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Short-Term Administration of Astaxanthin Attenuates Retinal Changes in
Diet-Induced Diabetic Psammomys obesus
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ABSTRACT
Objectives: Psammomys obesus is a high-fat diet (HFD)-fed animal model of obesity and type 2 diabetes
recently explored as a model of non-proliferative diabetic retinopathy. This study tested the protective
effect of the pigment astaxanthin (AST) in the P. obesus diabetic retina.
Methods: Young adult P. obesus were randomly assigned to two groups. The control group received a
normal diet consisting of a plant-based regimen, and the HFD group received an enriched laboratory
chow. After 3 months, control and diabetic rodents were administered vehicle or AST, daily for 7 days.
Body weight, blood glucose, and plasma pentosidine were assessed. Frozen sections of retinas were
immunolabeled for markers of oxidative stress, glial reactivity and retinal ganglion cell bodies, and
imaged by confocal microscopy.
Results: Retinal tissue from AST-treated control and HFD-diabetic P. obesus showed a greater expression
of the antioxidant enzyme heme oxygenase-1 (HO-1). In retinas of HFD-diabetic AST-treated P. obesus,
cellular retinaldehyde binding protein and glutamine synthetase in Müller cells were more intense
compared to the untreated HFD-diabetic group. HFD-induced diabetes downregulated the expression
of glial fibrillary acidic protein in astrocytes, the POU domain protein 3A in retinal ganglion cells, and
synaptophysin throughout the plexiform layers.
Discussion: Our results show that type 2-like diabetes induced by HFD affected glial and neuronal retinal
cell homeostasis. AST treatment induced the antioxidant enzyme HO-1 and reduced glial reactivity.
These findings suggest that diabetic P. obesus is a useful model of HFD-induced obesity and diabetes to
evaluate early neuroglial retinal alterations and antioxidant neuroprotection mechanisms in DR.
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Introduction

Over the last 50 years, our eating habits have undergone rapid
nutritional transitions related to profound economic and
social changes.1 Physical inactivity and consumption of low-
fiber processed food, relatively rich in fat and with a high
glycemic index, created a significant imbalance between cal-
orie intake and energy expenditure, resulting in an increase in
prevalence of weight gain or obesity.1 The global endemic of
obesity partly explains the dramatic increase in the incidence
and prevalence of type 2 diabetes (T2D) over the past
20 years.2–5 Common complications associated with T2D
include chronic kidney disease (diabetic nephropathy), per-
ipheral nerve damage (diabetic neuropathy), and vision loss
leading to irreversible blindness [diabetic retinopathy (DR)].

The non-proliferative diabetic retinopathy (NPDR) at early
stages is not severe enough for patients to notice any of the
classic symptoms.6 Before the onset of vascular lesions, dia-
betes-induced retinal pathology includes a number of altera-
tions in glutamate metabolism, growth factor signal
transduction, and increased cell death, glial reactivity, elevated
inflammatory signals, reduction in synaptic protein, and

elevated oxidative stress.7–10 Progressive inner retinal thinning
is also established to occur in both humans and animal
models, indicating neurodegenerative changes that are likely
to impact visual function.11,12 Since more than 20% of T2D
patients are diagnosed with DR at the time of first diagnosis of
diabetes, it has become important to identify new animal
models of T2D and study the early features of retinal pathol-
ogy in those models.13–15

Desert gerbils are high-fat diet (HFD) models naturally
prone to diet-induced metabolic syndrome and T2D.16–19

The herbivorous and diurnal sand rat Psammomys obesus is
endemic to the North African and Middle East regions.20,21

As an arid-adapted gerbil, P. obesus has a low metabolic
rate and is able to meet its energy demand by consuming large
amounts (up to 80% of its body mass) of halophytic
Chenopodiaceae plant (Atriplex halimus, Salsola foetida; 0.4
kcal/g).22–25 When exposed under laboratory conditions to a
standard laboratory chow (2.93–3.25 kcal/g)26–30 or to an
enriched diet (3.7–4 kcal/g),31,32 P. obesus develops chronic
hyperglycemia, insulin and leptin resistance, obesity, dyslipi-
demia, hepatic and intestinal metabolism dysfunction,
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myocardial anomalies, and renal failure. Therefore, P. obesus
can be used as a model of T2D when placed on an HFD.33

