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Abstract: Angiotensin II (Ang II) has been implicated in the pathophysiology of various age-
dependent ocular diseases. The purpose of this study was to test the hypothesis that Ang II induces
endothelial dysfunction in mouse ophthalmic arteries and to identify the underlying mechanisms.
Ophthalmic arteries were exposed to Ang II in vivo and in vitro to determine vascular function by
video microscopy. Moreover, the formation of reactive oxygen species (ROS) was quantified and the
expression of prooxidant redox genes and proteins was determined. The endothelium-dependent
artery responses were blunted after both in vivo and in vitro exposure to Ang II. The Ang II type
1 receptor (AT1R) blocker, candesartan, and the ROS scavenger, Tiron, prevented Ang II-induced
endothelial dysfunction. ROS levels and NOX2 expression were increased following Ang II incu-
bation. Remarkably, Ang II failed to induce endothelial dysfunction in ophthalmic arteries from
NOX2-deficient mice. Following Ang II incubation, endothelium-dependent vasodilation was mainly
mediated by cytochrome P450 oxygenase (CYP450) metabolites, while the contribution of nitric oxide
synthase (NOS) and 12/15-lipoxygenase (12/15-LOX) pathways became negligible. These findings
provide evidence that Ang II induces endothelial dysfunction in mouse ophthalmic arteries via AT1R
activation and NOX2-dependent ROS formation. From a clinical point of view, the blockade of AT1R
signaling and/or NOX2 may be helpful to retain or restore endothelial function in ocular blood
vessels in certain ocular diseases.

Keywords: angiotensin II; endothelial dysfunction; ophthalmic artery; oxidative stress

1. Introduction

The renin-angiotensin system (RAS) plays a critical role in blood pressure regula-
tion [1]. Elevated plasma levels of angiotensin II (Ang II) were reported to increase arterial
pressure, produce oxidative stress and impair endothelial function [2–5]. It was shown in
mice that Ang II induces a pro-inflammatory phenotype that is characterized by the infiltra-
tion of monocytes into the vascular wall as well as higher levels of reactive oxygen species
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(ROS) [6]. Of note, the genetic ablation of lysozyme M-positive myelomonocytic cells
prevented Ang II-mediated hypertension, endothelial dysfunction, and vascular inflam-
mation, as well as oxidative stress. Whereas adoptive cell transfer of wildtype monocytes
to the ablated mice restored all adverse effects of Ang II, the transfer of monocytes from
mice lacking the Ang II type 1 receptor (AT1R) or the phagocytic NADPH oxidase (NOX2)
failed to restore hypertension and other complications, supporting a central role of Ang II
type 1 receptor (AT1R)-NOX2 signaling for Ang II-conferred adverse effects [6]. Since it
was shown that endothelial and vascular dysfunction both progress with age as well as
with the burden of oxidative stress, e.g., by genetic deletion of antioxidant enzymes, such
as manganese superoxide dismutase or glutathione peroxidase-1, the aging process and
accumulation of oxidative damage may also impair ophthalmic endothelial and vascular
function [7,8]. As the aging process, per se, is associated with higher ROS formation rates,
especially from mitochondria, these “oxidative stress aging conditions” can be mimicked
by a deficiency in antioxidant enzymes, e.g., manganese superoxide dismutase, leading to
more pronounced eNOS uncoupling, endothelial dysfunction, and higher blood pressure
in Ang II-treated manganese superoxide dismutase deficient mice [9].

Receptors for Ang II have also been identified on blood vessels supplying the retina
and optic nerve [10–12]. Moreover, responses to Ang II have been elicited in ocular
blood vessels of various species in vitro and in vivo [13–16]. Apart from its effects on the
vascular tone, Ang II was shown to mediate various other pathophysiological actions
in ocular blood vessels, such as proliferation and migration of smooth muscle cells and
pericytes, uptake of glucose into retinal pericytes, increase of vascular endothelial growth
factor (VEGF) expression, and potentiation of VEGF-induced angiogenic activity [17–22].
Blockade of the RAS was shown to stop or delay the breakdown of the blood–retina
barrier and to prevent retinal neovascularization in diabetic retinopathy and in retinopathy
of prematurity [23–27]. Favorable effects of RAS blockade have also been reported for
age-related macular degeneration, autoimmune uveitis, ischemia-reperfusion (I/R) injury,
and glaucoma [28–34]. Although numerous studies support the involvement of Ang II in
the pathophysiology of certain ocular diseases, little is known of the effects of Ang II on
endothelial function in ocular blood vessels. Hence, the rationale for the present study was
to test the hypothesis that Ang II impairs endothelium-dependent vasodilation in ocular
blood vessels. Another objective of this study was to investigate the potential mechanisms
of action. For that reason, we established an in vitro model for studying the effects of Ang
II in isolated ophthalmic arteries, which is based on a previously reported protocol for
larger blood vessels [35,36].

2. Materials and Methods
2.1. Animals

All animals were treated in accordance with the guidelines of the EU Directive
2010/63/EU for animal experiments and were approved by the Animal Care Commit-
tee of Rhineland-Palatinate, Germany (approval number: 23 177-07/G 17-1-050 and
23 177-07/G 16-1-055 with extensions E1-E3). All experiments were performed in male,
2-4-month-old C57BL/6J mice. In one series of experiments, Ang II (0.5 mg/kg/d for
7 days, Bachem Holding AG, Bubendorf, Switzerland) versus sham (NaCl 0.9%) was
administered subcutaneously via mini-osmotic pumps (model 1007D, ALZET, DURECT
Corporation, Cupertino, CA, USA), and implanted under ketamine/xylazine anesthesia as
described previously [37]. One week after pump implantation, animals were sacrificed by
cardiac puncture after sedation with isoflurane and anesthesia with ketamine/xylazine
(80 mg/kg ketamine and 12 mg/kg xylazine in 0.9% NaCl) for organ isolation. The oph-
thalmic arteries used in the present study were harvested from mice included in the study
by Helmstadter et al. [37]. The mice developed arterial hypertension and endothelial
dysfunction in their aortic rings, indicative of systemic Ang II-induced effects [37].

To test whether the in vivo effects of Ang II on ophthalmic artery reactivity can be
mimicked in vitro, isolated ophthalmic arteries were exposed to different concentrations
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of Ang II or vehicle in cell culture medium. For some experiments, mice deficient in
the gene coding for NOX2 (gp91phox) (NOX2–/–) of the C57BL/6J background (Jackson
Laboratories, Bar Harbor, ME) were used [38]. Mice were housed under pathogen-free
conditions with a 12 h light/dark cycle, a temperature of 22 ± 2 ◦C, a humidity of 55 ± 10%,
and with ad libitum standard rodent chow (Altromin, Lage, Germany) and tap water.

