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Obesity is a significant health concern that leads to impaired vascular function and subsequent abnormalities in
various organs. The impact of obesity on ocular blood vessels, however, remains largely unclear. In this study, we
examined the hypothesis that obesity induced by high-fat diet produces vascular endothelial dysfunction in the
ophthalmic artery. Mice were subjected to a high-fat diet for 20 weeks, while age-matched controls were
maintained on a standard diet. Reactivity of isolated ophthalmic artery segments was assessed in vitro. Reactive
oxygen species (ROS) were quantified in cryosections by dihydroethidium (DHE) staining. Redox gene expression
was determined in ophthalmic artery explants by real-time PCR. Furthermore, the expression of nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2), the receptor for advanced glycation end products (RAGE),
and of the lectin-like oxidized low-density-lipoprotein receptor-1 (LOX-1) was determined in cryosections using
immunofluorescence microscopy. Ophthalmic artery segments from mice on a high-fat diet exhibited impaired
vasodilation responses to the endothelium-dependent vasodilator acetylcholine, while endothelium-independent
responses to nitroprusside remained preserved. DHE staining intensity in the vascular wall was notably stronger
in mice on a high-fat diet. Messenger RNA expression for NOX2 was elevated in the ophthalmic artery of mice
subjected to high fat diet. Likewise, immunostainings revealed increased expression of NOX2 and of RAGE, but
not of LOX-1. These findings suggest that a high-fat diet triggers endothelial dysfunction by inducing oxidative
stress in the ophthalmic artery via involvement of RAGE and NOX2.

other chronic degenerative diseases (Health, I. of M. C. on D. et al.,
1992). Given the strong association between HFD, obesity, hypercho-

1. Introduction

Obesity is a pathological condition characterized by a body mass
index (BMI) of 30 kg/m? or higher, calculated by dividing weight in
kilograms by height in square meters (Apovian, 2016). It poses a
growing challenge to public health worldwide and is associated with
severe comorbidities such as hyperlipidemia, diabetes mellitus, arterial
hypertension, atherosclerosis, and an increased risk for developing
metabolic syndrome, a cluster of conditions associated with higher
morbidity and mortality (Bray, 2004; Mozaffarian et al., 2011; Li et al.,
2020). High-fat diet (HFD) is commonly used as an experimental animal
model to study diet-induced obesity, which is characterized by a caloric
intake ranging from 30% to 75% from fat (Li et al., 2020). Previous
studies have strongly linked a high-fat diet to heart disease, cancer, and
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lesterolemia, insulin resistance, and diabetes, mice fed a high-fat diet are
often considered a model for these conditions (Nagy and Einwallner,
2018; Wang and Liao, 2012a; Zhang et al., 2020). Of note, previous
studies have demonstrated that hyperlipidemia can lead to altered
retinal function (Chang et al., 2015; Kopec et al., 2017; Zhang et al.,
2014). For example, both scotopic and photopic electroretinogram
(ERG) responses were shown to be reduced in mice on a HFD (Chang
etal., 2015). Obesity contributes to chronic low-grade inflammation and
promotes a prothrombotic state (Allende-Vigo, 2010; Ouchi et al.,
2011). Increased thrombin activity associated with excess fat can trigger
thromboembolic events, posing a risk for retinal embolism, a condition
that can significantly impact vision. Despite significant progress in
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researching the effects of a high-fat diet on blood vessels, there remains a
lack of knowledge regarding its impact on ocular vascular function.
Given the high prevalence of diet-related diseases, which are expected to
continue increasing, it is imperative to gain a comprehensive under-
standing of the mechanisms and impacts of these conditions while
exploring novel treatment opportunities. The primary goal of this
research is to investigate the hypothesis that a high-fat diet leads to
endothelial dysfunction in the ophthalmic artery of mice. Additionally,
this study seeks to elucidate the potential underlying mechanisms
associated with this phenomenon.

