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Abstract
Aims/hypothesis A reduction in retinal blood flow occurs
early in diabetes and is likely to be involved in the develop-
ment of diabetic retinopathy.We hypothesise that activation of
the arginase pathway could have a role in the vascular dys-
function of diabetic retinopathy.
Methods Experiments were performed using a mouse and
rat model of streptozotocin (STZ)-induced diabetes for in vivo
and ex vivo analysis of retinal vascular function. For in
vivo studies, mice were infused with the endothelial-
dependent vasodilator acetylcholine (ACh) or the endothelial-
independent vasodilator sodium nitroprusside (SNP), and va-
sodilation was assessed using a fundus microscope. Ex vivo
assays included pressurised vessel myography, western blot-
ting and arginase activity measurements.
Results ACh-induced retinal vasodilation was markedly im-
paired in diabetic mice (40% of control values), whereas
SNP-induced dilation was not altered. The diabetes-induced
vascular dysfunction was markedly blunted in mice lacking
one copy of the gene encoding arginase I and in mice treated
with the arginase inhibitor 2(S)-amino-6-boronohexanoic
acid. Ex vivo studies performed using pressure myog-
raphy and central retinal arteries isolated from rats with
STZ-induced diabetes showed a similar impairment of
endothelial-dependent vasodilation that was partially blunted

by pretreatment of the isolated vessels with another arginase
inhibitor, (S)-2-boronoethyl-L-cysteine. The diabetes-induced
vascular alterations were associated with significant increases
in both arginase I protein levels and total arginase activity.
Conclusions/interpretation These results indicate that, in
the mouse and rat model, diabetes-induced increases in
arginase I were involved in the diabetes-induced impairment
of retinal blood flow by a mechanism involving vascular
endothelial cell dysfunction.
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Abbreviations
ABH 2(S)-Amino-6-boronohexanoic acid
ACh Acetylcholine
BEC (S)-2-Boronoethyl-L-cysteine
CRA Central retinal artery
DR Diabetic retinopathy
EC Endothelial cell
eNOS Endothelial nitric oxide synthase
HR Heart rate
MAP Mean arterial pressure
L-NAME L-NG-nitroarginine methyl ester
NO Nitric oxide
PKC Protein kinase C
PSS Physiological salt solution
SNP Sodium nitroprusside
STZ Streptozotocin
WT Wild-type

Introduction

Diabetic retinopathy (DR) has been shown to be associated
with decreases in retinal blood flow in both humans and
animal models [1–3]. This is proposed to be mediated by
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numerous mechanisms, but it is very likely that dysfunction
of the vascular endothelium is involved.

Vascular ECs contain endothelial nitric oxide synthase
(eNOS), an enzyme that hydrolyses L-arginine to form L-

citrulline and NO. NO acts as a major signalling molecule
and is required for healthy vascular function [4–6]. NO
increases blood flow by activating guanylyl cyclase within
the vascular smooth muscle cells, which dilates the vessels.
Adequate production of NO by eNOS is necessary for the
maintenance of healthy vessels, proper blood flow, preven-
tion of leucocyte adhesion and platelet aggregation, and
control of smooth muscle cell growth [5–7]. A decrease in
bioavailable NO is a well-established mediator of endothe-
lial cell (EC) dysfunction and is strongly implicated in
diabetic vascular disease [8–10]. NOS produces NO from
its substrate L-arginine. If the supply of L-arginine is insuf-
ficient, uncoupling of the NOS homodimer can occur, caus-
ing it to produce superoxide [11]. Superoxide can react with
NO to form peroxynitrite (ONOO−), further reducing levels
of NO and increasing oxidative stress [12].

Also residing within ECs is the homotrimer ureahydro-
lase enzyme arginase. Arginase exists in two isoforms,
arginase I and arginase II, that localise to the cytosol and
mitochondria, respectively. Both are expressed in ECs.
Studies have shown that increases in arginase protein levels
and/or activity are associated with vascular dysfunction in
diseases such as hypertension, ischaemia reperfusion, age-
ing and diabetes [13–19]. The role of arginase in DR has not
been determined. Excessive arginase activity has been
suggested to reduce the production of NO by reducing the L-

arginine supply for eNOS [20–22]. Regardless of the mecha-
nism, common pathologies are observed in nearly all condi-
tions of increased arginase activity: redox imbalance, EC
dysfunction, reduced blood flow and ischaemia. DR exhibits
all of these alterations. Previous work has demonstrated a role
for arginase I in diabetes-induced vascular dysfunction of the
aorta and coronary vessels, and excessive arginase activity has
been implicated in retinal inflammation [18, 23]. Therefore we
hypothesised that arginase could be involved in vascular
dysfunction associated with DR.