2.2. Preparation and Incubation of Ophthalmic Arteries

After the mice had been killed, the eyes with the retrobulbar tissue were excised and
placed in cold Krebs Henseleit buffer. Next, ophthalmic arteries were isolated under a
dissecting microscope, cleaned from the surrounding tissue, and subjected for measurement
of vascular reactivity by video microscopy as described previously [39]. For in vitro
incubation experiments, the isolated ophthalmic artery tree was cannulated from the
proximal end with a micropipette and perfused with Dulbecco’s Modified Eagle Medium
(DMEM, Merck, Darmstadt, Germany) containing 5.5 mmol/l glucose, 120 U/mL penicillin,
120 µg/mL streptomycin, and either Ang II (10−9 M, 10−8 M or 10−7 M, Sigma-Aldrich,
Taufkirchen, Germany) or vehicle (NaCl 0.9%). Transluminal perfusion was conducted to
remove blood cells from the lumen of vessels and to ensure direct exposure of endothelial
cells to angiotensin II or vehicle solution. After 30 s of perfusion, the ophthalmic artery tree
was removed from the micropipette and placed in a NunclonTM cell culture dish of 35 mm
diameter (Thermo Fisher Scientific, Dreieich, Germany) containing 2.0 mL of DMEM of the
same composition that had been used to perfuse the vessels. Arteries were then incubated
for 22 h at 37 ◦C (5% CO2) as previously described for larger blood vessels [35,36].

2.3. Measurement of Vascular Reactivity

For functional studies, the ophthalmic arteries were transferred to an organ chamber
filled with cold Krebs buffer, then cannulated and sutured onto two micropipettes, as
described previously with minor modifications [39]. Vessels were pressurized via the mi-
cropipettes to 50 mmHg under no-flow conditions by using two reservoirs filled with Krebs
buffer and visualized using a video camera mounted on an inverted microscope. Video
sequences were captured by a personal computer for offline analysis. The organ chamber
was continuously circulated with oxygenated and carbonated Krebs buffer at 37 ◦C and
pH 7.4. Arteries were equilibrated for 30 min before the study. The viability of vessels was
regarded as satisfactory when at least 50% constriction from resting diameter in response
to high KCl solution (100 mM) was achieved. The aim of the first series of experiments was
to determine whether Ang II induces endothelial dysfunction in ophthalmic arteries when
applied in vivo. For that reason, ophthalmic arteries were harvested from mice that had
received either Ang II (0.5 mg/kg/d, n = 8) or NaCl (0.9%, n = 8) subcutaneously for 7 days.
After mice had been sacrificed and the vessels isolated, cumulative concentration-response
curves for the thromboxane mimetic, 9,11-dideoxy-9α,11α-methanoepoxy prostaglandin
F2α (U46619, 10−11 M to 10−6 M; Cayman Chemical, Ann Arbor, MI, USA) were per-
formed. For testing vasodilatory responses, vessels were preconstricted to 70–50% of the
initial luminal diameter by titration of U46619. After preconstriction, responses to the
endothelium-independent nitric oxide (NO) donor, sodium nitroprusside (SNP, 10−9 M
to 10−4 M, Sigma-Aldrich) and to the endothelium-dependent vasodilator, acetylcholine
(10−9 M to 10−4 M; Sigma-Aldrich) were measured. We previously demonstrated in oph-
thalmic arteries from mice of different genetic backgrounds, including C57BL/6J mice,
that acetylcholine induces only significant vasodilation when the endothelium is intact
[40–42]. Between each concentration–response curve, the perfusion system was washed
with Krebs buffer.

In a second series of experiments, responses to U46619, acetylcholine, and to SNP
were obtained in arteries that had been preincubated with different concentrations of Ang
II (10−9 M, 10−8 M, or 10−7 M) or vehicle (n = 8 per group) for 22 h to determine whether
Ang II may induce endothelial dysfunction in ophthalmic arteries in vitro.
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In a third series of experiments, ophthalmic arteries were preincubated for 22 h with
Ang II (n = 8), with Ang II and the AT1R blocker, candesartan (10−5 M, Tocris Bioscience,
Bristol, UK, n = 8), with vehicle (n = 8), or with vehicle and candesartan (n = 8), to determine
whether the effects of Ang II on ophthalmic artery reactivity are mediated by the AT1R.
Also, the role of the AT2R has been tested by preincubation for 22 h with Ang II (n = 8), Ang
II and the AT2R blocker, PD 123319 ditrifluoroacetate (10−6 M, Tocris Bioscience, n = 8),
vehicle (n = 8), or vehicle with PD 123319 ditrifluoroacetate (n = 8).

A fourth series of experiments was conducted to determine the involvement of reactive
oxygen species (ROS) in the effects of Ang II on vascular reactivity. For that reason,
ophthalmic arteries were preincubated for 22 h with Ang II (n = 8), Ang II and the ROS
scavenger, Tiron (10−3 M, Sigma-Aldrich, n = 8), vehicle (n = 8), or with vehicle and Tiron
(n = 8). To identify the potential source of ROS, functional studies were performed in
ophthalmic arteries from NOX2–/– mice that had been preincubated with either Ang II
(n = 8) or vehicle (n = 8).

A fifth series of experiments was performed to test whether Ang II exposure affected
endothelial vasodilatory signaling pathways. To assess the role of nitric oxide synthase
(NOS) and cyclooxygenase (COX) metabolites in mediating endothelium-dependent oph-
thalmic artery vasodilation, the responses of arteries preincubated with Ang II or vehicle for
22 h were tested to acetylcholine (10−9 M to 10−4 M) before and after incubation (30 min)
with the non-isoform selective COX inhibitor, indomethacin (10−5 M, Sigma-Aldrich,
n = 8 per group), the non-isoform selective NOS inhibitor, Nω-nitro-L-arginine methyl
ester (L-NAME, 10−4 M, Sigma-Aldrich, n = 8 per group), or a combination of both agents
(n = 8 per group). To investigate the contribution of endothelium-derived hyperpolarizing
factors (EDHFs) to endothelium-dependent vasodilation, ophthalmic arteries preincubated
with Ang II or vehicle for 22 h were incubated with indomethacin (10−5 M) and L-NAME
(10−4 M) without or with the addition of 30 mM of potassium (K+) solution to prevent
hyperpolarization (n = 8 per group). To identify the specific EDHF signaling pathways,
ophthalmic arteries that had been preincubated with either Ang II or vehicle for 22 h were
incubated with the suicide substrate inhibitor of bothω-hydroxylation and epoxygenation
of arachidonic acid via the cytochrome P450 oxygenase (CYP450) pathway, 17-octadecynoic
acid (17-ODYA, 10−4 M, Tocris Bioscience, n = 8 per group), or the 12/15-lipoxygenase
(12/15-LOX) inhibitor, baicalein (10−5 M, Sigma-Aldrich, n = 8 per group). In addition
to the inhibitors both L-NAME (10−4 M) and indomethacin (10−5 M) were present in the
organ bath to prevent the formation of NOS and COX metabolites, respectively. Each
inhibitor was incubated for 30 min.

