upon sustained 
insulin exposure. It, however, remains to be determined which 
tyrosine kinase triggers phosphorylation of Tyr542 in response 
to insulin in endothelial cells.

Upregulated protein tyrosine phosphatase activities are 
reported in rodent models of diabetes mellitus41–44 and in 
skeletal muscles of insulin-resistant Pima Indians.45 To 
the best of our knowledge, the present study identifies 
upregulation of SHP2 in response to insulin as means of 
enhancing endothelial inflammation in in vitro settings for 
the first time. Activating mutations of SHP2 (tyrosine-protein 
phosphatase non-receptor type 11) have been detected in 
diseases such as Noonan syndrome, juvenile myelomonocytic 
leukemia, B-cell acute lymphoblastic leukemia, and acute 
myeloid leukemia.46 Increased expression of SHP2 is also 
observed in Condyloma accuminatum and cervical cancer 
patients after human papillomavirus infections.46 Given that 
activating mutations of SHP2 enhance cytokine sensitivity,47 
it is tempting to speculate that insulin-mediated increase in 
SHP2 sensitizes vascular endothelium to proinflammatory 
effects of circulating cytokines during prediabetic stages and 
hence promotes initiation of atherosclerosis. We also observed 
Gab1-dependent nuclear localization of SHP2 in response 
to insulin. However, both Gab1 and nuclear SHP2 are 
dispensable for insulin-mediated inflammatory effects because 
neither knockdown of endogenous Gab1 nor overexpression 
of Gab1YF mutant could block insulin-induced endothelial 
inflammation. What exactly nuclear SHP2 is achieving in 
current settings presently remains undetermined. Nuclear 
SHP2 is reported to prevent nuclear export of telomerase 
reverse transcriptase48 in endothelial cells. Hence, it is 
likely that nuclear SHP2 is required for insulin-induced 
DNA replication. Alternatively, given that nuclear SHP2-
signal transducer and activator of transcription-5α  complex 
promotes β-casein gene expression,49 it is likely that nuclear 
SHP2 regulates expression of endothelial genes in response 
to insulin.