In this study, we tested whether limiting arginase activity
could improve blood vessel function in the diabetic retina.
This was accomplished using a novel murine fundoscope
methodology for in vivo studies in mice and pressure myog-
raphy for ex vivo studies in rats, as well as arginase activity
and protein quantification.

Methods

Rats and mice Animal procedures were conducted in accor-
dance with the Principles of Laboratory Animal Care (NIH
publication no. 85023, revised 1985) and the guidelines of

the Institutional Animal Care and Use Committee. Arginase
I hemizygous knockout mice (ArgI+/−) on a C57BL/6J
background, C57BL/6J mice and Sprague–Dawley rats
were obtained from Jackson Laboratories (Bar Harbor,
ME, USA). Male mice were injected intraperitoneally with
streptozotocin (STZ, 50 mg/kg) on alternating days for up to
three injections and were studied after 8 weeks with diabe-
tes. Male rats were injected intraperitoneally with STZ
(65 mg/kg) and were studied after 4 weeks with diabetes.

Arginase activity assay The arginase activity assay is a
spectrophotometric measure of urea, one of the two products
of arginase activity. Urea is a terminal metabolite and does
not undergo further physiological processing in the way that
ornithine, the other product of arginase, does. Whole retinas
were removed, frozen in liquid nitrogen, crushed and collected
in lysis buffer (50 mmol/l Tris–HCl, 0.1 mmol/l EDTA and
EGTA, pH7.5) containing protease inhibitors. Tissues were
lysed, subjected to three freeze/thaw cycles and then centri-
fuged at 20,817g (10 min). The supernatant fraction (25 μl)
was heated with 25 μl MnCl2 (10 mmol/l, 10 min, 56°C) to
activate the arginase. The mixture was then incubated with
50 μl L-arginine (0.5 mol/l, pH9.7, 1 h, 37°C). The hydrolysis
reaction was stopped with 400 μl acid (H2SO4:H3PO4:
H2O in a 1:3:7 ratio), and the mixture was heated at
100°C with the chromagen α-isonitrosopropiophenone
(9% in EtOH, 25 μl) for 45 min. Samples were kept in the
dark at room temperature for 10 min, and absorbance was
measured at 540 nm. Arginase activity is reported as pico-
moles of urea per milligram of protein per hour. The
remainder of the supernatant fraction was used for western
blotting.

Western blotting Retinal homogenates were prepared as de-
scribed for the arginase activity assay. Proteins were sepa-
rated on SDS-PAGE and transferred onto nitrocellulose
membrane, blocked in 5% milk Tris-buffered saline with
0.5% Tween-20. The membrane was incubated overnight
(4°C) in primary antibodies diluted in the blocking solution,
washed and incubated in secondary antibodies (conjugated
with horseradish peroxidase) for 1 h at room temperature
and developed using chemiluminescence.

Mean arterial blood pressure and heart rate measure-
ments Mice were anaesthetised using an isoflurane vapour-
iser. The right jugular vein was accessed with a PE-10
catheter for injection of acetylcholine (ACh), sodium nitro-
prusside (SNP) or vehicle. The left carotid artery was can-
nulated with a similar catheter connected to a pressure
transducer for the direct measurement of mean arterial pres-
sure (MAP) and heart rate (HR). MAP and HR were
recorded and analysed with a PowerLab data acquisition
system (AD Instruments, Boston, MA, USA).
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Mouse vascular function studies The Micron III (Phoenix
Research Laboratories, Pleasanton, CA, USA) retinal imag-
ing system was used to visualise and measure vessel reac-
tivity. The mice were anaesthetised using isoflurane, and
ophthalmic gel (hypromellose 2.5% ophthalmic demulcent
solution) was applied to the eye. The jugular vein was
cannulated with a polyethylene catheter (PE-10) to inject
FITC dextran (50 mg/ml; Sigma-Aldrich, St Louis, MO,
USA), and the retinal vessels were imaged.