2.4. Quantification of Reactive Oxygen Species

ROS formation was determined in cryosections of the ophthalmic artery (one vascular
cross-section per mouse) by dihydroethidium (DHE, 1 µM)-derived fluorescence. After
incubation for 22 h in DMEM with Ang II or vehicle, ophthalmic arteries were washed
for 30 s in phosphate-buffered saline (PBS), fixed in Tissue-Tek O.C.T. Compound (Sakura
Finetek Europe, Alphen aanden Rijn, Netherlands), and frozen in liquid nitrogen. Freshly
prepared cryosections (10 µm thickness) were incubated with 1 µM of dihydroethidium
(DHE, Thermo Fischer Scientific, Waltham, MA, USA) for 30 min at 37 ◦C. By using an
Eclipse TS 100 microscope (Nikon, Yurakucho, Tokyo, Japan) equipped with a DS–Fi1-
U2 digital microscope camera (Nikon) and the imaging software NIS Elements (Nikon,
Version 1.10 64 bit) the fluorescence (518 nm/605 nm excitation/emission) was recorded
and measured in the vascular wall by using ImageJ (NIH, http://rsb.info.nih.gov/ij/)
accessed on 11 March 2019 [43,44].

2.5. Quantification of Prooxidant Redox Genes by Real-Time PCR

To test, whether incubation of ophthalmic arteries with Ang II influenced the expres-
sion of prooxidant redox genes, mRNA for the prooxidant redox enzymes, nicotinamide
adenine dinucleotide phosphate oxidase,1, 2, and 4 (NOX1, NOX2, NOX4), and for xan-

http://rsb.info.nih.gov/ij/
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thine dehydrogenase (XDH) was quantified using quantitative real-time PCR (qPCR).
Under physiological conditions, XDH is active primarily as a dehydrogenase. However,
various stimuli, including hypoxia and inflammation, promote the conversion of XDH to
the superoxide-producing xanthine oxidase (XO), which promotes endothelial dysfunction
and atherosclerosis [45].

After incubation for 22 h with Ang II or vehicle, ophthalmic arteries were washed
in cold PBS, transferred into a 1.5 mL tube, immediately snap-frozen in liquid nitro-
gen, and stored at −80 ◦C for 2–3 months. Next, the tissue was homogenized in lysis
buffer (1.0% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mmol/l NaF, 80 mmol/l TRIS,
pH 7.5). By using a light cycler (LC480, Roche Diagnostics, Mannheim, Germany) and
a StepOnePlus device (Applied Biosystems, Foster City, CA, United States) qPCR was con-
ducted according to the manufacturer’s protocol. We used the following cycling conditions:
holding stage (initial denaturation): 10 min at 95 ◦C; cycling stage (×40): 20 sec at 95 ◦C
and 40 sec at 60 ◦C; melt curve stage: 60 ◦C increased by 0.5 ◦C every 5 sec to 95 ◦C.

SYBR Green was used for fluorescent detection of generated DNA during qPCR.
Relative mRNA levels of target genes were quantified using comparative threshold (CT)
normalized to the β-actin gene (ACTB). Messenger RNA expression is presented as the fold-
change in Ang II-incubated vessels versus vehicle-incubated vessels. Primers for mouse
ACTB, NOX1, NOX2, NOX4 and XDH were used. The qPCR primers were synthesized
by TIB Molbiol, Berlin, Germany. Primer accession numbers and sequences are listed in
Table 1.

Table 1. Primer sequences used for quantitative PCR analysis in ophthalmic arteries.

Gene Accession Number Forward Reverse

NOX1 NM_172203.2 GGTTGGGGCTGAACATTTTTC TCGACACACAGGAATCAGGAT

NOX2 NM_007807.5 GCACCTGCAGCCTGCCTGAATT TTGTGTGGATGGCGGTGTGCA

NOX4 NM_015760.5 GGCTGGCCAACGAAGGGGTTAA GAGGCTGCAGTTGAGGTTCAGGACA

XDH NM_011723.3 CGATGACGAGGACAACGGTA TGAAGGCGGTCATACTTGGAG

ACTB NM_007393.5 CACCCGCGAGCACAGCTTCTTT AATACAGCCCGGGGAGCATC

2.6. Immunofluorescence Analysis

An antibody directed against NOX2 (ab129068, rabbit monoclonal, Abcam, Waltham,
MA, USA, dilution 1:200) was applied to ophthalmic artery cryosections of 10 µm thickness
to quantify NOX2 expression in the vascular wall. Tissue sections were fixed for 20 min
in paraformaldehyde (4%) and incubated with bovine serum albumin (1%) for 30 min
followed by the primary antibody for 2 h at room temperature. After washing the slides
in PBS (3 × 5 min), a Rhodamine Red-X-coupled secondary antibody (111-295-003, goat
anti-rabbit, polyclonal, Dianova GmbH, Hamburg, Germany, dilution 1:200) was applied
for 1 h at room temperature. Tissue from NOX2–/– mice served as the negative control.
Finally, slides were washed in PBS (3 × 5 min) and were mounted using VECTASHIELD®

Mounting Medium with DAPI (BIOZOL Diagnostica Vertrieb GmbH, Eching, Germany)
and cover-slipped. Subsequently, the fluorescence was measured in the vascular wall by
using Image J (NIH, http://rsb.info.nih.gov/ij/ (accessed on 11 March 2019) as reported
previously [44,46].

2.7. Statistical Analysis

Data are presented as mean ± SE, and n represents the number of mice per group.
Constriction responses to U46619 are presented as percent change in luminal diameter from
resting diameter, while responses to acetylcholine and SNP are presented as percent change
in luminal diameter from the preconstricted diameter. Comparison between concentration-
responses was made using two-way ANOVA for repeated measurements. For comparisons
of multiple groups, Tukey’s multiple comparisons test was used. For comparisons of

http://rsb.info.nih.gov/ij/
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mRNA expression levels and fluorescent intensity, an unpaired t-test was used. The level
of significance was set at 0.05.

3. Results
3.1. Effects of Ang II on Endothelial Function

The initial luminal diameter of ophthalmic arteries from mice subjected to Ang II
(0.5 mg/kg daily for 7 days) did not differ from the diameter of arteries from mice subjected
to NaCl 0.9% (96.13 ± 7.558 µm versus 102.0 µm ± 7.865 µm, n = 8 per group, p = 0.5986,
unpaired t-test). After an equilibration time of 30 min, the luminal diameter was reduced
by 11.48 ± 2.436% and by 14.58 ± 3.338% in ophthalmic arteries from Ang II-exposed and
vehicle-exposed mice, respectively (n = 8 per group, p = 0.4663, unpaired t-test).

U46619 (10−11 M–10−6 M) elicited concentration-dependent vasoconstriction that did
not differ between ophthalmic arteries from mice subjected to Ang II (0.5 mg/kg daily for
7 days) and sham controls subjected to NaCl 0.9% (Figure 1A). There were also no differ-
ences between both mouse groups in response to SNP (Figure 1B). In contrast, responses
to the endothelium-dependent vasodilator, acetylcholine, were markedly reduced in mice
treated with Ang II, indicative of endothelial dysfunction (Figure 1C). The maximum
increase in luminal diameter to acetylcholine was 79.28 ± 5.857% and 54.53 ± 6.096% in
arteries from Ang II-infused and vehicle-infused mice, respectively.