Studies of phenotypic and functional characteristics of the
P. obesus retina have described the photoreceptor specializa-
tion and a predominant cone function and structure.34,35

Electroretinogram (ERG) measurements revealed that cone-
mediated function of P. obesus shares several features with
that of human subjects35,36 and that retinal function and
S-cone photoreceptors were particularly affected in 7-month
diabetic P. obesus,36,37 suggesting the retina of these animals
has features found in diabetic human retina that are not
provided by other rodent models.34,35,38–40

There is a growing interest in using micronutrition and
antioxidant nutritional supplements in the treatment of dia-
betes-related complications. Carotenoids are a group of natu-
rally and widely occurring pigments involved in promoting
health vision. The xanthophyll astaxanthin (AST) is a red
carotenoid that is synthesized by microorganisms and present
in seafood, which has engendered interest related to its poten-
tial health benefits. In this study, we analyzed the retina
morphology of 13-week diabetic P. obesus and attempt to
address the potential protective impact of short-term (7-day)
AST treatment on glial and neuronal alterations.

Materials and methods

Animals

P. obesus were captured in BOUHEDMA Park, Sidi Bouzid, a
semidesert region of Tunisia. The animals were transferred to
the animal facility of the Higher Institute of Biotechnology of
Sidi-Thabet. Animal capture and experimentation were con-
sistent with the Tunisian General Directorate of Forestry laws
and approved by Tunisian Ministry of Agriculture (number of
approval: 2012-2016/2214-1693). Animal experimentation
was also consistent with the ARVO Statement for the ethical
use of Animals in Ophthalmic and Vision Research and the
local ethics committee of the Pasteur Institute of Tunis,
Tunisia (2016/11/E/ISBST/V0). The animals were held in
quarantine for acclimation and fed a natural diet (ND) com-
posed of halophilic plants.20,41

Diet and AST treatment

Male P. obesus between 3 and 4 months old were randomly
assigned to two groups (n = 8). In accordance with previous
studies,26,27,37,42,43 the control group was fed with a plant-based
diet (Chenopodiaceae, A. halimus), rich in water (>80%) and
mineral salts.26,41 The HFD group received a standard labora-
tory chow (containing 4% fat; 43% carbohydrates) supplemen-
ted as previously (+16% fat, 10% carbohydrates),32,44,45 and
saline water (NaC1 0.9%). Animals were weighed every week.
Blood was collected by retro-orbital sinus puncture at baseline
and once a month during the HFD treatment. Blood glucose
was estimated using an Accu-Check Blood Glucose Meter
(Roche, Manheim, Germany). The animals were housed at
25 ± 2°C with 12/12 h light/dark photoperiod and free access
to food and water. After 12 weeks, P. obesus with blood glucose
levels ≥ 8.3 mmol/L33,46–49 were classified as diabetic.

Control and diabetic rodents were randomly segregated
into four groups (n = 4 per group) and were treated with
either vehicle (water) or AST (≥ 97%, Sigma-Aldrich, France),
10 mg/kg daily for 7 days by mouth using a gavage needle.
AST dose was selected in consideration of previous reports.-
50,51 Animal treatment and AST administration were per-
formed in the animal facility of the Higher Institute of
Biotechnology of Sidi-Thabet.

Retinal tissue and plasma collection

At the end of the 13-week feeding regimen, gerbils were
anesthetized (120 mg/kg ketamine) and sacrificed by decap-
itation at the Higher Institute of Biotechnology of Sidi-
Thabet. For each animal, eyes were enucleated, prefixed in
4% paraformaldehyde (Sigma) in phosphate-buffered saline
(PBS) 0.01 M for 45 min at room temperature. Ocular globes
were dissected under binocular microscope. The anterior part
of the eye (lens and cornea) was discarded. After removing
the vitreous, the eye cups were oriented along the dorsoven-
tral axis in molds filled with optimum cutting temperature
(Tissue Tek), snap-frozen, and stored at −80°C.