The jugular cannula was then switched to a syringe con-
taining either ACh or SNP and attached to a syringe pump
(Harvard Apparatus, Holliston, MA, USA). The infusion
rate was adjusted to inject each concentration noted over
5 min (0.3, 0.5, 1, 3, 5 and 10 μgmin−1kg−1). Arteries were
identified by their pulsatile activity and branch anatomy. A
recognisable anatomical point two optic disc diameters from
the optic disc was chosen for each mouse. A 10 s video was
captured at the end of each 5 min interval. A pixel count was
collected at the same anatomical point from edge to edge of
the vessel in question. Each pixel was 2.25 μm in size, and
the vessel diameter was calculated based on the number of
pixels.

Measurements were taken by two independent investiga-
tors blinded to the treatment conditions. Variability of mea-
surement between observers was assessed by ANOVA, which
showed no significant differences between observers or be-
tween treatment groups. Measurements of vasorelaxation are
given as the percentage change from baseline (pre-infusion).

Rat vascular function studies Rats were anaesthetised with
100 mg/kg ketamine–10 mg/kg xylazine (i.p.) and the eye-
balls were removed. Segments of the central retinal artery
(CRA) were isolated under physiological salt solution (PSS;
NaCl 118 mmol/l, NaHCO3 25 mmol/l, glucose 5.6 mmol/l,
KCl 4.7 mmol/l, KH2PO4 1.2 mmol/l, MgSO4 7H2O
1.17 mmol/l, CaCl2·2H2O 2.5 mmol/l).

The CRA (40–60 μm in internal diameter) was carefully
cleaned from the connective tissues and transferred to the
pressure myograph (Model 111P; Version 3.2, DMT, Aarhus,
Denmark), filled with oxygenated PSS at 37°C. Both ends of
the CRA were applied to glass cannulas and tied with nylon
10/0 ophthalmic suture. Each cannula was connected to a
reservoir filled with oxygenated physiologic Krebs solution.
The pressure of the reservoirs determined the intraluminal
pressure. Two pressure transducers measured the inflow and
outflow pressures. The internal diameter was monitored con-
tinuously by an inverted microscope digital video system.
Vesselview software (PhysioLogic, Aarhus, Denmark) was
used to calculate the vascular responses.

The response of the vessel segments to changes in trans-
mural pressure was studied without flow. After mounting,
the CRAs were equilibrated first at a pressure of 20 mmHg
for 30 min before pressure was gradually increased to

40 mmHg for an additional 30 min. Thereafter, the vessels
were preconstricted with a thromboxane analogue (U-46619,
3×10−7mol/l). This concentration was chosen based on pre-
liminary experiments showing that it caused a submaximal
contraction (about 70%). After the vessels had developed a
stable basal tone, endothelium-dependent NO-mediated vaso-
dilation toACh (10−9–10−4mol/l) or endothelium-independent
vasodilation to SNP (10−10–10−5mol/l) was obtained.

Involvement of NOS in ACh-induced vasodilation was
confirmed using the NOS inhibitor L-NG-nitroarginine methyl
ester (L-NAME; 100 μmol/l). To confirm the role of arginase
in diabetic vessels, vessels were pretreated with the arginase
inhibitor (S)-2-boronoethyl-L-cysteine (BEC; 100 μmol/l,
45 min) and concentration–response curves for ACh were
constructed in the absence or presence of the inhibitor. At
the end of each experiment, the vessel was dilated in calcium-
free PSS containing EDTA (1 mmol/l) to obtain its maximal
diameter. All diameter changes in response to agonists were
normalised to this maximal vasodilation and expressed as a
percentage of maximal dilation.

Statistical analyses The statistical significance of group
treatment effects was determined by one-way or two-way
ANOVA and post-hoc comparisons. Data are reported as
mean ± SEM.