In ophthalmic arteries preincubated with Ang II 10−9 M, Ang II 10−8 M, Ang II
10−7 M or vehicle, respectively, vasoconstrictor responses to U46619 (10−11 M to 10−6 M)
were similar (Figure 1D). Responses to the endothelium-independent vasodilator, SNP
(10−9 M to 10−4 M), were also not affected by preincubation with either concentration of
Ang II (Figure 1E). Of note, the endothelium-dependent vasodilator, acetylcholine, elicited
concentration-dependent vasodilation, which was markedly reduced in ophthalmic arteries
preincubated with Ang II 10−7 M, but not in those preincubated with Ang II 10−9 M and
Ang II 10−8 M, respectively. The maximum increase in luminal diameter to acetylcholine
was 85.20 ± 5.766%, 74.49 ± 8.006%, 59.95 ± 6.326%, and 91.68 ± 4.253% in arteries
preincubated with Ang II 10−9 M, Ang II 10−8 M, Ang II 10−7 M or vehicle (* p < 0.05;
Figure 1F). Of note, concentration–response curves to U46619, SNP, and acetylcholine in
ophthalmic arteries preincubated overnight with vehicle solution were similar to those
from freshly isolated arteries of mice that have been infused with vehicle solution for
7 days, suggesting that overnight incubation did not markedly affect vessel viability. Based
on these results, Ang II 10−7 M was selected for induction of endothelial dysfunction in
further experimental series.
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Figure 1. In vivo exposure to Ang II (0.5 mg/kg daily for 7 days) did not affect the response of ophthalmic arteries to
the vasoconstrictor, U46619 (A), or to the endothelium-independent vasodilator, SNP (B), whereas it did cause a sub-
stantial degree of endothelial dysfunction (impaired acetylcholine response, (C)). Values are expressed as mean ± SE
(n = 8 per group; * p < 0.05, Ang II 0.5 mg/kg/d versus vehicle control). In vitro exposure of ophthalmic arteries to differ-
ent concentrations of Ang II also had no effect on the response to U46619 (D) or SNP (E), but markedly blunted reactivity
to acetylcholine at 10−7 M of Ang II (F), indicative of endothelial dysfunction. Values are expressed as mean ± SE
(n = 8 per group; * p < 0.05, Ang 10−7 M versus vehicle control).

3.2. Responses of Ophthalmic Arteries after AT1R and AT2R Blockade

Preincubation of ophthalmic arteries with vehicle plus the AT1R blocker, candesartan
(10−5 M), for 22 h had no effect on responses to acetylcholine. However, preincubation
with Ang II 10−7 M plus candesartan retained vasodilation responses to acetylcholine
(Figure 2A). Preincubation of ophthalmic arteries with vehicle and the AT2R blocker,
PD 123319 ditrifluoroacetate (10−6 M) did not affect cholinergic vasodilation (Figure 2B).
Preincubation with Ang II 10−7 M and PD 123319 ditrifluoroacetate (10−6 M) did not
prevent endothelial dysfunction in ophthalmic arteries.
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Figure 2. The AT1R blocker, candesartan, prevented Ang II-induced endothelial dysfunction (A) (n = 8 per group; ** p < 

0.01, Ang II 10−7 M versus vehicle; # p < 0.01, Ang II 10−7 M versus vehicle + candesartan; * p < 0.05, Ang II 10−7 M versus 

Ang II 10−7 M + candesartan). The AT2R blocker, PD 123319 ditrifluoroacetate, had no effect on Ang II-induced endothelial 

dysfunction (B) (n = 8 per group; *** p < 0.001, Ang II 10−7 M + PD 123319 ditrifluoroacetate versus vehicle; ** p < 0.01, Ang 

II 10−7 M versus vehicle; # p < 0.01, vehicle + PD 123319 ditrifluoroacetate vs. Ang II 10−7 M + PD 123319 ditrifluoroacetate; 

* p < 0.05, vehicle + PD 123319 ditrifluoroacetate vs. Ang II 10−7 M). Data are expressed as mean ± SE. 

3.3. Endothelial Function and ROS Formation 

While after incubation of ophthalmic arteries with Ang II 10−7 M responses to acetyl-

choline were markedly reduced, co-incubation of Ang II 10−7 M with the ROS scavenger, 

Tiron 10−3 M, did not impair acetylcholine-induced vascular reactivity (Figure 3A), indi-

cating that endothelial function was retained when the ROS were quenched. Ang II and 

Tiron did not affect endothelium-independent vasodilatory responses to SNP (Figure 3 

B). 

The staining of ophthalmic artery cross-sections with DHE revealed increased fluo-

rescence intensity in arteries incubated with Ang II 10−7 M compared to cross-sections of 

arteries incubated with vehicle only, indicative of elevated ROS levels. However, co-incu-

bation of Ang II 10−7 M with the ROS scavenger, Tiron 10−3 M, prevented the increase of 

DHE fluorescence intensity, suggesting that Tiron reduced oxidative stress in the vascular 

wall (Figures 3C,D, n = 8 per group). 

Figure 2. The AT1R blocker, candesartan, prevented Ang II-induced endothelial dysfunction (A) (n = 8 per group; ** p < 0.01,
Ang II 10−7 M versus vehicle; # p < 0.01, Ang II 10−7 M versus vehicle + candesartan; * p < 0.05, Ang II 10−7 M versus Ang
II 10−7 M + candesartan). The AT2R blocker, PD 123319 ditrifluoroacetate, had no effect on Ang II-induced endothelial
dysfunction (B) (n = 8 per group; *** p < 0.001, Ang II 10−7 M + PD 123319 ditrifluoroacetate versus vehicle; ** p < 0.01, Ang
II 10−7 M versus vehicle; # p < 0.01, vehicle + PD 123319 ditrifluoroacetate vs. Ang II 10−7 M + PD 123319 ditrifluoroacetate;
* p < 0.05, vehicle + PD 123319 ditrifluoroacetate vs. Ang II 10−7 M). Data are expressed as mean ± SE.

3.3. Endothelial Function and ROS Formation

While after incubation of ophthalmic arteries with Ang II 10−7 M responses to acetyl-
choline were markedly reduced, co-incubation of Ang II 10−7 M with the ROS scavenger,
Tiron 10−3 M, did not impair acetylcholine-induced vascular reactivity (Figure 3A), indicat-
ing that endothelial function was retained when the ROS were quenched. Ang II and Tiron
did not affect endothelium-independent vasodilatory responses to SNP (Figure 3B).

The staining of ophthalmic artery cross-sections with DHE revealed increased fluo-
rescence intensity in arteries incubated with Ang II 10−7 M compared to cross-sections
of arteries incubated with vehicle only, indicative of elevated ROS levels. However, co-
incubation of Ang II 10−7 M with the ROS scavenger, Tiron 10−3 M, prevented the increase
of DHE fluorescence intensity, suggesting that Tiron reduced oxidative stress in the vascular
wall (Figure 3C,D, n = 8 per group).