2. Materials and methods
2.1. Animals

The study adhered to the guidelines set forth in the EU Directive
2010/63EU for animal experiments, and the responsible regulatory
authority (Landesuntersuchungsamt Rheinland-Pfalz), approved the
protocols involving mice (23 177-07/G 17-1-020). C57BL/6J mice, at
the age of 8 weeks, were divided into two groups for the duration of the
study. The high-fat diet (HFD) group was provided with a diet con-
taining 45% energy from fat (ssniff Spezialdidten GmbH, Soest, Ger-
many), while the control group, referred to as the normal-calorie diet
(NCD) group, received a standard diet containing 11% energy from fat.
HFD-induced obesity is a well-established model. For the development
of a full picture of obesity, a HFD feeding time range of >16 weeks is
required (Wang and Liao, 2012b). For that reason, we chose an exposure
time to either HFD or NCD of 20 weeks as in a previous publication of
our own (Xia et al., 2016a). Both groups were housed under standard-
ized conditions, including 12-h light/dark cycles, a temperature of 22 +
2 °C, a humidity of 55 + 10%, and unrestricted access to food and tap
water.

2.2. Measurement of body weight and serum parameters

Mice were weighed at the day of experiment. Subsequently, the mice
were euthanized by carbon dioxide exposure. Blood samples were
collected from the heart, and serum parameters were determined using
the scil Reflovet® Plus (scil animal care company GmbH, Viernheim,
Germany), following the established protocol (Zadeh et al., 2019b).

2.3. Measurement of vascular responses

After euthanizing the mice by carbon dioxide inhalation, the eyes
were carefully excised and placed in ice-cold Krebs-Henseleit buffer.
Segments of the ophthalmic artery were then prepared for functional
testing using videomicroscopy, following a previously reported method
(Gericke et al., 2009, 2011). Vascular reactivity was assessed after an
equilibration period of 45 min. First, concentration-dependent re-
sponses to the thromboxane A2 (TP) receptor agonist, U46619 ao"m
to 107° M; Cayman Chemical, Ann Arbor, MI, USA) were measured.
Subsequently, the vessels were pre-constricted with U46619 to achieve a
constriction of 50-70% of the initial luminal diameter and
concentration-dependent responses to sodium nitroprusside (SNP, 10~°
Mto 10~* M, Sigma-Aldrich), an endothelium-independent vasodilator,
and to acetylcholine (107° to 107* M; Sigma-Aldrich, Taufkirchen,
Germany), an endothelium-dependent vasodilator in mouse ophthalmic
arteries, were then evaluated (Gericke et al., 2014; Manicam et al.,
2016).

2.4. Quantification of reactive oxygen species

To quantify the formation of reactive oxygen species (ROS),
ophthalmic artery cryosections of 10 pm thickness were treated with
dihydroethidium (DHE) at a concentration of 1 pM. The sections were
incubated at 37 °C for 30 min. Fluorescence measurements were
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performed using excitation/emission wavelengths of 518 nm/605 nm.
The quantification of ROS formation was conducted in cross-sections of
blood vessels following the methodology described in previous studies
(Chronopoulos et al., 2023).

2.5. Quantitative PCR

Following euthanasia via carbon dioxide inhalation, ophthalmic ar-
teries were carefully dissected under a microscope and placed into 1.5
ml plastic tubes, rapidly frozen in liquid nitrogen, and stored at —80 °C
for further analysis. For quantitative PCR analysis of mRNA expression
for the prooxidant redox enzymes, nicotinamide adenine dinucleotide
phosphate oxidase 1, 2, and 4 (NOX1, NOX2, NOX4), and for xanthine
dehydrogenase (XDH), the tissue samples were homogenized using the
FastPrep system (MP Biomedicals, Illkirch, France). XDH is active pri-
marily as a dehydrogenase under physiological conditions. However,
various stimuli, e.g., inflammation and hypoxia, foster the conversion of
XDH to the superoxide-producing xanthine oxidase (XO), which triggers
endothelial dysfunction and atherosclerosis (Schroder et al., 2006).

Therefore, we use the abbreviation XDH/XO in the publication. The
expression of genes was detected using SYBR Green-based quantitative
real-time PCR, following the protocol described in previous studies (Xia
et al., 2016b). RNA isolation was performed using peqGOLD TriFast™
(PEQLAB), and cDNA was synthesized using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany).
Real-time PCR reactions were carried out on a StepOnePlus™ Real-Time
PCR System (Applied Biosystems) using SYBR® Green JumpStart™ Taq
ReadyMix™ (Sigma-Aldrich) and 20 ng cDNA. The relative mRNA levels
of the target genes were quantified by comparing the threshold cycle
(CT) values and normalizing to the housekeeping gene TATA-binding
protein (TBP). The messenger RNA expression is presented as the
fold-change in mice subjected to HFD compared to mice subjected to
normal-calorie diet (NCD). The primer sequences used for PCR are listed
in Table 1.