Results

Diabetes increases retinal arginase activity and arginase I
protein levels in mice Blood glucose level measured at the
time the mice were killed was significantly increased in both
wild-type (WT) STZ and ArgI+/− STZ mice compared with
non-diabetic controls (p<0.05; Fig. 1a). Diabetes also sig-
nificantly increased arginase activity in the WT and ArgI+/−

STZ mice compared with the non-diabetic controls (p<0.05;
WT STZ, 207±6% compared with WT, 100±2%; and
ArgI+/− STZ, 148±9% compared with ArgI+/−, 115±4%)
(Fig. 1b). Arginase activity was reduced in the ArgI+/− STZ
compared with the WT STZ group (p<0.05). Western blot-
ting showed that arginase I protein was significantly in-
creased in the WT STZ retinas compared with the WT
controls and ArgI+/− controls (p<0.05; Fig. 1c).

Mouse vascular function studies A representative retinal
image and magnification of the image show how the vessel
diameter was measured using the Micron III Fundus Micro-
scope (Fig. 2a). Pre-infusion diameters were taken for all
four groups, to determine the effect of genotype or diabetes
on vessel size. Retinal arteries were selected based on mor-
phology and branching patterns, and the diameter was mea-
sured at a location two optic disc diameters from the nerve
head. Repeated measurements by two observers showed no
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significant differences between observers or between the
vessel diameters in the different treatment groups (Fig. 2b).

ACh infusion was used to assess endothelium-dependent
vasodilation, and SNP was used to assess endothelium-
independent vasodilation. Results are reported as a percent-
age change from baseline pre-infusion diameter. In WT
mice, ACh dilated retinal vessels maximally at the 5 μg
min−1kg−1 dose (137%±6%). SNP (10 μgmin−1kg−1) reli-
ably dilated the vessels by 140% in all groups. As a control
to demonstrate the specificity of the ACh-induced dilation,
the ACh muscarinic receptor blocker atropine (0.04 mg/kg),

was administered intravenously prior to ACh infusion.
ACh-dependent vasodilation was completely prevented with
this pretreatment, but SNP dilation was not significantly
changed (131%±1). From the 1 μgmin−1kg−1 dose until
the final 10 μgmin−1kg−1 dose, the ACh, SNP and SNP +
atropine vasodilations were all significantly higher than that
seen with ACh + atropine (p<0.05; Fig. 3). Infusion of
vehicle alone had no effect on the retinal vessels.

The vascular function analysis showed that vessels from
the WT and ArgI+/− non-diabetic control mice both dilated
maximally in a similar manner to ACh and SNP (WT Ach,
142±2%;WTSNP, 143±4%; ArgI+/−ACh, 139±5%, ArgI+/−

SNP0142%±7%). Retinal vascular dilation in response to
ACh (at 3–10 μgmin−1kg−1) was significantly reduced in the
WT STZ mice (116±1%; p<0.05) compared with WT and
ArgI+/− non-diabetic controls. Importantly, the ArgI+/−STZ
mice had a significantly greater capacity to respond to ACh
than theWT STZmice over the 3–10 μgmin−1kg−1 dose range
(p<0.05). SNP-mediated vasodilation was similar in all groups
(WT, 143±4%; ArgI+/−, 142±7%; WT STZ, 132±4%;
ArgI+/− STZ, 129±5%) (Fig. 4).

In order to assess whether a change in blood pressure or
HR could explain the effects of diabetes on retinal vasodi-
lation, we determined the effects of ACh, SNP or vehicle
alone on MAP and HR. Both ACh and SNP led to a similar
drop in MAP across all four groups (WT, 15±5%; WT STZ,
8.9±3%; ArgI+/−, 13±6%; ArgI+/− STZ, 17±6%) (Fig. 5a).
Owing to the baroreflex-blocking actions of isoflurane an-
aesthesia, HR remained constant for the duration of the ACh
treatment (Fig. 5b). There were no differences in HR among
the four groups. Infusion of vehicle alone had no effect on
MAP or HR.