3.4. Prooxidant Redox Enzyme Expression and Endothelial Function

In ophthalmic arteries incubated with Ang II 10−7 M, mRNA expression for the redox
gene, NOX2, was markedly increased compared to vehicle-incubated arteries (Figure 4A).
In contrast, NOX1 mRNA was not detected in the ophthalmic arteries of either group.
NOX4 and XO mRNA expression were similar in ophthalmic arteries incubated with Ang
II 10−7 M and vehicle. Immunoreactivity to the prooxidant redox enzyme, NOX2, has
markedly increased in Ang II-incubated ophthalmic arteries (Figure 4B,C), suggesting
that NOX2 expression was also induced on the protein level following Ang II 10−7 M
incubation. To test whether NOX2 plays a functional role in mediating Ang II-induced
endothelial dysfunction, ophthalmic arteries from NOX2–/– mice were incubated with
Ang II 10−7 M or vehicle. Notably, unlike in ophthalmic arteries from wild-type mice,
responses to acetylcholine were retained in arteries from NOX2–/– mice following Ang II
10−7 M incubation, suggesting that NOX2 is required for inducing endothelial dysfunction
(Figure 4D–F).
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Figure 3. While Ang II 10−7 M reduced endothelium-dependent vasodilation (reduced acetylcholine responses), the ROS 

scavenger Tiron 10−3 M retained acetylcholine-induced vascular responses in Ang II 10−7 M-incubated ophthalmic arteries 

(A). Ang II and Tiron had no effect on the SNP response (endothelium-independent vasodilation) (B). Data are expressed 

as mean ± SE (n = 8 per group; ** p < 0.01, Ang II 10−7 M versus vehicle + Tiron; + p < 0.01, Ang II 10−7 M vs. Ang II 10−7 M + 

Tiron; * p < 0.05, Ang II 10−7 M versus vehicle). Ang II 10−7 M increased fluorescent intensity to DHE in ophthalmic artery 

cross-sections, indicative of elevated ROS levels, whereas Tiron prevented an Ang II-induced increase in DHE staining 

intensity (C,D). Data are expressed as mean ± SE (n = 8 per group; *** p < 0.001; ** p < 0.01; * p < 0.05). Scale bar = 50 µm. 

3.4. Prooxidant Redox Enzyme Expression and Endothelial Function 

In ophthalmic arteries incubated with Ang II 10−7 M, mRNA expression for the redox 

gene, NOX2, was markedly increased compared to vehicle-incubated arteries (Figure 4A). 

In contrast, NOX1 mRNA was not detected in the ophthalmic arteries of either group. 

NOX4 and XO mRNA expression were similar in ophthalmic arteries incubated with Ang 

II 10−7 M and vehicle. Immunoreactivity to the prooxidant redox enzyme, NOX2, has 

markedly increased in Ang II-incubated ophthalmic arteries (Figure 4B,C), suggesting that 

NOX2 expression was also induced on the protein level following Ang II 10−7 M incuba-

tion. To test whether NOX2 plays a functional role in mediating Ang II-induced endothe-

lial dysfunction, ophthalmic arteries from NOX2–/– mice were incubated with Ang II 10−7 
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acetylcholine were retained in arteries from NOX2–/– mice following Ang II 10−7 M incuba-

tion, suggesting that NOX2 is required for inducing endothelial dysfunction (Figure 4D–

F). 

Figure 3. While Ang II 10−7 M reduced endothelium-dependent vasodilation (reduced acetylcholine responses), the
ROS scavenger Tiron 10−3 M retained acetylcholine-induced vascular responses in Ang II 10−7 M-incubated oph-
thalmic arteries (A). Ang II and Tiron had no effect on the SNP response (endothelium-independent vasodilation)
(B). Data are expressed as mean ± SE (n = 8 per group; ** p < 0.01, Ang II 10−7 M versus vehicle + Tiron; + p < 0.01,
Ang II 10−7 M vs. Ang II 10−7 M + Tiron; * p < 0.05, Ang II 10−7 M versus vehicle). Ang II 10−7 M increased fluorescent
intensity to DHE in ophthalmic artery cross-sections, indicative of elevated ROS levels, whereas Tiron prevented an Ang
II-induced increase in DHE staining intensity (C,D). Data are expressed as mean ± SE (n = 8 per group; *** p < 0.001;
** p < 0.01; * p < 0.05). Scale bar = 50 µm.
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Figure 4. Incubation with Ang II (10−7 M) induced marked expression of NOX2 mRNA in isolated ophthalmic arteries of 

C57Bl/6J mice. In contrast, NOX1 mRNA was undetectable, and NOX4 and XDH/XO mRNA only insignificantly increased 

in Ang II-incubated arteries compared to vehicle-incubated arteries (A) (n = 6 per group, ** p < 0.01 versus vehicle control). 

While immunoreactivity to NOX2 was only weak in vehicle-incubated ophthalmic arteries from C57Bl/6J mice (B,C), much 

stronger immunoreactivity to NOX2 was seen in the vascular wall of arteries incubated with Ang II 10−7 M (B,C) (n = 8 per 

group, *** p < 0.001, Ang 10−7 M versus vehicle control). Vasoconstrictor responses to U46619 (D), endothelium-independ-

ent vasodilation to SNP (E), and endothelium-dependent vasodilation to acetylcholine (F) were not reduced in isolated 

ophthalmic arteries from NOX2–/– mice exposed to Ang II 10−7 M compared to vehicle, suggesting that Ang II failed to 

induce endothelial dysfunction when NOX2 was not present. The curves with dashed lines were reproduced from Figures 

1D–F for the direct comparison with the respective control condition. Data are expressed as mean ± SE (n = 8 per group; ** 

p < 0.01, NOX2+/+ + Ang II 10−7 M versus NOX2+/+ + vehicle; * p < 0.05, NOX2+/+ + Ang II 10−7 M versus NOX2–/– + vehicle). 

Scale bar = 50 µm. 

3.5. Effects of Ang II on Vasodilatory Signaling Pathways 

Incubation with the non-isoform-selective COX blocker, indomethacin, did not affect 

acetylcholine-induced vasodilation either in ophthalmic arteries incubated with vehicle 

or with Ang II 10−7 M (Figure 5A). In contrast, the non-isoform-selective NOS inhibitor, L-

NAME, markedly reduced responses to acetylcholine in vehicle-incubated but not in Ang 

II-incubated ophthalmic arteries, suggesting that NOS involvement was smaller in Ang 

II-treated ophthalmic arteries (Figure 5B). The combination of indomethacin and L-NAME 

reduced acetylcholine-induced to a similar extent as L-NAME alone in vehicle-treated ar-

teries but had no significant effect in Ang II-treated ophthalmic arteries (Figure 5C), sug-

gesting that COX and NOS did not compensate for each other in ophthalmic arteries, as 

opposed to previous observations in retinal arterioles [47]. 