Plasma samples were collected at the end of the experimen-
tation from the control (n = 3) and diabetic (n = 3) in heparin-
coated tubes, then centrifuged for 10 min at 5,000 rpm at 4°C.
Plasma was carefully transferred, snap-frozen in liquid nitro-
gen, and immediately stored in −80°C until needed.

Determination of plasma pentosidine levels by high-
performance liquid chromatography (HPLC)

Plasma sample preparation
Plasma pentosidine purification was performed as described
previously.52,53 P. obesus plasma samples (35 µl each) were
hydrolyzed by 6 M hydrochloric acid (HCl) for 18 h at 110°C.
The samples were applied to SPE columns (6 cc Oasis MCX,
France) and eluted by 5% ammonia in methanol. After eva-
poration to dryness under a stream of nitrogen gas, residue
was resolubilized in 200 µl of 25 mM citric acid solution, then
filtered through 0.45 µm Uptidisc PTFE.

HPLC assays

Tenmicroliters of the solution was injected in the UltiMate 3000
HPLC systems (Thermo Scientific, France) using Acclaim 120
C18 columns for reversed-phase separation (Thermo Scientific,
France), maintained at 25°C and a flow rate of 1 ml/min.
Standard pentosidine (Sigma, France) was used to obtain a
standard curve. We used a trifluoroacetic acid (solvent A)/acet-
onitrile (solvent B) mobile phase. Gradient separation was per-
formed by changing the proportions of the two solvents:
gradient starts at 5% of solvent B, changes after 2 min to 95%
solvent B for 20 min. The eluate was monitored by its fluores-
cence at 325/385 nm.

Immunohistochemistry

Retinal sections (10 µm thick) were collected on microscope
slides (Fisher SuperfrostPlus) and stored in −80°C until
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needed. Cryosections were permeabilized with 0.1% triton
X-100 (Sigma) in PBS 0.01 M and incubated for 1 h in
blocking buffer (10% normal donkey serum in 0.1% triton
X-100 and PBS). Sections were incubated overnight at 4°C
with primary monoclonal and polyclonal antibodies. Cellular
retinaldehyde binding protein (CRALBP) (1:100, Santa Cruz
Biotechnology, USA), glutamine synthetase (GS) (1:1500,
Merk Millipore, USA), Synaptophysin Svp 38 (1:50, Sigma-
Aldrich, USA), glial fibrillary acidic protein (GFAP) (1:2,
EP672Y, Roche), heme oxygenase-1 (HO-1) (1:100, Abcam,
USA), and brain-specific homeobox/POU domain protein 3A
(Brn3a) (1:70, Santa Cruz Biotechnology, USA) were diluted
in blocking buffer. Sections were washed two times for 15 min
and incubated for 1 h at room temperature with secondary
antibodies anti-mouse, anti-rabbit, and anti-goat, coupled
with CY3, Alexa 488 or Alexa 594, respectively (Jackson
Immunoresearch, USA). Cell nuclei were counterstained
with 10 µg/ml Hoechst® 33342 (Sigma).

Image capture and analysis

Fluorescence imaging was performed by confocal microscopy
(Leica TCS SP8) in the Penn State College of Medicine
Imaging Core Facility. Adobe Photoshop (San Diego, CA,
USA) was used to create the final montages.

Cell layer thickness and number of nuclei per layer were
calculated within a standard rectangle placed across captured
images, equivalent to an area measuring 0.07 mm.2,37 The
number of ganglion cells in the retinal nerve fiber layer
(RNFL)/retinal ganglion cell layer (RGCL), and the number
of cell nuclei in the inner nuclear layer (INL) and outer
nuclear layer (ONL) were determined in the mid-peripheral
region in retina (1–3 sections) of AST-treated and non-treated
diabetic and control animals using Image J. Three to four
animals were analyzed from each of the four treatment
groups. Cell body densities were determined by converting
micrographs to grayscale images. After applying a threshold,
cell nuclei were separated by the “Watershed” function.54

Layers of interest were selected and cells with more than
30 µm2 were counted. Thickness of RGCL, inner/outer
nuclear and plexiform layers was also measured using Image J.

CRALBP immunoreactivity was quantified with Image J.
The micrographs were split into different channels and each
channel was converted to grayscale images, a threshold was
set, and fluorescent signal calculated.55 The results, in arbi-
trary units, were mean gray values of the channel of interest.