To validate the results seen with partial deletion of the
gene encoding arginase I, we treated mice with 2(S)-amino-
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Fig. 1 Blood glucose, arginase activity and arginase I protein levels
assessed as described in the Methods section. (a) WT STZ and ArgI+/−

STZ mice had significantly higher blood glucose levels than the non-
diabetic controls (*p<0.05 vs all groups, †p<0.05 vs WT STZ, one-
way ANOVA; WT, n09; WT STZ, n06; ArgI+/−, n010; ArgI+/− STZ,
n06). (b) WT STZ and ArgI+/− STZ retinas showed significantly greater
arginase activity than those from non-diabetic controls (*p<0.05, one-
way ANOVA; all groups, n04). (c) WT STZ retinas showed higher levels
of ArgI protein compared with WT and ArgI+/− retinas. Actin protein
was used for loading control. (*p<0.05, one-way ANOVA; WT,
n09; WT STZ, n08; ArgI+/−, n011; ArgI+/− STZ, n04)
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Fig. 2 Diameter of the secondary retinal arterioles measured using the
Micron III fundoscope as described in the Methods section. (a)
Measurements were taken from fully magnified images in which
one pixel02.25 μm. The scale bar in the enlargement represents 12
pixels (27 μm). (b) Vessel diameter measurements taken pre-infusion
(at baseline) showed no differences between the groups (one-way
ANOVA; WT, n031; WT STZ, n012; ArgI+/−, n020; ArgI+/− STZ,
n016)

Fig. 3 Fundus imaging of the retinal vasculature in non-diabetic WT
mice showed that the retinal vessels dilated equally to SNP and ACh at
maximal dilation. Pretreatment with the muscarinic receptor blocker
atropine completely blocked dilation to ACh at all doses, but had no
effect on SNP-mediated dilation. The vehicle had no effect on retinal
vasodilation. (*p<0.05 WT ACh + atropine compared with all other
groups, two-way ANOVA; all groups, n05). Black circle, WT ACh;
black square, WT SNP; white circle, WT ACh + atropine; white
square, WT SNP + atropine; cross, vehicle
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6-boronohexanoic acid (ABH; 8 mg/kg s.c.) for 5 days prior
to assessment of retinal vascular function. ABH binds with-
in the arginase homotrimer as a tetrahedral boronate anion
and prevents the arginine hydrolysis reaction without affect-
ing eNOS [24, 25]; it has been shown to be effective in
inhibiting arginase activity when given in vivo [26].

The ABH treatment reduced retinal arginase activity to a
level comparable with that of the WT and ArgI+/− control
groups. As we had previously observed, WT STZ retinas
had significantly higher arginase activity than both control
WT and ArgI+/− retinas (p<0.05; WT STZ, 170±25%; WT,
100±8%; ArgI+/−, 97±10%). Arginase activity in the WT
STZ retinas was also significantly higher than in the WT
STZ animals treated with ABH (p<0.05; WT STZ ABH,
131±8%) (Fig. 6a). The ABH-induced reduction in arginase
activity was accompanied by a significant improvement in
ACh-mediated endothelium-dependent vasodilation in WT
STZ mice compared with untreated WT STZ mice (p<0.05
between the 3 and 10 μgmin−1kg−1 doses; Fig. 6b).
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Fig. 4 Fundus imaging of the retinal vasculature of STZ-diabetic and
age-matched control WT and ArgI+/− mice, showing that vasodilation
to ACh was markedly reduced in the vessels of WT STZ mice com-
pared with the other three groups. ACh-induced dilation was signifi-
cantly enhanced in the ArgI+/− STZ mice compared with the WT STZ
mice. All four groups responded similarly to SNP (*p<0.05 WT and
ArgI+/− compared with WT STZ; †p<0.05 ArgI+/− STZ compared with
WT STZ, two-way ANOVA; WT, WT STZ and ArgI+/−, n04; ArgI+/−

STZ, n06). Black circle, WT; white square, WT STZ; black triangle,
ArgI+/−; white triangle, ArgI+/− STZ

Fig. 5 Blood pressure and HR were not altered by diabetes or hetero-
zygous deletion of arginase I. (a) ACh and SNP elicited equal depres-
sant effects on blood pressure in all groups. (b) ACh and SNP had no
effect on HR over the entire course of infusion, and there were no
differences between the groups. The vehicle had no effect on either
MAP or HR (all groups, n04). Black circle, WT; white square, WT
STZ; black triangle, ArgI+/−; white triangle, ArgI+/− STZ; cross,
vehicle