2.6. Immunostainings and histology

To quantify the prooxidatnt enzyme, NOX2, as well as the lectin-like
oxidized low-density-lipoprotein receptor-1 (LOX-1) and the receptor
for advanced glycation end products (RAGE) on the protein level, we
conducted immunofluorescence stainings using specific antibodies in
frozen sections. First, the tissue was fixed with 4% paraformaldehyde for
20 min, followed by a wash in phosphate-buffered solution (PBS) for 20
min. Subsequently, the tissue was blocked with 1% fetal bovine serum
for 30 min to reduce non-specific binding. The primary antibody was
then applied and incubated at room temperature for 2 h. After incuba-
tion, the tissue was washed three times with PBS for 5 min each. Next,
the appropriate secondary antibody was applied and incubated at room
temperature for 2 h to visualize the specific protein targets. Some sec-
tions were incubated with blocking medium and the secondary antibody
only, omitting the primary antibody, to check for unspecific binding.
Following the incubation and washing steps, a DAPI-containing solution
(BIOZOL Diagnostica Vertrieb GmbH, Eching, Germany) was applied to
each slide to stain the cell nuclei. The slides were then cover-slipped and
subjected to fluorescence microscopy for visualization. The specification
of the applied antibodies are listed in Table 2. For histology, the cry-
osections were fixed in formaldehyde for 1 min and rinsed with water for
10 s. Next, sections were immersed in hematoxylin solution for 3 min
and washed in purified water for 5 min. Subsequently, the slides were
placed for 1 min into 95% ethanol and were stained for 1 min in eosin
solution. The slides were then dehydrated in an ascending ethanol series
(70, 96, and 100%) following by a bath for 10 min in xylene. Finally, the
glass slides were mounted with Eukitt quick-hardening mounting me-
dium (Sigma-Aldrich Chemie, Munich, Germany).
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Fig. 1. Body weight (A), serum levels of total cholesterol (B) and of glucose (C) were markedly increased in mice subjected to a high-fat diet (HFD) over a duration of
20 weeks compared to contrals that received a normal chow diet (NCD). Values are expressed as mean + SE (n = 6 per group; **p < 0.01; ***p < 0.001; HFD

\

versus NCD).
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Fig. 2. Exposure to a high-fat diet (HFD) over a duration of 20 weeks did not affect the response of ophthalmic arteries to the vasoconstrictor, U46619 (A), or to the
endothelium-independent vasodilator, SNP (B), whereas it did reduce dilation to the endothelium-dependent agonist, acetylcholine (C), compared to responses of
arteries from mice that received a normal chow diet (NCD). Values are expressed as mean + SE (n = 6 per group; *p < 0.05; **p < 0.01; HFD versus NCD).
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A

Fig. 3. Ophthalmic artery cross-sections from mice exposed to a high-fat diet (HFD) had a higher fluorescent intensity to dihydroethidium (DHE) than cross-sections
from mice on normal chow diet (NCD), suggestive of elevated ROS levels in arteries from mice exposed to HFD. (A and B). Data are expressed as means + SE (n = 6
per group; **p = 0.0013). Scale bar = 50 pm.

2.7. Statistical analysis
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analysis was performed using the unpaired t-test to compare serum
parameters, fluorescent intensity, and mRNA expression levels between
the groups. Contractile responses to U46619 are expressed as a per-
centage change in luminal diameter relative to the initial resting
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Fig. 4. (A) Messenger RNA (mRNA) expression for several prooxidant enzymes was quantified in ophthalmic artery explants. Whereas no mRNA was detected for
NOX1, expression of NOX4 and XDH/XO mRNA was similar in ophthalmic arteries from mice exposed to high fat diet (HFD) and normal chow diet (NCD).
Remarkably, expression of mRNA for NOX2 was markedly elevated in ophthalmic arteries from mice on HFD (**p = 0.0033). (B) To quantify NOX2 on the protein
level, immunostainings in ophthalmic artery cross-sections were conducted, as shown on representative microphotographs. (C) Inmunoreactivity to NOX2 was much
stronger in ophthalmic artery cross-sections from mice subjected to HFD compared to mice on NCD (**p = 0.0023). Data are expressed as means + SE. Scale bar =

50 pm.

diameter. Responses to SNP and acetylcholine are expressed as a per-
centage change in lumen diameter relative to the diameter after pre-
contraction. Concentration response curves were compared by two-
way ANOVA for repeated measurements and a Bonferroni posthoc
test. A significance level of 0.05 was chosen to determine statistical
significance.