Figure 6. Insulin upregulates arginase II expression via src-
homology domain-2–containing protein tyrosine phosphatase 
2 (SHP2). A, Reverse-transcriptase polymerase chain reaction 
for time-dependent expression of arginase II in response to 100 
nmol/L insulin. B, Effect of SHP2 small interfering RNA (siRNA) 
on insulin-induced arginase II expression. C, Effect of YF-SHP2 
overexpression on insulin-induced increase in arginase II expres-
sion. D, Effect of catalytically inactive SHP2 mutant (CS-SHP2) 
on insulin-induced cellular arginase activity. E, Effect of arginase 
II siRNA on chronic insulin-induced leukocyte adhesion. F, Pro-
posed pathway (*P≤0.05 and ***P≤0.001 vs control, and †P≤0.05 
and ††P≤0.01 vs corresponding insulin treatment).
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At first, the observation of chronic insulin treatment 
decreasing availability of NO may seem rather odd given that 
insulin is reported to activate eNOS.50 However, it should be 
noted that physiological concentrations of insulin for shorter 
durations activate eNOS50 while these observations were made 
with sustained exposure to insulin. The ability of SHP2 to 
decrease NO index in response to chronic insulin also seems 
perplexing given that a previous study has demonstrated it 
to be necessary for flow-induced NO-dependent vasodila-
tion.10 However, in the present study, SHP2 is regulating NO 
index by increasing the expression of arginase II. Although 
we observed an increase in eNOS uncoupling with hyperinsu-
linemia, it was not reversed upon SHP2 knockdown. Thus, the 
SHP2-mediated decrease in NO in response to chronic insulin 
is predominantly an arginase-II–dependent and eNOS-inde-
pendent event. Reasons for increased eNOS uncoupling could 
be multiple. Because functional eNOS dimer exists in com-
plex with cofactors such as calmodulin, heat shock protein 
90, and tetrahydrobiopterin, decrease in total pool of any of 
these cofactors will result in eNOS uncoupling.1 Alternatively, 
hyperinsulinemia may promote interaction of eNOS with its 
negative regulators such as caveolin-1, or increased reac-
tive oxygen species may interact with NO and decrease its 
bioavailability. However, given that insulin is a known anti-
oxidant the latter possibility seems unlikely. What is indeed 
perplexing is that knockdown of SHP2 alone enhances eNOS 
uncoupling, the reasons for the same are currently unknown. 
Hence, it seems that SHP2 regulates cellular NO index in mul-
tiple ways. On one hand, it appears to stabilize eNOS dimer 
and mediate Ser1177 eNOS phosphorylation10 to increase cel-
lular NO, whereas on the other through increased expression 
of arginase II it decreases the availability of L-arginine, the 
major substrate of eNOS. In physiology, which axis becomes 
dominant would be dictated by the prevailing conditions at that 
point of time. It should be noted that use of protein tyrosine 
phosphatase inhibitors improve diabetes mellitus–induced 
endothelial dysfunction.51 Our observation of SHP2 inhibition 
reversing NO production despite presence of high insulin also 
supports a negative role of tyrosine phosphatases in endothe-
lial dysfunction. One may argue that decreased NO index in 
response to chronic insulin treatment can also be attributable 
to increase in activity and expression of other protein tyrosine 
phosphatase such as PTP1B. Because we observed abroga-
tion of leukocyte adhesion upon downregulation of endoge-
nous SHP2 with siRNA interference, we believe that although 
there is every possibility of other protein tyrosine phosphatase 
being involved, the inflammatory effects of insulin seem to be 
predominantly mediated via SHP2. In conclusion, we dem-
onstrate that treatment of endothelial cells to insulin elicits 
an inflammatory response via increased Tyr542 phosphoryla-
tion of SHP2. This in turn activates p38 MAPK to regulate 
expression of SHP2 and arginase II. Increased arginase activ-
ity consequently leads to decreased cellular NO to promote 
leukocyte adhesion.

Sources of Funding
This work was supported by the Department of Science and Tech-
nology Government of India sponsored Grant (SR/SO/HS-88/2007) 
and National Imaging Facility (VI-D&P/242/07-08/TDT). 

Disclosures
None.

References
 1. Fleming I. Molecular mechanisms underlying the activation of eNOS. 

Pflugers Arch. 2010;459:793–806.
 2. Busse R, Fleming I. Endothelial dysfunction in atherosclerosis. J Vasc 

Res. 1996;33:181–194.
 3. Hartge MM, Unger T, Kintscher U. The endothelium and vascular 

inflammation in diabetes. Diab Vasc Dis Res. 2007;4:84–88.
 4. Li G, Barrett EJ, Ko SH, Cao W, Liu Z. Insulin and insulin-like 

growth factor-I receptors differentially mediate insulin-stimulated 
adhesion molecule production by endothelial cells. Endocrinology. 
2009;150:3475–3482.

 5. Madonna R, Pandolfi A, Massaro M, Consoli A, De Caterina R. Insulin 
enhances vascular cell adhesion molecule-1 expression in human cul-
tured endothelial cells through a pro-atherogenic pathway mediated 
by p38 mitogen-activated protein-kinase. Diabetologia. 2004;47: 
532–536.

 6. Madonna R, Massaro M, De Caterina R. Insulin potentiates cytokine-
induced VCAM-1 expression in human endothelial cells. Biochim 
Biophys Acta. 2008;1782:511–516.

 7. Neel BG, Gu H, Pao L. The ‘Shp’ing news: SH2 domain-contain-
ing tyrosine phosphatases in cell signaling. Trends Biochem Sci. 
2003;28:284–293.