Fig. 6 Treatment with the specific arginase inhibitor ABH reduced
arginase activity and improved vasodilation in the WT STZ retinas. (a)
Arginase activity was significantly reduced in the ABH-treated WT
STZ retinas compared with the untreated WT STZ retinas (*p<0.05
WT STZ compared with all other groups, one-way ANOVA; WT, n04;
WT STZ, n05; WT STZ ABH, n06; ArgI+/−, n05). (b) Dilation to
ACh was significantly improved in the ABH-treated mice compared
with the WT STZ mice (*p<0.05 WT and ArgI+/− compared with WT
STZ; †p<0.05 WT STZ ABH compared with WT STZ, two-way
ANOVA; WT, n06; WT STZ, n04; WT STZ ABH, n010; ArgI+/−,
n04). Black circle, WT; white square, WT STZ; white triangle, WT
STZ ABH; black triangle, ArgI+/−
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In order to assess the potential role of NOS uncoupling and
ONOO− formation in diabetes-induced retinal vessel dysfunc-
tion and the role of arginase activity in this process, we used
western blotting to determine the relative levels of proteins

positive for 3-nitrotyrosine in the retinas of the diabetic, control
and ABH-treated mice (Fig. 7). Nitration of tyrosine residues
to form 3-nitrotyrosine is considered to be a marker of loss of
protein function due to ONOO− formation and has been im-
plicated in diabetic vascular disease [12, 27]. This analysis
showed that STZ treatment increased 3-nitrotyrosine immuno-
reactivity compared with the non-diabetic controls, and this
effect was prevented by inhibiting arginase with ABH.

Studies on central retinal arteries from rats To see whether
arginase activity also has a role in retinal vascular dysfunc-
tion in diabetic rats, we performed studies using retinas and
CRAs isolated from rats. Whole retinas were used for west-
ern blotting of arginase protein and arginase activity levels,
and isolated CRAs were used for ex vivo analysis of vaso-
dilation by pressure myography. The groups were controls,
STZ retinas, and STZ retinas pretreated with the specific
arginase inhibitor BEC (100 μmol/l, 45 min ex vivo, prior to
beginning the experiments). Like ABH, BEC is a boronic
acid analogue that specifically inhibits arginase by binding
as the tetrahedral boronate anion, preventing the arginine
hydrolysis reaction without affecting the activity of eNOS
[14, 28]. BEC has also been used in investigations of
diabetes-related reduction of corpus cavernosum endothelial
function in previous ex vivo studies [29].

Retinas from diabetic rats showed increased arginase I but
not arginase II protein levels compared with controls (Fig. 8a,

Fig. 7 Representative western blot for 3-nitrotyrosine showed greater
3-nitrotyrosine immunoreactivity in the retinas from STZ mice than
those from control mice. The arginase inhibitor ABH blocked the
formation of 3-nitrotyrosine in the STZ mice. Each experimental group
consists of three lanes containing one retina per lane. β-Actin was used
as the loading control
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Fig. 8 Diabetes-induced increases in arginase I protein levels and
arginase activity in the STZ rat retina were associated with impaired
vasodilation of the CRA as shown by ex vivo pressure myography. (a,
b) Western blots and densitometry show STZ-induced upregulation of
ArgI (a) but not ArgII (b) compared with actin loading controls. (c)
Arginase activity was significantly increased in the STZ CRAs com-
pared with the controls (*p<0.05). This increase was significantly

blunted by ex vivo treatment of the isolated vessels with the arginase
inhibitor BEC (*p<0.05, one-way ANOVA; all groups, n04). (d)
Vasodilation in the CRAs from STZ rats was reduced compared with
controls and with STZ vessels pretreated with BEC (*p<0.05, two-
way ANOVA; all groups, n03). (e) Dilation of CRAs to SNP was no
different in the STZ diabetic rats and the age-matched controls. White
circle, controls; white square, STZ; black square, STZ BEC
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b). Arginase activity was also significantly increased in dia-
betic retinas compared with controls and diabetic retinas
pretreated ex vivo with BEC (p<0.05; STZ, 298±22%; con-
trol, 100%; control + BEC, 106±17%). The diabetes-induced
increase in arginase activity was significantly blunted in the
BEC-treated retinas (p<0.05; 187%±18%). There was no
significant difference between the vehicle-treated and BEC-
treated control retinas (Fig. 8c).