Statistical analyses

Data are expressed as mean ± standard error of the mean
(SEM). Statistical comparisons between the four groups
were made by analysis of variance with Tukey multiple
comparisons testing where appropriate. Student’s t-test
was used to compare body weight, blood glucose, and
plasma pentosidine level between the control and diabetic
group (GraphPad Prism 6, GraphPad Software, Inc., La
Jolla, CA, USA). The values were considered to be signifi-
cantly different when p ≤ 0.05.

Results

HFD induces diabetes in P. obesus

When maintained in captivity for 13 weeks, control animals
given ND did not develop obesity (126.58 ± 3.38 g) or hypergly-
cemia (5.05 ± 0.50 mmol/l) (Figure 1A, B). Within 4 weeks,
however, animals fed HFD gained significant body weight
(+27.76%, p ≤ 0.05) and developed hyperglycemia (9.75 ±
1.63 mmol/l, p ≤ 0.05) in accordance with previous results.21,33

After 13 weeks, the HFD group developed obesity (+73.19%, p ≤
0.001) and significantly higher blood glucose (17.28 ±
1.61 mmol/l, p ≤ 0.001) compared to controls. No difference in
weight or blood glucose level was observed between control and
diabetic groups after administration of AST.

HFD-induced diabetes promotes plasma pentosidine
levels

Plasma pentosidine concentrations were markedly increased
(p ≤ 0.05) in 13-week diabetic animals (914 ± 88.39 pg/ml)
compared to the controls (229 ± 88.26 pg/ml).

General retinal morphology and cell count

There was no noticeable difference in overall morphology
between the control and HFD P. obesus retina

Figure 1. High-fat diet (HFD)-induced obesity and diabetes in Psammomys
obesus fed for 13 weeks with either a natural diet (control) or an HFD. (A)
Animals subjected to HFD developed increased body weight. (B) Blood glucose
levels were significantly higher in HFD-diabetic animals compared to controls.
Data are expressed as means ± SEM (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001.

CURRENT EYE RESEARCH 3



(Figure 2A). Cell nuclei in the RGCL, INL, and ONLs
were counted in controls and 13-week diabetic, treated
and untreated retinas (Figure 2B). There was no signifi-
cant difference in number of nuclei in the RGCL between
control and hyperglycemic retinas. The number of nuclei
in the INL was significantly reduced in diabetic animals
but no significant change was detected in the number of
nuclei in the ONL. No detectable change was noted in the

RGCL + IPL, INL, ONL, and OPL between control and
diabetic groups (Figure 2C).

Astaxanthin promotes HO-1 expression

The expression of the oxidative stress marker HO-1 was exam-
ined using immunofluorescent microscopy (Figure 3). In con-
trol sections, HO-1 immunofluorescence was abundant,

Figure 2. Retinal morphology and cell count. (A) Representative images of retinal layers revealed by nuclear staining (Hoechst). (B) Number of nuclei in the RGCL and
ONL were not changed in diabetic P. obesus in comparison with lean animals. INL cell bodies decreased significantly in 13-week HFD-diabetic animals. (C) There was
no significant difference in retinal thickness layers between diabetic and controls. *p < 0.05, **p < 0.01.

Figure 3. Representative micrographs of retinal sections stained using an anti-HO-1 antibody in C, control; HFD, HFD-diabetic gerbils; C + AST, control treated with
AST; HFD + AST, HFD-diabetic treated with AST. AST treatment elevated the HO-1 expression in RGC and P layers in control and 3 months HFD-diabetic retinas. RGCL,
retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; P, photoreceptor layer. Bar: 50 µm.
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especially in the RGCL and IPL, whereas in the HFD-diabetic
retinas HO-1 immunofluorescence was diminished in the IPL
and more intense in the photoreceptor inner and outer seg-
ments. The retinas from the C + AST and HFD + AST groups
also had greater HO-1 immunofluorescence intensity detected
in the GCL, IPL, and OPL.