 8. Xu D, Qu CK. Protein tyrosine phosphatases in the JAK/STAT pathway. 
Front Biosci. 2008;13:4925–4932.

 9. Jin ZG, Wong C, Wu J, Berk BC. Flow shear stress stimulates Gab1 
tyrosine phosphorylation to mediate protein kinase B and endothe-
lial nitric-oxide synthase activation in endothelial cells. J Biol Chem. 
2005;280:12305–12309.

 10. Dixit M, Loot AE, Mohamed A, Fisslthaler B, Boulanger CM, 
Ceacareanu B, Hassid A, Busse R, Fleming I. Gab1, SHP2, and protein 
kinase A are crucial for the activation of the endothelial NO synthase by 
fluid shear stress. Circ Res. 2005;97:1236–1244.

 11. Li W, Nishimura R, Kashishian A, Batzer AG, Kim WJ, Cooper 
JA, Schlessinger J. A new function for a phosphotyrosine phospha-
tase: linking GRB2-Sos to a receptor tyrosine kinase. Mol Cell Biol. 
1994;14:509–517.

 12. Bennett AM, Tang TL, Sugimoto S, Walsh CT, Neel BG. Protein-
tyrosine-phosphatase SHPTP2 couples platelet-derived growth factor 
receptor beta to Ras. Proc Natl Acad Sci USA. 1994;91:7335–7339.

 13. Cunnick JM, Mei L, Doupnik CA, Wu J. Phosphotyrosines 627 and 
659 of Gab1 constitute a bisphosphoryl tyrosine-based activation motif 
(BTAM) conferring binding and activation of SHP2. J Biol Chem. 
2001;276:24380–24387.

 14. Delahaye L, Rocchi S, Van Obberghen E. Potential involvement of FRS2 
in insulin signaling. Endocrinology. 2000;141:621–628.

 15. Chong ZZ, Maiese K. The Src homology 2 domain tyrosine phospha-
tases SHP-1 and SHP-2: diversified control of cell growth, inflammation, 
and injury. Histol Histopathol. 2007;22:1251–1267.

 16. Takada T, Matozaki T, Takeda H, Fukunaga K, Noguchi T, Fujioka 
Y, Okazaki I, Tsuda M, Yamao T, Ochi F, Kasuga M. Roles of the 
complex formation of SHPS-1 with SHP-2 in insulin-stimulated 
mitogen-activated protein kinase activation. J Biol Chem. 1998;273:9234– 
9242.

 17. Araki T, Nawa H, Neel BG. Tyrosyl phosphorylation of Shp2 is required 
for normal ERK activation in response to some, but not all, growth fac-
tors. J Biol Chem. 2003;278:41677–41684.

 18. Stein-Gerlach M, Kharitonenkov A, Vogel W, Ali S, Ullrich A. 
Protein-tyrosine phosphatase 1D modulates its own state of tyrosine 
phosphorylation. J Biol Chem. 1995;270:24635–24637.

 19. MacGillivray M, Herrera-Abreu MT, Chow CW, Shek C, Wang Q, 
Vachon E, Feng GS, Siminovitch KA, McCulloch CA, Downey GP. 
The protein tyrosine phosphatase SHP-2 regulates interleukin-1-induced 
ERK activation in fibroblasts. J Biol Chem. 2003;278:27190–27198.

 20. Busse R, Lamontagne D. Endothelium-derived bradykinin is responsible 
for the increase in calcium produced by angiotensin-converting enzyme 
inhibitors in human endothelial cells. Naunyn Schmiedebergs Arch 
Pharmacol. 1991;344:126–129.

 21. Yuan L, Yu WM, Yuan Z, Haudenschild CC, Qu CK. Role of SHP-2 
tyrosine phosphatase in the DNA damage-induced cell death response. J 
Biol Chem. 2003;278:15208–15216.

D
ow

nloaded from
 http://ahajournals.org by on June 10, 2020



1950  Arterioscler Thromb Vasc Biol  August 2012

 22. Pfau S, Leitenberg D, Rinder H, Smith BR, Pardi R, Bender JR. 
Lymphocyte adhesion-dependent calcium signaling in human endothe-
lial cells. J Cell Biol. 1995;128:969–978.