Analysis of vessel function using pressure myography
involved the addition of the thromboxane analogue U-46619
(3×10−7mol/l) to the vessel chamber. This caused the vessels
to constrict, with a resultant decrease in their inner diameter
that was not statistically different between groups. The addi-
tion of cumulative concentrations of ACh caused a progres-
sive increase in endothelium-dependent vasodilation. The
CRA vessels from non-diabetic control rats dilated to 135%
of baseline with ACh at the highest doses compared with
117% in the CRAs from STZ retinas (p<0.05). BEC pretreat-
ment ex vivo partially restored the ACh-induced vasodilation
of the STZ CRAs to 124% of baseline (Fig. 8d). In the
presence of the NOS inhibitor, L-NAME, there was no dilation
to ACh, thus indicating that dilation was an NO-dependent
activity (data not shown). To determine whether the CRAs had
fully functioning smooth muscle cells, SNP was utilised.
There was no significant difference between control and dia-
betic arteries in their vasodilation to SNP (Fig. 8e).

Discussion

Decreased retinal blood flow is an early abnormality in
diabetic humans and animals [1–3]. A variety of signalling
pathways have been implicated in diabetes-induced vascular
dysfunction, including protein kinase C, endothelin, angio-
tensin II and NO. In the present study, we provide evidence
that diabetes-induced impairment of endothelial-dependent
vasodilation responses in the retinal vessels of both mice
and rats is associated with activation of arginase along with
an increase in the production of arginase I. Furthermore, the
increase in arginase activity and the decrease in vasodilation
to ACh are largely prevented by deletion of one copy of the
arginase I gene in mice or inhibition of arginase activity in
mice or rats. Previous work with other tissues and disease
models has strongly implicated arginase in diabetes and
oxidative-stress-induced vascular dysfunction [14, 18, 19,
26, 30]. However, our results are the first we know of to
show a role for arginase I in diabetes-induced retinal vascular
dysfunction.

Previous studies have demonstrated the feasibility of
using microscopic imaging systems for the real-time analy-
sis of retinal vascular function in rats [31–33] and mice
[34–37]. Our experiments used a high-resolution fundus
microscope system to focus on the primary branches of the

CRA in living mice while delivering vasoactive compounds
systemically. This analysis showed that diabetes caused a
significant impairment of endothelial-dependent vascular
dilation without causing a change in basal arterial diameter,
blood pressure or HR. Similarly to previously published
results relating to other vessel beds, we found a diabetes-
induced decrease of approximately 30–35% in the maximal
response of retinal vessels to ACh [18]. This decrease was
largely prevented in the knockout mouse lacking one copy
of the arginase I gene.

The diabetes-induced decrease in EC-dependent vasodi-
lation was also blunted by treatment with specific arginase
inhibitors. In vivo mouse studies showed a reduction in
arginase activity and an improvement in retinal vasodilation
with a specific arginase inhibitor. Similar beneficial effects
of inhibiting arginase were observed in experiments using
pressure myography on CRAs that had been isolated from
diabetic rats and then pretreated ex vivo with an arginase
inhibitor. The consistency between the in vivo imaging
results in mice and the ex vivo studies in rats confirms the
validity of the assays, as well as the biological significance
of the observations. The fact that similar results were
obtained in studies using knockout mice as well as mice and
rats treated with highly specific arginase inhibitors provides
assurance of the specificity of the findings. These data suggest
that diabetes-induced increases in arginase I expression play a
primary role in the impairment of endothelial-dependent va-
sodilation responses and underscore the potential importance
of arginase as a new therapeutic target for DR.

Previous research on potential mediators of diabetes-
induced impairment of retinal blood flow has shown a sig-
nificant role for activation of protein kinase C (PKC) and
angiotensin II in altering retinal vasodilation responses [2,
31]. Activation of both the PKC and angiotensin II pathways
not only leads to increases in reactive oxygen species, but
has also been shown to increase arginase activity in vascular
tissue [26, 30]. In addition, C-reactive protein has been
shown to inhibit the endothelium-dependent dilation of ret-
inal arteries [38]. C-reactive protein can activate RhoA/Rho-
kinase signalling in ECs, and RhoA/Rho-kinase is an up-
stream regulator of arginase [26, 39]. Thus, it is likely that
arginase represents a final common pathway linking multiple
mediators of vascular injury in the diabetic retina.