Astaxanthin short-term treatment attenuates glial
dysfunction in the diabetic retina of P. obesus

To evaluate the progression of astrocyte andMüller cell reactivity,
GFAP immunoreactivity was investigated. Immunofluorescence
was abundant in the astrocytes of the retinas from control ani-
mals, appearing as amonolayer of projections in the inner limiting
membrane and surrounding large blood vessels (Figure 4). There
was reduced intensity of GFAP immunofluorescence in the astro-
cytes of the HFD-diabetic group compared to controls. The C +
AST group had similar GFAP immunofluorescence intensity
compared to untreated controls, as did the HFD + AST group.
There was no detectable expression of GFAP inMüller cells in any
of the treatment groups.

CRALBP and GS were also used as selective markers of
retinal Müller cells.56 In control animals, CRALBP was
expressed abundantly throughout Müller cells, especially in
the end feet at the inner limiting membrane, and in the
photoreceptor outer segments and RPE layer (Figure 5). In
the HFD-diabetic group, CRALBP immunofluorescence was
also abundant in the photoreceptor outer segments but not in
the Müller cell end feet at the inner limiting membrane. The
C + AST group had a CRALBP immunofluorescent pattern
similar to that observed in controls. In the HFD + AST-
treated group, the CRALBP immunofluorescence in the
Müller cell end feet was preserved and the expression pattern
appeared similar to the controls.

Müller cell GS immunofluorescence was evaluated in ret-
inal sections (Figure 6). Sections from control animals showed
that Müller cell GS immunofluorescence was abundant in the
INL and the retinal ganglion cell/nerve fiber layer, as well as
processes spread between the inner limiting membrane and
external limiting membrane. There was less GS immunofluor-
escence in sections from HFD-diabetic animals. GS immunor-
eactivity in controls fed with AST followed a similar pattern as
that in the control group, while the HFD + AST group had
diminished but still detectable GS immunoreactivity in the
Müller cell projections and end-feet.

HFD diabetes promotes loss of retinal ganglion cell
markers and synaptic vesicle protein in the retina of
P. obesus

The transcription factor Brn3a is a specific marker of a sub-
population of retinal ganglion cells (Figure 7). In control
animals, Brn3a immunofluorescence was detected in abun-
dance in the cell bodies and nuclei of retinal ganglion cells. It
was also detected to a lesser extent throughout the retinal
tissue. In HFD-diabetic animals, the abundance of the retinal
ganglion cells and the immunofluorescence intensity was
reduced compared to control. The abundance and intensity

of Brn3a immunofluorescence in the HFD + AST animals was
similar to that in the HFD group.

To assess the impact of HFD diabetes in P. obesus retinal
synapses, we analyzed the marker of presynaptic neurotrans-
mitter vesicles, synaptophysin (SVP 38), in control and HFD
animals with and without AST treatment (Figure 8). In control
gerbils, there was abundant synaptophysin immunofluores-
cence in both plexiform layers. Synaptophysin immunofluores-
cence was attenuated in the HFD-diabetic P. obesus group.
Synaptophysin immunofluorescence in the C + AST group
was comparable to that seen in the controls. Synaptophysin
immunofluorescence in the HFD + AST group was also atte-
nuated, similar to the HFD group (data not shown).

Discussion

Previously we demonstrated that AST was able to promote
viability of P. obesus retinal cells under cytotoxic conditions.57

In the present study, we tested the effects of HFD-induced
obesity and diabetes on the expression of glial, neuronal, and
synaptic markers in the retinas of P. obesus, and effects of
short-term (7 days) AST administration 3 months after the
onset of HFD. In previous studies, xanthophyll carotenoids
were administered immediately after the onset of diabetes (4–
7 days after streptozotocin (STZ) injection)50,58–60 as a long-
term preventive strategy. The objective of this work was to
determine whether AST could be effective in offsetting mar-
kers of diabetic retinal complications when administrated
later after the disease is fully established and diabetes-induced
changes have already begun. Therefore, we only administered
AST during the last seven days of the duration of the study.

Unlike the evolution of diabetes in other nutritionally
induced models such as C57BL/6 J mice,61 Sprague–Dawley
rats,62 and Wistar rats,63 the onset of hyperglycemia in P.
obesus occurs rapidly33,48,49 with a fast progression of dia-
betes-induced metabolic disorders.