 23. Wang CZ, Su HW, Hsu YC, Shen MR, Tang MJ. A discoidin domain 
receptor 1/SHP-2 signaling complex inhibits alpha2beta1-integrin-medi-
ated signal transducers and activators of transcription 1/3 activation and 
cell migration. Mol Biol Cell. 2006;17:2839–2852.

 24. Chang CI, Zoghi B, Liao JC, Kuo L. The involvement of tyrosine 
kinases, cyclic AMP/protein kinase A, and p38 mitogen-activated pro-
tein kinase in IL-13-mediated arginase I induction in macrophages: 
its implications in IL-13-inhibited nitric oxide production. J Immunol. 
2000;165:2134–2141.

 25. Fishel MA, Watson GS, Montine TJ, Wang Q, Green PS, Kulstad JJ, 
Cook DG, Peskind ER, Baker LD, Goldgaber D, Nie W, Asthana S, 
Plymate SR, Schwartz MW, Craft S. Hyperinsulinemia provokes syn-
chronous increases in central inflammation and beta-amyloid in normal 
adults. Arch Neurol. 2005;62:1539–1544.

 26. Siklova-Vitkova M, Polak J, Klimcakova E, Vrzalova J, Hejnova J, 
Kovacikova M, Kovacova Z, Bajzova M, Rossmeislova L, Hnevkovska 
Z, Langin D, Stich V. Effect of hyperinsulinemia and very-low-calorie 
diet on interstitial cytokine levels in subcutaneous adipose tissue of obese 
women. Am J Physiol Endocrinol Metab. 2009;297:E1154–E1161.

 27. Chen L, Sung SS, Yip ML, Lawrence HR, Ren Y, Guida WC, Sebti SM, 
Lawrence NJ, Wu J. Discovery of a novel shp2 protein tyrosine phospha-
tase inhibitor. Mol Pharmacol. 2006;70:562–570.

 28. Neel BG, Tonks NK. Protein tyrosine phosphatases in signal transduc-
tion. Curr Opin Cell Biol. 1997;9:193–204.

 29. Osawa M, Itoh S, Ohta S, Huang Q, Berk BC, Marmarosh NL, Che 
W, Ding B, Yan C, Abe J. ERK1/2 associates with the c-Met-binding 
domain of growth factor receptor-bound protein 2 (Grb2)-associated 
binder-1 (Gab1): role in ERK1/2 and early growth response factor-1 
(Egr-1) nuclear accumulation. J Biol Chem. 2004;279:29691–29699.

 30. Morris SM Jr. Recent advances in arginine metabolism: roles and regula-
tion of the arginases. Br J Pharmacol. 2009;157:922–930.

 31. Saad MF, Knowler WC, Pettitt DJ, Nelson RG, Mott DM, Bennett PH. 
Sequential changes in serum insulin concentration during development 
of non-insulin-dependent diabetes. Lancet. 1989;1:1356–1359.

 32. Hellman B, Gylfe E, Grapengiesser E, Dansk H, Salehi A. [Insulin 
oscillations–clinically important rhythm. Antidiabetics should increase 
the pulsative component of the insulin release]. Lakartidningen. 
2007;104:2236–2239.

 33. Jilma B, Dallinger S, Hergovich N, Eichler HG, Richter V, Wagner OF. 
Effects of hyperinsulinemia on plasma levels of circulating adhesion 
molecules. J Clin Endocrinol Metab. 2000;85:1748–1751.

 34. Kashyap SR, Belfort R, Cersosimo E, Lee S, Cusi K. Chronic low-
dose lipid infusion in healthy patients induces markers of endothelial 
activation independent of its metabolic effects. J Cardiometab Syndr. 
2008;3:141–146.

 35. Lu W, Shen K, Cole PA. Chemical dissection of the effects of tyrosine 
phosphorylation of SHP-2. Biochemistry. 2003;42:5461–5468.