3. Results
3.1. Metabolic parameters

Body weight was remarkably higher in mice exposed to HFD
compared to NCD (47.7 + 3.02 vs. 28.5 + 1.65; ***p = 0.0002; Fig. 1A),
which is a feature of obesity. Likewise, serum levels of total cholesterol
were higher in mice subjected to HFD than in mice on NCD (6.62 +
0.572 vs. 3.89 + 0.302, **p = 0.0018; Fig. 1B). Serum glucose levels
were also markedly elevated in HFD mice (6.73 + 0.389 vs. 5.27 +
0.176, **p = 0.0065; Fig. 1C), indicative of diet-induced diabetes.

3.2. Ophthalmic artery responses to vasoactive substances

The thromboxane A2 (TP) receptor agonist, U46619 10 "' M-10"°
M), elicited concentration-dependent vasoconstriction that did not differ
between ophthalmic arteries from mice subjected to HFD and to NCD
(Fig. 2A). There were also no differences between both mouse groups in
response to SNP (Fig. 2B). In contrast, responses to the endothelium-

dependent vasodilator, acetylcholine, were moderately but signifi-
cantly reduced in mice subjected to HFD, indicative of endothelial
dysfunction (Fig. 2C).

3.3. Levels of reactive oxygen species

DHE staining was used to quantify ROS. DHE is converted by ROS to
highly fluorescent oxidized products (e.g., 2-hydroxyethidium, which is
specific for superoxide as well as ethidium, which is the unspecific
oxidation product formed by hydroxyl radicals via Fenton reaction or
peroxide/peroxidase reactivity). Both oxidized DHE products interca-
late with the DNA to form highly fluorescent complexes that represent a
general read-out of oxidative stress. Of note, DHE fluorescence intensity
was markedly elevated in the ophthalmic artery wall of the HFD group
compared to the NCD group (Fig. 3).

3.4. Prooxidant redox enzymes in the ophthalmic artery

Notably, mRNA for NOX1 was neither detected in ophthalmic ar-
teries from mice subjected to HFD nor in those exposed to NCD (Fig. 4A).
In contrast, NOX2 mRNA expression was markedly elevated in mice
exposed to HFD (Fig. 4A). No differences in mRNA expression between
both mouse groups were found for NOX4 and for XDH/XO (Fig. 4A). To
quantify NOX2 expression on the protein level, immunostainings were
performed. In Fig. 4B, representative photomicrographs are presented
for ophthalmic artery cross-sections of mice exposed to HFD and NCD.



S. Jiang et al. Experimental Eye Research 238 (2024) 109727

NCD, anti-LOX-1 NCD, anti-LOX-1 + DAPI B > 3+
‘®
-]
3
£
(=) 24
2o
£z
%5
HFD, anti-LOX-1 HFD, anti-LOX-1 + DAPI ® - =
) 1 - -4
x = T —
(o]
=
=
<
0 T T
Q Q
\;0 3
C NCD, anti i D 3
, anti-RAGE NCD, anti-RAGE + DAPI > *kk
‘a
]
£ _ T
o 24
2o L
£2
®'6
HFD, anti-RAGE HFD, anti-RAGE + DAPI =
w o —_
os 1 =
2
=]
e
<
0 T T
Q Q
& &

Fig. 5. Quantification of LOX1 and RAGE expression. (A) Anti-LOX-1 receptor immunoreactivity was very faint in both ophthalmic arteries from mice subjected to
high fat diet (HFD) and to normal chow diet (NCD). (B) Anti-LOX-1 expression levels did not differ between the HFD and the NCD group. (C) While anti-RAGE
immunoreactivity was very weak in ophthalmic artery cross-sections of the NCD group, it was pronounced in the HFD group. (D) Immunoreactivity to RAGE was
much stronger in ophthalmic artery cross-sections from mice subjected to HFD compared to mice on NCD. Data are expressed as means =+ SE (n = 6 per group; ***p
< 0.0005). Scale bar = 50 pm.
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Fig. 6. Ophthalmic artery cross-sections (H&E stain) of mice subjected to normal chow diet (NCD, A) and to high fat diet (HFD, B). Remarkable derangement of the
arterial wall architecture was seen in ophthalmic arteries from mice on HFD with marked thickening of the vascular wall at some locations (B). Scale bar = 50 pm.