The diet used in this study involved only minor modifica-
tions to a low-fat standard rodent diet. P. obesus developed
obesity and hyperglycemia when held in captivity and fed
with an enriched laboratory chow diet over 13 weeks, in
agreement with previous reports that describe the genetic
predisposition and metabolic syndrome of P. obesus when
deprived from its natural habitat and diet.20,21,42,46

Therefore, the P. obesus gerbil is a replicable model of T2D
when fed a hypercaloric diet in captivity.

Experimental studies linking HFD-induced obesity and
prediabetes/diabetes to early retinal neurodegenerative fea-
tures revealed that 3 months of HFD feeding regimen caused
the onset of functional and morphological changes.45,61

Three-month P. obesus diabetic animals exhibited signifi-
cantly delayed scotopic and photopic ERG responses (signifi-
cant decrease of the amplitude of the b- and a-waves) and
reduction of the amplitudes of scotopic oscillatory potentials
after 3months (Dellaa et al., unpublished data, 2018), suggest-
ing that functional abnormalities were induced by the HFD.

The accumulation of advanced glycated end products is
involved in the development and progression of microvascular
diabetes-related disease as a result of chronic hyperglycemia.64,65
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Several clinical studies66–70 have identified a correlation between
pentosidine plasma levels, severity of DR, and retinal hemody-
namic abnormalities. During the early stages of NPDR, elevated
pentosidine level has been found in diabetic patients.71 Our

results showed a significant increase in plasma pentosidine levels
in 13-week diabetic animals.

The expression of HO-1 was altered in the HFD-diabetic P.
obesus, being increased in the outer segments of the

Figure 4. Absence of Müller cell reactivity in 13-week diabetic Psammomys obesus retinas to GFAP. GFAP-astrocytes immunostaining is restricted to the ILM in the
HFD-diabetic P. obesus retinas. C, control; HFD, HFD-diabetic gerbils; C + AST, control treated with AST; HFD + AST, diabetic treated with AST. ILM, inner limiting
membrane; RGCL, retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Bar: 50 µm.
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photoreceptors while decreased in the inner retina, compared to
controls, and again the treatment with AST appeared to normal-
ize this expression. Oxidative stress caused by hyperglycemia

plays a key role in the onset and progression of neuronal and
vascular lesions in DR.72–75 HO-1 is considered a protective gene
of the phase II detoxification enzymes, regulated by the

Figure 5. Astaxanthin ameliorates Müller cells CRALBP immunolabeling in HFD-diabetic P. obesus retinas. (A) CRALBP was labeled in C, controls; HFD, HFD-diabetic
group; C + AST, controls treated with AST; HFD + AST, HFD-diabetic treated with AST. Cells nuclei were stained with Hoechst (blue). (B) Quantification of CRALBP
immunofluorescence in treated and untreated control (black bars) and diabetic gerbils (gray bars). A.U., arbitrary units. **p < 0.01 between control and diabetic. NFL,
retinal nerve fiber layer; RGCL, retinal ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS/OS, inner and outer segments;
RPE, retinal pigment epithelium. Bar: 50 µm.
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antioxidant electrophile/antioxidant response element and the
Nrf2 transcription pathway.76 HO-1 could be inducible under a
variety of stress conditions (oxidative stress, inflammation) or
pharmacological and antioxidant agents.77–80 After 4 weeks of

diabetes induction, the levels of expressed HO-1 protein and
mRNA in rat retinal tissue were significantly higher than
controls.81 The overexpression of HO-1 in photoreceptors in
the P. obesus diabetic retina could be linked to oxidative stress

Figure 6. Short-term astaxanthin intake attenuated GS expression in the 13-week diabetic retinas of P. obesus. Immunostaining of anti-GS was performed in retina
sections from C and HFD-diabetic animals as well as C + AST and HFD + AST groups. Cell nuclei were stained with Hoechst (blue). NFL, the retinal nerve fiber layer;
RGCL, retinal ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer. Bar: 50 µm.
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since there is a highmetabolic rate in this region of retina and is a
likely source of oxidative stress.82–85