The lack of bioavailable NO can occur as a result of
decreased production of NO, but can also result from in-
creased levels of superoxide, which reacts with NO to form
ONOO−. ONOO− is a reactive nitrogen species that can
directly act on the vasculature to prevent vasodilation [40].
We were able to show increased levels of protein tyrosine
nitration in retinas from the STZ diabetic mice, and inhibi-
tion of this protein modification by treatment with an argi-
nase inhibitor. The increase in nitrotyrosine formation is a
key indicator of increased oxidant stress associated with
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diabetes. Importantly, the reduction in tyrosine nitration
with ABH treatment links arginase to the increase in
ONOO−, presumably by uncoupling eNOS.

Because of its similar activity to arginase I, arginase II
cannot be ruled out as a player in this mechanism and is the
subject of ongoing study in our laboratory. The present
study was prompted by other work implicating arginase I
in diabetic vascular dysfunction [18]. We used mice lacking
one copy of the gene encoding arginase I, rather than ho-
mozygous knockout mice, for these studies because arginase
I function in the liver is required for removal of the nitrog-
enous waste produced during protein metabolism. Deletion
of both copies of arginase I is lethal at approximately 10 days
after birth due to hyperammonaemia and encephalopathy
[41]. Future studies using tissue-specific arginase I knock-
out mice are planned in order to avoid the toxicity associated
with lack of the enzyme in the liver and to determine
whether a total deletion of arginase I in the ECs can further
abrogate the diabetes-induced vascular dysfunction.

A potential limitation of this work relates to the use of
mouse retinal arterioles for the in vivo analysis and rat
CRAs for the ex vivo analysis. We used two approaches in
two species because we were unable to make direct compar-
isons of the different vessels in the same species or of the
same vessel in different species due to the technical limita-
tions of our methods. The mouse CRA artery is too small for
pressure myography, whereas the optics of our Micron III
fundus microscope system are not suitable for rats. Never-
theless, we believe that our data, showing similar functional
deficits in mouse retinal arterioles and rat CRAs, provide
strong support for our conclusions. Moreover, the use of the
pressure myograph complements the in vivo studies and
allows us to rule out any indirect effects of ACh on the
systemic circulation.

Further study is needed to determine the specific cell type
(s) involved in the detrimental effects of arginase activity on
retinal vascular function. Results with isolated vessels sug-
gest that the effect is mainly on vascular cells, but it is
possible that arginase I production in monocytes/macro-
phages could also contribute to the pathology. Use of mice
lacking arginase in ECs, smooth muscle cells or monocyte-
derived cells will help to answer this question.

One of the metabolites of arginase activity is ornithine.
Ornithine can be further metabolised into polyamines and
proline, which are necessary for cell proliferation and colla-
gen synthesis, respectively. Increases in their levels have
been linked to vascular remodelling and stiffness [14, 42].
In a related study, rabbits fed a high-cholesterol diet were
found to have increased arginase expression in the vascula-
ture and increased remodelling [43]. This stiffness and in-
creased intimal thickness can participate in vascular
dysfunction. However, vessel diameters were not altered in
our diabetic mice.

In conclusion, we have shown that arginase I is a poten-
tial therapeutic target for the treatment of DR using two
species, in vivo and ex vivo methodologies and two arginase
inhibitors. Whereas arginase is a protein of increasing inter-
est in endothelial dysfunction, this is the first time it has
been mechanistically linked to DR. In addition to the mech-
anistic findings, we have also provided a new technique for
non-invasive study of the retinal vasculature. The cellular
complexity of the retina makes it difficult to draw specific
conclusions in an ex vivo setting. By addressing the end-
point reactivity of the retinal vasculature in vivo, we have
been able to determine what the likely behaviour is in this
disease. Our hope is that this offers an improved strategy for
studying retinal vascular function.
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