Remarkably, NOX2 expression was significantly increased in the
vascular wall of mice exposed to HFD (Fig. 4C).

3.6. Histological findings

Examination of ophthalmic artery cross-sections stained with H&E

3.5. LOX-1 and RAGE expression in the ophthalmic artery

Immunoreactivity to LOX-1 was barely visible in ophthalmic arteries
from both mice subjected to HFD and to NCD (Fig. 5A). There was no
difference in fluorescent intensity between both groups (Fig. 5B), sug-
gesting that the type of diet has not influence on LOX-1 expression.
While immunoreactivity to RAGE was low in the ophthalmic artery from
mice subjected to NCD, it was abundant in the ophthalmic artery from
mice exposed to HFD (Fig. 5C). Fluorescent intensity was significantly
higher in the HFD group compared to the NCD group (Fig. 5D).

revealed remarkable derangement of the vascular wall archictercure in
mice on HFD. The arterial wall of mice subjected to a HFD was char-
acterized by an irregular thickness with significant wall hypertrophy at
some localizations resulting in a markedly smaller lumen at these sites
(Fig. 6).

4. Discussion
Several major new findings emerge from our study. First, ophthalmic

arteries from mice subjected to HFD displayed impaired responses to the
endothelium-dependent vasodilator, acetylcholine, while responses to
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the endothelium-independent vasodilator, SNP, were retained. Thus,
ophthalmic artery endothelium presents dysfunction in mice subjected
to HFD. Second, ROS levels were elevated in the vascular wall of
ophthalmic arteries from mice on HFD. Third, NOX2 levels were raised
on both the mRNA and the protein level in ophthalmic arteries from
mice exposed to HFD, suggesting that NOX2 is involved in generation of
oxidative stress. Furthermore, immunostainings for RAGE and LOX-1
revealed abundant expression of RAGE in ophthalmic arteries from
mice exposed to HFD, whereas expression of LOX-1 was low in both mice
exposed to HFD and to NCD. These findings speak in favor of an
involvement of RAGE, NOX2 and ROS in HFD-induced endothelial
dysfunction of the mouse ophthalmic artery rather than the LOX-1
pathway.

Although HFD has previously been reported to induce endothelial
dysfunction in blood vessels of various vascular beds and sizes (Clark-
son-Townsend et al., 2021; Freeman et al., 2014; Freeman and Gran-
holm, 2012), the current study is the first to describe the effect of HFD on
vascular function in the ophthalmic artery, which supplies the eye and
other orbital structures with blood. HFD induces obesity together with
hypercholesterolemia and hyperglycemia. During hypercholesterole-
mia, oxidized low-density lipoproteins (Ox-LDLs) trigger the expression
of prooxidant enzymes in the vascular wall that contribute to generation
of ROS, which at high concentrations, elicit endothelial dysfunction in
part by affecting eNOS function and by inactivation of nitric oxide (Alp
et al., 2004; Kattoor et al., 2019; Mehta et al., 2007; Simionescu, 2007).
Remarkably, LOX-1, which serves as a receptor for ox-LDL, was reported
to play a crucial role in this process (Kattoor et al., 2019). The expression
of LOX-1 was reported to be upregulated in hypercholesterolemia via
positive feedback mechanisms involving the transcription factor, nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
(Aoyama et al., 1999; Pérez et al., 2019). In support of this concept, we
previously observed endothelial dysfunction as well as elevated LOX-1,
NOX2 and ROS levels in retinal arterioles of hypercholesterolemic mice
devoid of the apolipoprotein E gene (ApoE /") (Zadeh et al., 2019b).
Surprisingly, we did not find any functional or morphological changes in
the ophthalmic artery of ApoE ™~ mice in a recent study, although
profound endothelial dysfunction, lipid infiltration, ROS accumulation,
and elevated NOX and LOX-1 expression was observed in the aorta
(Buonfiglio et al., 2023). In obesity, however, hyperglycemia is another
factor that may contribute to endothelial dysfunction through oxidative
stress, inflammatory processes, glycocalyx damage, cell senescence, and
osmotic effects (Dauth et al., 2023; Eshaq et al., 2017; Gericke et al.,