 36. Vogel W, Lammers R, Huang J, Ullrich A. Activation of a phos-
photyrosine phosphatase by tyrosine phosphorylation. Science. 
1993;259:1611–1614.

 37. Lu W, Gong D, Bar-Sagi D, Cole PA. Site-specific incorporation of a 
phosphotyrosine mimetic reveals a role for tyrosine phosphorylation of 
SHP-2 in cell signaling. Mol Cell. 2001;8:759–769.

 38. Bjelakovic G, Sokolovic D, Ljiljana S, Kocic G, Jevtovic T, Stojanovic 
I, Ilic M, Bjelakovic L, Zivic S, Pavlovic D, Nikolic J, Basic J. Arginase 
activity and magnesium levels in blood of children with diabetes mel-
litus. J Basic Clin Physiol Pharmacol. 2009;20:319–334.

 39. Romero MJ, Platt DH, Tawfik HE, Labazi M, El-Remessy AB, 
Bartoli M, Caldwell RB, Caldwell RW. Diabetes-induced coronary 
vascular dysfunction involves increased arginase activity. Circ Res. 
2008;102:95–102.

 40.  Salimuddin, Upadhyaya,  KC, Baquer NZ. Effects of vanadate on 
expression of liver arginase in experimental diabetic rats. IUBMB Life. 
1999;48:237–240.

 41. Goldstein BJ. Regulation of insulin receptor signaling by protein-tyro-
sine dephosphorylation. Receptor. 1993;3:1–15.

 42. Meyerovitch J, Backer JM, Kahn CR. Hepatic phosphotyrosine 
phosphatase activity and its alterations in diabetic rats. J Clin Invest. 
1989;84:976–983.

 43. Begum N, Sussman KE, Draznin B. Differential effects of diabetes on 
adipocyte and liver phosphotyrosine and phosphoserine phosphatase 
activities. Diabetes. 1991;40:1620–1629.

 44. Boylan JM, Brautigan DL, Madden J, Raven T, Ellis L, Gruppuso PA. 
Differential regulation of multiple hepatic protein tyrosine phosphatases 
in alloxan diabetic rats. J Clin Invest. 1992;90:174–179.

 45. McGuire MC, Fields RM, Nyomba BL, Raz I, Bogardus C, Tonks 
NK, Sommercorn J. Abnormal regulation of protein tyrosine phospha-
tase activities in skeletal muscle of insulin-resistant humans. Diabetes. 
1991;40:939–942.

 46. Zheng H, Alter S, Qu CK. SHP-2 tyrosine phosphatase in human dis-
eases. Int J Clin Exp Med. 2009;2:17–25.

 47. Chan RJ, Leedy MB, Munugalavadla V, Voorhorst CS, Li Y, Yu M, Kapur 
R. Human somatic PTPN11 mutations induce hematopoietic-cell hyper-
sensitivity to granulocyte-macrophage colony-stimulating factor. Blood. 
2005;105:3737–3742.

 48. Jakob S, Schroeder P, Lukosz M, Büchner N, Spyridopoulos I, 
Altschmied J, Haendeler J. Nuclear protein tyrosine phosphatase Shp-2 
is one important negative regulator of nuclear export of telomerase 
reverse transcriptase. J Biol Chem. 2008;283:33155–33161.

 49. Chughtai N, Schimchowitsch S, Lebrun JJ, Ali S. Prolactin induces 
SHP-2 association with Stat5, nuclear translocation, and binding to the 
beta-casein gene promoter in mammary cells. J Biol Chem. 2002;277: 
31107–31114.

 50. Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM. 
Activation of nitric oxide synthase in endothelial cells by Akt-dependent 
phosphorylation. Nature. 1999;399:601–605.

 51. Shah DI, Singh M. Inhibition of protein tyrosin phosphatase improves 
vascular endothelial dysfunction. Vascul Pharmacol. 2006;44:177–182.

D
ow

nloaded from
 http://ahajournals.org by on June 10, 2020