The portion of the vasodilatory response that remained after combined incubation 

with indomethacin and L-NAME was virtually abolished by the addition of 30 mM KCl, 

indicative of EDHF involvement in both vehicle- and Ang II-incubated ophthalmic artery 

Figure 4. Incubation with Ang II (10−7 M) induced marked expression of NOX2 mRNA in isolated ophthalmic arteries
of C57Bl/6J mice. In contrast, NOX1 mRNA was undetectable, and NOX4 and XDH/XO mRNA only insignificantly
increased in Ang II-incubated arteries compared to vehicle-incubated arteries (A) (n = 6 per group, ** p < 0.01 ver-
sus vehicle control). While immunoreactivity to NOX2 was only weak in vehicle-incubated ophthalmic arteries from
C57Bl/6J mice (B,C), much stronger immunoreactivity to NOX2 was seen in the vascular wall of arteries incubated with
Ang II 10−7 M (B,C) (n = 8 per group, *** p < 0.001, Ang 10−7 M versus vehicle control). Vasoconstrictor responses to U46619
(D), endothelium-independent vasodilation to SNP (E), and endothelium-dependent vasodilation to acetylcholine (F) were
not reduced in isolated ophthalmic arteries from NOX2–/– mice exposed to Ang II 10−7 M compared to vehicle, suggesting
that Ang II failed to induce endothelial dysfunction when NOX2 was not present. The curves with dashed lines were
reproduced from Figure 1D–F for the direct comparison with the respective control condition. Data are expressed as mean
± SE (n = 8 per group; ** p < 0.01, NOX2+/+ + Ang II 10−7 M versus NOX2+/+ + vehicle; * p < 0.05, NOX2+/+ + Ang II
10−7 M versus NOX2–/– + vehicle). Scale bar = 50 µm.

3.5. Effects of Ang II on Vasodilatory Signaling Pathways

Incubation with the non-isoform-selective COX blocker, indomethacin, did not affect
acetylcholine-induced vasodilation either in ophthalmic arteries incubated with vehicle
or with Ang II 10−7 M (Figure 5A). In contrast, the non-isoform-selective NOS inhibitor,
L-NAME, markedly reduced responses to acetylcholine in vehicle-incubated but not in Ang
II-incubated ophthalmic arteries, suggesting that NOS involvement was smaller in Ang
II-treated ophthalmic arteries (Figure 5B). The combination of indomethacin and L-NAME
reduced acetylcholine-induced to a similar extent as L-NAME alone in vehicle-treated
arteries but had no significant effect in Ang II-treated ophthalmic arteries (Figure 5C),
suggesting that COX and NOS did not compensate for each other in ophthalmic arteries,
as opposed to previous observations in retinal arterioles [47].
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Figure 5. The non-isoform-selective COX blocker, indomethacin (Indo), had no effect on the acetylcholine-induced (endo-

thelium-dependent) vasodilation in the vehicle-incubated and Ang II 10−7 M-incubated ophthalmic arteries from wild-

type mice (C57BL/6J) (A). In contrast, the non-isoform-selective NOS inhibitor, L-NAME, markedly reduced the endothe-

lium-dependent vasodilation in the vehicle-incubated arteries, but only had a negligible effect in Ang II-incubated arteries 

(B) (* p < 0.05, vehicle + L-NAME versus vehicle). Also, the combined blockade of COX and NOS significantly reduced 

endothelium-dependent vasodilation in vehicle-incubated but not in Ang II-incubated ophthalmic arteries (C) (** p < 0.01, 

vehicle + Indo + L-NAME versus vehicle). KCl (30 mM), which prevents hyperpolarization, virtually abolished endothe-

lium-dependent vasodilation in both vehicle- and Ang II-incubated vessels, in which COX and NOS had been blocked, 

indicative of substantial EDHF involvement (D) (*** p < 0.001, vehicle + Indo + L-NAME + KCl versus vehicle + Indo + L-

NAME and Ang II 10−7 M + Indo + L-NAME + KCl versus Ang II 10−7 M + Indo + L-NAME). Inhibition of CYP450 by 17-

ODYA moderately blunted acetylcholine-induced vasodilation in vehicle-incubated ophthalmic arteries. Remarkably, the 

blocking effect was much more pronounced in the Ang II-exposed arteries (E) (* p < 0.05, vehicle + Indo + L-NAME + 17-

ODYA versus vehicle + Indo + L-NAME; ** p < 0.01, Ang II 10−7 M + Indo + L-NAME + 17-ODYA versus Ang II 10−7 M + 

Indo + L-NAME). The 12/15-LOX inhibitor, baicalein, markedly reduced endothelium-dependent vasodilation in the ve-

hicle-treated ophthalmic arteries, while having no significant effect on Ang II-treated ophthalmic arteries (F) (** p < 0.01, 

vehicle + Indo + L-NAME + Baicalein versus vehicle + Indo + L-NAME). Data are expressed as mean ± SE (n = 8 per group). 

Figure 5. The non-isoform-selective COX blocker, indomethacin (Indo), had no effect on the acetylcholine-induced
(endothelium-dependent) vasodilation in the vehicle-incubated and Ang II 10−7 M-incubated ophthalmic arteries from
wild-type mice (C57BL/6J) (A). In contrast, the non-isoform-selective NOS inhibitor, L-NAME, markedly reduced the
endothelium-dependent vasodilation in the vehicle-incubated arteries, but only had a negligible effect in Ang II-incubated
arteries (B) (* p < 0.05, vehicle + L-NAME versus vehicle). Also, the combined blockade of COX and NOS signifi-
cantly reduced endothelium-dependent vasodilation in vehicle-incubated but not in Ang II-incubated ophthalmic arteries
(C) (** p < 0.01, vehicle + Indo + L-NAME versus vehicle). KCl (30 mM), which prevents hyperpolarization, virtually
abolished endothelium-dependent vasodilation in both vehicle- and Ang II-incubated vessels, in which COX and NOS
had been blocked, indicative of substantial EDHF involvement (D) (*** p < 0.001, vehicle + Indo + L-NAME + KCl versus
vehicle + Indo + L-NAME and Ang II 10−7 M + Indo + L-NAME + KCl versus Ang II 10−7 M + Indo + L-NAME). Inhibition
of CYP450 by 17-ODYA moderately blunted acetylcholine-induced vasodilation in vehicle-incubated ophthalmic arteries.
Remarkably, the blocking effect was much more pronounced in the Ang II-exposed arteries (E) (* p < 0.05, vehicle + Indo
+ L-NAME + 17-ODYA versus vehicle + Indo + L-NAME; ** p < 0.01, Ang II 10−7 M + Indo + L-NAME + 17-ODYA
versus Ang II 10−7 M + Indo + L-NAME). The 12/15-LOX inhibitor, baicalein, markedly reduced endothelium-dependent
vasodilation in the vehicle-treated ophthalmic arteries, while having no significant effect on Ang II-treated ophthalmic
arteries (F) (** p < 0.01, vehicle + Indo + L-NAME + Baicalein versus vehicle + Indo + L-NAME). Data are expressed as
mean ± SE (n = 8 per group).