2021; Tarr et al., 2013). A crucial role for mediating ROS formation,
inflammation and endothelial dysfunction in the vascular wall during
hyperglycemia is the pattern recognition receptor, receptor for
advanced glycation endproducts (RAGE). Intriguingly, expression of the
receptor and of its proinflammatory endogenous ligands is upregulated
during states of hyperglycemia in various cell systems via involvement
of ROS and NF-kB leading to a vicious cycle of chronic tissue injury and
suppression of repair mechanisms (Yan et al., 2009; Yao and Brownlee,
2010).

Our findings suggest that in mice subjected to HFD, LOX-1 was not
upregulated in the ophthalmic artery, which is in contrast to our pre-
vious study in retinal arterioles of ApoE’/ ~ mice (Zadeh et al., 2019b).
Of note, both mouse models develop hypercholesterolemia, a trigger
factor for upregulation of LOX-1 expression (Aoyama et al., 1999; Pérez
et al., 2019). A possible explanation for this difference may be the
different susceptibility of retinal and retrobulbar vessels to hypercho-
lesterolemia, e.g., due to differences in their LOX-1 expression and/or
signaling mechanisms. This hypothesis is supported by the observation
that human retinal blood vessels displayed reduced vasodilation re-
sponses at high cholesterol levels (Reimann et al., 2009; Sharifizad et al.,
2016), whereas retrobulbar blood flow velocities did not differ between
hypercholesterolemic and control subjects (Senn et al., 1999). In fact,
there are various anatomical and functional differences between retro-
bulbar and retinal blood vessels, e.g., innervation by autonomic nerve
fibers, autoregulation as well as endothelium-dependent vasodilation
and compensation mechanisms (Delaey and Van De Voorde, 2000;
Gericke et al., 2019b, 2013; Manicam et al., 2017, 2016; Németh et al.,
2002).

As opposed to LOX-1, RAGE expression was upregulated in the
ophthalmic artery from mice exposed to HFD. This is in line with find-
ings of some other studies, in which mice fed a HFD displayed increased
RAGE expression in various tissues including blood vessels (Son et al.,
2020; Wu et al., 2010). Likewise, murine aortic valves displayed an
upregulation of RAGE as well as of its ligands in mice fed a HFD (Hof-
mann et al., 2014). In the brain of mice subjected to a HFD, an increase
of the RAGE ligand S100A8 and upregulation of RAGE has been reported
(Loera-Valencia et al., 2021). In Alzheimer’s disease, HFD was reported
to enhance amyloid p production, a process linked with an increase of
RAGE expression in the brain, where this receptor provides the transport
of amyloid p from blood to nervous tissues (Ismail et al., 2017).

Remarkably, an investigation examined the retinal expression of pro-
inflammatory and proangiogenic mediators in neonatal diabetic rats fed
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a HFD, in diabetic rats fed a NCD and in a non-diabetic control group,
showing a significant upregulation of RAGE, TNF-a, ands VEGF in dia-
betic rats on HFD compared to the other groups (Mancini et al., 2013).
Our data provide evidence that HFD in mice produces not only hyper-
cholesterolemia, but also hyperglycemia. Diverse publications reported
the association between a diabetic status and an enhanced expression of
RAGE. For example, a study on human aortic endothelial cells incubated
with high glucose showed that hyperglycemia induced ROS formation
and triggered an overexpression of RAGE and its ligands (Yao and
Brownlee, 2010). A postmortem investigation assessed an increased
expression of RAGE and its ligands in coronary atherosclerotic plaques
of diabetic subjects, further associated with apoptosis in macrophages
and smooth muscle cells (Burke et al., 2004). Furthermore, a study in
diabetic mice demonstrated that RAGE-upregulation is linked with the
establishment of vascular lesions as well as with the progression of
endothelial injury (Bucciarelli et al., 2002).