In several reports, HO-1 protein expression was measured
after the onset of disease, thus reflecting induced rather than
basal HO-1 expression.86 We noted higher basal HO-1 expres-
sion in control + AST gerbils. In a murine model of liver
ischemia/reperfusion injury, basal rather than induced HO-1
protein levels were predictive of the antioxidant cytoprotection
conferred by HO-1.87 Carotenoids are able to induce the anti-
oxidant defense system in diabetic conditions.-
76 Mesozeaxanthin induced HO-1 levels in HFD-fed rat
retina, whereas AST promoted NRF2 and increased the
mRNA levels of HO-1 in STZ-diabetic retina.50,62

Accordingly, our qualitative results show that AST upregulated
the expression of HO-1 in the RGCL, IPL, and photoreceptor
outer segments in control and diabetic P. obesus retinas.

Astrocytes and Müller cells play key roles in the home-
ostasis of retina by providing structural and metabolic support
to neurons and other cells.88–90 GFAP expression in astrocytes
was reduced in the HFD-fed gerbils as observed in other
diabetes animal models8,91 but there was no significant
increase in expression in Müller cells, suggesting that the
hyperglycemic condition induced by HFD is not acute enough
to induce the extensive Muller cell reactivity observed in
short-term diabetic animal models such as STZ-diabetic rats

or db/db mice. Similar results were observed in the retina of
alloxan diabetic C57/Bl6 mice and STZ-diabetic Ins2Akita
mice, where GFAP staining was mostly confined to astrocytes,
similar to the controls.92 These differences may result from
the diversity in animal strains and species.

Treatment with AST appeared to return the astrocytic
expression of GFAP to control levels, suggesting that this
acute antioxidant may reduce the inflammatory signals that
alter astrocytic homeostasis in the retina. Similarly, AST
increased the expression of CRALBP and GS in Müller cells
of HFD-fed gerbils compared to controls, again suggesting
that the acute anti-inflammatory influence of AST has a
positive impact on multiple protein expression systems in
both types of retinal macroglia.

The transcription factor Brn3a, exclusively expressed in
RGC, regulates genes encoding for proteins necessary for sur-
vival/protection against apoptosis such as Bcl-2 and Bcl-XL.93

HFD caused a significant reduction in the intensity of retinal
ganglion cells, labeled by Brn3A. This result was as predicted
since the majority of cell death would have occurred during the
period before AST treatment. Our study cannot determine,
therefore, whether or not AST is protective to retinal ganglion
cells and other neurons of the inner retina; however, a pre-
ventive long-term AST administration protected retinal gang-
lion cells from diabetes-induced apoptosis in db/db mice,94

Figure 7. HFD-induced diabetes downregulated the expression of the transcription factor Brn3a. The Brn3a ganglion cells subpopulation was labeled in C, controls;
HFD, diabetic animals; C + AST, control treated with AST. HFD + AST, diabetic treated with AST; RGCL, retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer. Bar: 50 µm.
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suggesting that AST could have been protective for RGCs in
our study if administered during the entire duration of HFD.

Synaptophysin is a synaptic vesicle membrane glycoprotein
expressed in neurons and used as a marker of synapses. The
expression of SVP38 was reduced in the HFD-fed gerbils and
did not recover with AST treatment, suggesting that this may
also be a permanent deficit in gerbils after 3 months of diet-
induced diabetes, although our data cannot rule out the pos-
sibility that a longer duration of AST treatment could rescue
this reduction and that this morphological change is not
reversible with a short duration of AST treatment, at least in
animals that have experienced an extended period of
hyperglycemia.

Conclusion

In summary, HFD-induced diabetes generally reduced the
expression of glial markers GFAP, CRALBP, and GS. AST
did also appear to increase the expression of the oxidative
marker HO-1 and prevented glial changes from occurring.
The short-time administration of AST did not rescue the
expression of the retinal ganglion cell marker, Brn3a, and
synaptophysin, a marker of presynaptic vesicles. Diabetic P.
obesus is often associated with physiological and biological
abnormalities in conjunction with disorders of lipid, carbohy-
drate, and vascular origin. P. obesus could be a useful experi-
mental model to explore the implication of other diabetes risk

factors besides hyperglycemia in early retinal neurodegenera-
tion mechanisms. Our qualitative study indicates that the
carotenoid AST can confer a rapid antioxidant protective
effect to the retina.
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