The portion of the vasodilatory response that remained after combined incubation
with indomethacin and L-NAME was virtually abolished by the addition of 30 mM KCl,
indicative of EDHF involvement in both vehicle- and Ang II-incubated ophthalmic artery
segments (Figure 5D). Interestingly, blockade of CYP450 pathways with 17-ODYA only
moderately reduced vasodilatory responses in ophthalmic arteries from vehicle-incubated
arteries but largely in Ang II-incubated arteries (Figure 5E), suggesting a larger contribution
of CYP450 metabolites following Ang II exposure. In contrast, the 12/15-LOX inhibitor,
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baicalein, markedly reduced responses to acetylcholine in vehicle-incubated ophthalmic
arteries but had no significant effect in Ang II-treated ophthalmic arteries (Figure 5F),
indicative of a negligible contribution of LOX metabolites to endothelium-dependent
vasodilation following Ang II exposure.

4. Discussion

There are several major new findings emerging from the present study. First, in vivo
exposure of ophthalmic arteries to Ang II resulted in impaired vasodilatory responses
to acetylcholine, but not to SNP, indicative of endothelial dysfunction. Likewise, Ang
II concentration-dependently induced endothelial dysfunction in vitro. This effect was
prevented by the AT1R blocker, candesartan, but not by the AT2R blocker, PD 123319 ditri-
fluoroacetate, suggesting that Ang II-induced endothelial dysfunction was mediated via
the AT1R. Second, incubation of isolated ophthalmic arteries with Ang II resulted in ele-
vated ROS levels in the vascular wall, which was prevented by coincubation with the ROS
scavenger, Tiron, that also prevented Ang II-induced endothelial dysfunction, indicative of
ROS involvement. Third, Ang II exposure of ophthalmic arteries from C57BL/6J mice ele-
vated expression of the prooxidant enzyme, NOX2, in the vascular wall both at the mRNA
and protein level. Remarkably, in arteries from NOX2–/– mice, Ang II failed to induce
endothelial dysfunction confirming that NOX2-mediated ROS formation is involved in
Ang II-induced endothelial dysfunction in the ophthalmic artery. Fourth, Ang II exposure
reduced the contribution of NOS and LOX metabolites but enhanced the contribution of
CYP450 products to endothelium-dependent vasodilation, suggesting that the individual
endothelial signaling pathways have different susceptibilities to Ang II exposure.

Previous studies in non-ocular vascular beds of various disease models, such as
arterial hypertension and diabetes, revealed that Ang II triggers vascular endothelial
dysfunction by inducing oxidative stress via involvement of the AT1R [2,48,49]. The
present study is the first to determine the mechanisms of Ang II-induced endothelial
dysfunction in ocular blood vessels. We found that activation of the AT1R is required to
induce endothelial dysfunction in the ophthalmic artery. Other studies in ocular vascular
cells and tissues reported that activation of the AT1R by Ang II-mediated a variety of
pathophysiological actions, such as proliferation and migration of ciliary artery smooth
muscle cells and VEGF-induced cell sprouting and migration in retinal vascular endothelial
cells [19–21]. In the diabetic retina, AT1R activation by angiotensin II was shown to induce
NFκB-dependent proinflammatory signaling pathways and leukocyte adhesion to blood
vessels, thus, contributing to retinal inflammation [50,51]. Moreover, in a rat model of
retinal ischemia, AT1R-mediated signaling was shown to contribute to retinal microglia
activation [52].

In various non-ocular vascular beds, Ang II was shown to induce oxidative stress and
endothelial dysfunction via involvement of the prooxidant redox enzyme, NOX2, mito-
chondrial enzymes, and uncoupled endothelial nitric oxide synthase (eNOS) [53–56]. The
present study provides evidence that NOX2 is critical for Ang II-induced endothelial dys-
function in ophthalmic arteries. We previously reported that NOX2 contributes to endothe-
lial dysfunction in a variety of ocular disease models, such as acute respiratory distress
syndrome, ischemia-reperfusion injury, hypercholesterolemia, and glaucoma, highlighting
the critical pathophysiological role of NOX2 in the ocular vascular system [44,46,57,58].

Furthermore, the present study is the first to give insight into the vasodilatory en-
dothelial signaling pathways affected by Ang II in ocular blood vessels. In vehicle-exposed
ophthalmic arteries, endothelium-dependent vasodilation was driven by NOS and ED-
HFs. The EDHF portion was mediated by CYP450 and 12/15-LOX metabolites. These
findings are in agreement with previous observations in freshly isolated C57BL/6J mouse
ophthalmic arteries, suggesting that overnight incubation of vessels had no marked effect
on the contribution of endothelial signaling pathways to vasodilation [41].

In contrast, the contribution of NOS to endothelium-dependent vasodilation was
negligible following Ang II incubation, suggesting that NOS was dysfunctional in these
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arteries. In support of this concept, previous studies in cultured vascular endothelial cells,
isolated blood vessels, and experimental animals revealed that Ang II exposure induces
eNOS uncoupling to produce superoxide instead of nitric oxide [53,59,60]. Of note, in
Ang II-exposed ophthalmic arteries, endothelium-dependent vasodilation was mediated
predominantly by EDHFs. However, in contrast to ophthalmic arteries incubated with
vehicle, EDHF-driven vasodilation was mediated predominantly by CYP450 metabolites
in Ang II-exposed arteries, suggesting that the contribution of the 12/15-LOX pathway
became negligible. In support of this concept, previous studies reported that some AT1R
blockers, such as telmisartan, exerted inhibitory effects on CYP450 enzymes involved in the
generation of epoxyeicosatrienoic acids (EETs), which play an important role in mediating
EDHF-dependent vasodilation, suggesting that, conversely, CYP450 pathways may be
activated by Ang II [61,62].

Based on these findings, CYP450-dependent signaling pathways appear to be of major
importance for endothelium-dependent vasodilation of ophthalmic arteries following Ang
II exposure whereas NOS and 12/15-LOX signaling become impaired.

In a previous study that used isoform-selective NOS inhibitors in mutant mice lacking
individual NOS isoforms, we observed that eNOS is the only NOS isoform contributing
to acetylcholine-induced vasodilation in ophthalmic arteries [63]. Interestingly, in oph-
thalmic arteries from mice devoid of eNOS, the contribution of 12/15-LOX metabolites to
endothelium-dependent vasodilation even increased while the influence of CYP450 prod-
ucts decreased, suggesting that the reduced NO production by eNOS is not the driving
force for the compensation by CYP450 products in Ang II-exposed ophthalmic arteries [42].
Based on our findings, we propose the following scheme demonstrating how endothe-
lial signaling mechanisms might be affected by Ang II in the mouse ophthalmic artery
(Figure 6).

Antioxidants 2021, 10, x FOR PEER REVIEW 13 of 18 
 

predominantly by EDHFs. However, in contrast to ophthalmic arteries incubated with 

vehicle, EDHF-driven vasodilation was mediated predominantly by CYP450 metabolites 

in Ang II-exposed arteries, suggesting that the contribution of the 12/15-LOX pathway 

became negligible. In support of this concept, previous studies reported that some AT1R 

blockers, such as telmisartan, exerted inhibitory effects on CYP450 enzymes involved in 

the generation of epoxyeicosatrienoic acids (EETs), which play an important role in medi-

ating EDHF-dependent vasodilation, suggesting that, conversely, CYP450 pathways may 

be activated by Ang II [61,62]. 