The interaction between RAGE and its ligands triggers the upregu-
lation of the receptor (Sorci et al., 2013). Numerous RAGE-ligands were
extensively discussed in dedicated studies upon vascular tissues, im-
mune cells or atherosclerotic plaques (Farmer and Kennedy, 2009a), and
comprise among others Advanced Glycation End Products (AGEs)
(Touré et al., 2008), S100 Calcium-Binding Protein (S100) (Heizmann
et al., 2007), high mobility group box 1 protein (Li et al., 2006),
macrophage-1 antigen (Orlova et al., 2007), and also oxLDLs (Sun et al.,
2009). AGEs are extensively generated under hyperglycemic conditions
and play a critical role in ROS generation, leading to vascular impair-
ment (Gao et al., 2008) In monocytes and endothelial cells, activation of
RAGE was reported to activate several intracellular cascades, which
include c-Jun N-terminal Kinase (JNK), p2l-ras MAPK-signaling,
phosphatidylinositol-3 kinase (PI-3K)-transduction, with subsequent
induction of the extracellular signal-regulated kinase 1 and 2 (ERK1/2)
and the Ki-Ras-pathway, culminating in activation of NF-kB (Bartling
et al., 2006; D and Jm, 2003; Dukic-Stefanovic et al., 2003; Huttunen
et al., 1999; Lander et al., 1997; Vincent et al., 2007). NF-kB is a pivotal
actor in the development of inflammation via involvement of
interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) (Liu et al., 2017), and of angiogenesis, regulating expression of
hypoxia-inducible factor 1-alpha (HIF-la) and vascular endothelial
growth factor (VEGF) (Garvey et al., 2009; Romanque et al., 2008). In
addition, activated RAGE also induces protein kinase C (PKC), p38
mitogen-activated protein kinase (MAPK) and transforming growth
factor-beta (TGF-f) signaling, favoring an increased synthesis of bone
matrix proteins, guiding to vascular lesions (Kay et al., 2016a). More-
over, interaction between RAGE and its ligands was shown to promote
ROS generation and inflammation via involvement of NOX and NF-kB
(Kay et al., 2016b; Wautier et al., 2001). NOX is a main generator of
superoxide in the vascular wall, thus being crucial in the production of
ROS through the RAGE pathway (Bierhaus et al., 2005; Griendling and
Ushio-Fukai, 1997; Wautier et al., 2001). NOX2-generated ROS in bone
marrow-derived cells and resident retinal cells were shown to signifi-
cantly contribute to retinal vascular damage in the diabetic retina (Rojas
et al., 2013). Moreover, upregulation of NOX2 and endothelial
dysfunction were observed in retinal arterioles following intraocular
pressure elevation, ischemia, lipopolysaccharide exposure and hyper-
cholesterolemia (Gericke et al., 2019a; Rojas et al., 2013; Wang et al.,
2022; Zadeh et al., 2019a, 2019b). Under conditions of oxidative stress,
peroxynitrite, a potent reactive nitrogen species, oxidizes tetrahy-
drobiopterin, a fundamental cofactor of endothelial nitric oxide syn-
thase (eNOS), thereby “uncoupling” eNOS and reducing the production
of nitric oxide, an essential molecule required for proper endothelial
function (Farmer and Kennedy, 2009b; Forstermann, 2006). The final
result of these events is endothelial dysfunction, resulting in impaired
vasorelaxation (Harja et al., 2008). In a previous study, we induced
endothelial dysfunction in the mouse ophthalmic artery by exposure to
angiotensin II (Birk et al.,, 2021). This effect was mediated by the
angiotensin II type 1 receptor and by NOX2-mediated ROS formation.

Experimental Eye Research 238 (2024) 109727

Remarkably, the NOS and 12/15-lipoxygenase (12/15-LOX) pathways
became dysfunctional in angiotensin II-exposed arteries, while partial
compensation by the cytochrome P450 oxygenase pathway was
observed, suggesting that ROS produced complex changes of endothelial
vasodilatory mechanisms in the ophthalmic artery (Birk et al., 2021).

It has been reported that endothelial dysfunction induced by HFD
was prevented by exercise, which induced anti-inflammatory effects
(Fukao et al., 2010). In this context, NF-xB is a crucial mediator of
inflammation (Bierhaus et al., 2006; DiDonato et al., 2012; Lawrence,
2009). RAGE was reported to induce expression of NF-kB, and conse-
quently peripheral inflammation, in mice subjected to a HFD (Song
et al., 2014). RAGE is ubiquitously expressed in various retinal cells and
plays a central role in microvascular damage under hyperglycemic
conditions (Zong et al., 2011). RAGE activation induces ROS production
and activates diverse intracellular pathways such as phosphatidylino-
sitol 3-kinase/protein kinase B (PI3K/Akt), Mitogen-Activated Protein
Kinase/Extracellular Signal-Regulated Kinase (MAPK/ERK), and NF-kB,
subsequently causing mitochondrial damage, endothelial dysfunction,
and arteriosclerosis (Madsen-Bouterse et al., 2010).

According to our findings, we propose the following scheme,
demonstrating how endothelial signaling mechanisms might be affected
by HFD in the mouse ophthalmic artery (Fig. 6).

5. Conclusion

In conclusion, our findings provide evidence that HFD induces hy-
percholesterolemia and hyperglycemia in mice and triggers endothelial
dysfunction in the ophthalmic artery. The mechanism of action seems to
involve upregulation of RAGE, but not LOX-1, and of the prooxidant
enzyme, NOX2, which appears to trigger ROS generation and endothe-
lial dysfunction. From a clinical point of view, blockade of the RAGE
pathway might become useful to treat cardiovascular side effects of
obesity.
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Table 1

carried out by S.J. as part of his doctoral thesis.

Abbreviations
12/15-LOX
AGEs
ApoE’/ -
DHE
eNOS
ERK
HGMB-1
HFD
HIF-1a
IL

JNK
LOX-1
MAPK
NCD
NF-xB
NOX

OA
OxLDLs
PBS
PI-3K
PKC
RAGE
ROS
$100
TNF-a
TGF-p
VEGF
XDH

X0

12/15-lipoxygenase

advanced Glycation End Products

apolipoprotein E gene knockout

dihydroethidium

endothelial nitric oxide synthase

extracellular signal-regulated kinase

high mobility group box 1 protein

high-fat diet

hypoxia-inducible factor-1lalpha

interleukin

c-Jun N-terminal kinase

lectin-like oxidized low-density lipoprotein receptor-1
mitogen-activated protein kinase

normal chow diet

nuclear factor kappa-light-chain-enhancer of activated B cells
nicotinamide adenine dinucleotide phosphate oxidase
ophthalmic artery

oxidized low-density lipoproteins

phosphate-buffered solution

phosphatidylinositol-3 kinase

protein kinase C

receptor for advanced glycation end products
reactive oxygen species

$100 calcium-binding protein

tumor necrosis factor-alpha

transforming growth factor-beta

vascular endothelial growth factor

xanthine dehydrogenase

xanthine oxidase

Primer sequences used for quantitative PCR analysis.

Gene Accession Number Forward Reverse
NOX1 NM_172203.1 GGAGGAATTAGGCAAAATGGATT GCTGCATGACCAGCAATGTT
NOX2 NM_007807.2 CCAACTGGGATAACGAGTTCA GAGAGTTTCAGCCAAGGCTTC
NOX4 NM_015760.2 GGCTGGCCAACGAAGGGGTTAA GAGGCTGCAGTTGAGGTTCAGGACA
XDH NM_011723.3 CAGCATCCCCATTGAGTTCA GCATAGATGGCCCTCTTGTTG
TBP NM_013684 CTTCGTGCAAGAAATGCTGAAT CAGTTGTCCGTGGCTCTCTTATT
Table 2
Specifications of antibodies used for immunofluorescence analysis.
Antibody Article number, company Species, clonality Dilution
NOX2 ab129068, Abcam, Waltham, MA, USA Rabbit, monoclonal 1:200
RAGE ab37647, Abcam, Waltham, MA, USA Rabbit, polyclonal 1:200
LOX-1 bs-2044R, Biozol Diagnostica Vertrieb GmbH, Rabbit, polyclonal 1:200
Eching, Germany
RhodamineRed-X-coupled secondary antibody 111-095-003, dianova GmbH, Hamburg, Germany Goat anti-rabbit, polyclonal 1:200
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