Based on these findings, CYP450-dependent signaling pathways appear to be of ma-

jor importance for endothelium-dependent vasodilation of ophthalmic arteries following 

Ang II exposure whereas NOS and 12/15-LOX signaling become impaired. 

In a previous study that used isoform-selective NOS inhibitors in mutant mice lack-

ing individual NOS isoforms, we observed that eNOS is the only NOS isoform contrib-

uting to acetylcholine-induced vasodilation in ophthalmic arteries [63]. Interestingly, in 

ophthalmic arteries from mice devoid of eNOS, the contribution of 12/15-LOX metabolites 

to endothelium-dependent vasodilation even increased while the influence of CYP450 

products decreased, suggesting that the reduced NO production by eNOS is not the driv-

ing force for the compensation by CYP450 products in Ang II-exposed ophthalmic arteries 

[42]. Based on our findings, we propose the following scheme demonstrating how endo-

thelial signaling mechanisms might be affected by Ang II in the mouse ophthalmic artery 

(Figure 6). 

 

Figure 6. Proposed hypothetical signaling pathways affected by Ang II in the mouse ophthalmic 

artery endothelium. Activation of the angiotensin receptor type 1 (AT1R) by angiotensin II activates 

NADPH oxidase 2 (NOX2) in the cytoplasmic membrane via diacylglycerol (DAG), protein kinase 

C (PKC), and phosphorylation of the NADPH oxidase subunit p47phox to P-p47phox. Moreover, 

NOX2-derived ROS were shown to open mitochondrial KATP channels (mtKATP) in the mitochon-

drial membrane subsequently causing the opening of permeability transition pores (mPTP) provid-

ing an amplification mechanism for Ang II-induced oxidative stress. The ROS signaling mechanism 

is summarized from previous publications [9,56,64]. Based on our findings, NOX2-derived reactive 

oxygen species (ROS) inactivate endothelial nitric oxide synthase (eNOS), which leads to dimin-

ished nitric oxide (NO) production. Moreover, impairment of 12/15-lipoxygenase (12/15-LOX) by 

ROS may blunt the generation of 12-hydroxyeicosatetraenoic acid (12-HETE), which is the predom-

inant HETE regioisomer in the mouse and which appears to act as an endothelium-derived hy-

perpolarizing factor (EDHF) [65]. In contrast, cytochrome P450 oxygenases (CYP450), which con-

tribute to EDHF-mediated vasodilation by the generation of epoxyeicosatrienoic acids (EETs), ap-

pears to be unaffected by Ang II-induced ROS formation and appears to compensate for the dys-

functional eNOS- and 12/15 LOX-dependent signaling pathways. 

Figure 6. Proposed hypothetical signaling pathways affected by Ang II in the mouse ophthalmic
artery endothelium. Activation of the angiotensin receptor type 1 (AT1R) by angiotensin II activates
NADPH oxidase 2 (NOX2) in the cytoplasmic membrane via diacylglycerol (DAG), protein kinase
C (PKC), and phosphorylation of the NADPH oxidase subunit p47phox to P-p47phox. Moreover,
NOX2-derived ROS were shown to open mitochondrial KATP channels (mtKATP) in the mitochon-
drial membrane subsequently causing the opening of permeability transition pores (mPTP) providing
an amplification mechanism for Ang II-induced oxidative stress. The ROS signaling mechanism is
summarized from previous publications [9,56,64]. Based on our findings, NOX2-derived reactive
oxygen species (ROS) inactivate endothelial nitric oxide synthase (eNOS), which leads to diminished
nitric oxide (NO) production. Moreover, impairment of 12/15-lipoxygenase (12/15-LOX) by ROS
may blunt the generation of 12-hydroxyeicosatetraenoic acid (12-HETE), which is the predominant
HETE regioisomer in the mouse and which appears to act as an endothelium-derived hyperpo-
larizing factor (EDHF) [65]. In contrast, cytochrome P450 oxygenases (CYP450), which contribute
to EDHF-mediated vasodilation by the generation of epoxyeicosatrienoic acids (EETs), appears to
be unaffected by Ang II-induced ROS formation and appears to compensate for the dysfunctional
eNOS- and 12/15 LOX-dependent signaling pathways.
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The present study shows that the endothelial vasodilatory signaling pathways are
largely preserved in ophthalmic arteries after 22 h of in vitro incubation with vehicle
only, because the signaling mechanisms did not differ from those observed previously
in freshly isolated arteries, suggesting that this in vitro model may be useful to test also
other signaling pathways in ophthalmic arteries [41]. However, it has to be noted that
the mechanisms of angiotensin II-induced vascular dysfunction may be more complex
in vivo. It has previously been shown that in vivo recruitment of immune cells, particularly
monocytes and macrophages, into the vascular wall substantially contributes to angiotensin
II-induced vascular endothelial dysfunction, inflammation, and hypertension [6,53,66].
Moreover, angiotensin II-induced vascular dysfunction and arterial hypertension were
shown to be modulated by gut microbiota, emphasizing the complexity of the involved
mechanisms [67].

Notably, our ophthalmic artery preparation model demonstrates that angiotensin
II induces endothelial dysfunction independently of blood pressure changes and largely
independent on immune cells, since only resident immune cells from the vascular wall and
adventitial tissue may have been recruited by Ang II activation to promote inflammation
in this in vitro model.

From a clinical point of view, blockers of angiotensin-converting enzyme and AT1R
may exert beneficial effects in ocular diseases associated with endothelial dysfunction.
For example, in diabetic retinopathy, Ang II, oxidative stress, and inflammation was
shown to play an important pathophysiological role [68]. Likewise, alterations of the
RAS have been implicated in the pathophysiology of age-related macular degeneration
and glaucoma, which both have also been associated with vascular endothelial dys-
function [31,34,46,69–71]. Hence, the role of the RAS deserves to be pursued further
in these diseases.

5. Conclusions

In conclusion, both in vivo and in vitro exposure to Ang II induces endothelial dys-
function in mouse ophthalmic arteries. The effect is mediated primarily by the AT1R, NOX2,
and ROS. In addition, eNOS-dependent and LOX-dependent vasodilation is impaired while
the contribution of CYP450 metabolites is enhanced after Ang II exposure. From a clinical
point of view, blockade of Ang II production or AT1R signaling and/or NOX2 may be
helpful to retain or restore vascular endothelial function in various age-related diseases
associated with endothelial dysfunction in ocular blood vessels, such as age-related macu-
lar degeneration, diabetic retinopathy, and glaucoma. Since CYP450-dependent signaling
pathways appear to compensate for dysfunctional NOS and 12/15-LOX during chronic ex-
posure to high Ang II levels, additional blockade of CYP450 may further reduce endothelial
function under such pathophysiological conditions.
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