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Abstract: Background: Diabetic retinopathy (DR) is a common microvascular complication of diabetes and a lead-
ing cause of blindness. Astaxanthin (AST) is a naturally occurring carotenoid with many biological protective activi-
ties. The purpose of the present study was to investigate the protective effects of AST on DR in a rat model of type
1 diabetes mellitus (DM) and to examine the mechanisms involved. Methods: An intraperitoneal injection of 1%
streptozotocin was used to prepare the rat model of diabetes. Rats were randomly assigned to one of three groups:
untreated control, diabetes + olive oil (DM), or DM+AST (n = 8 per group). The AST group received 20 mg/kg/day
AST dissolved in olive oil by gavage. The DM group received an equal volume of olive oil. During the study, blood
glucose levels and body weights were measured every two weeks. After six months, retinas were excised to prepare
the retinal capillary network. Endothelial cell to pericyte ratio (E/P) and the numbers of acellular capillary strands
were compared among different experimental groups. Formation of advanced glycation end products (AGEs) and
expression of interleukin-6 (IL-6), tumour necrosis factor-a (TNF-a), and caspase-3 in retinal tissues were assessed
by immunohistochemistry and RT-PCR. Results: AST slightly increased body weight but had no significant effects
on blood glucose levels. E/P and numbers of acellular strands in the DM+AST group were lower than those in the
DM group. Expression of AGE, IL-6, TNF-&, and caspase-3 in retinal tissues decreased compared with those of the
DM group. All differences between the groups were statistically significant (P < 0.05). Conclusion: AST can protect
pericytes from apoptosis and delay development and progression of DR in streptozotocin-induced diabetic rats.
Additionally, it can reduce generation of AGEs, release of inflammatory cytokines (IL-6, TNF-a), and cleavage of cas-
pase-3, which may mediate pericyte apoptosis.
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Introduction ods to delay progression of DR by inhibiting
pericyte apoptosis and reducing accumulation
Diabetes is a systemic metabolic disease char- of AGEs and inflammatory response [7, 8].

acterized by chronic hyperglycaemia. The retina

is one of the most vulnerable tissues [1-3].
Diabetic retinopathy (DR) is the most common
microvascular complication of diabetes, known
to be the leading cause of blindness [4]. DR is
characterized by progressive retinal vasculopa-
thy, leading to breakdown of the blood-retina
barrier (BRB), leakage of retinal vessels, oede-
ma, ischaemia, and neovascularization [5].
Mechanisms of the development of DR are not
fully understood, but some distinct biochemical
pathways have been associated with develop-
ment of DR, including pericyte apoptosis,
advanced glycation end-product (AGE) forma-
tion, oxidative stress, and inflammation [6].
Therefore, researchers have focused on meth-

Astaxanthin (3,3'-dihydroxy-B,3’-carotene-4,4-
dione, AST) is a naturally occurring carotenoid
reported to have a wide variety of biological
functions, including anti-inflammatory, anti-
apoptosis, antioxidant (10 times higher than
that of other carotenoids), anti-cancer, and neu-
roprotective effects [9-11]. The study of AST
has received increasing attention. AST has
been reported to have the capacity to reduce
inflammation and apoptosis [12]. In a study
conducted by Dong et al., treating cultured
RGC-5 ganglion cells with astaxanthin decre-
ased hydrogen peroxide-induced apoptosis in
the control group. However, molecular mecha-
nisms by which AST inhibits apoptosis of peri-
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cytes in streptozotocin (STZ)-induced diabetic
rats remain unclear [13].

The present study evaluated the protective
effects of AST in a rat model of type 1 diabetes
mellitus (DM) by determining its effects on gen-
eral symptoms of DR, pericytes, inflammatory
response in the retina, and retinal vessel da-
mage.

Materials and methods
Animals

Twenty four male Sprague-Dawley rats, aged 6
weeks and weighting 260-280 g, were pur-
chased from Beijing HFK Bioscience Co. Ltd.
{SCXK (Jing) 2014-0005}. The animals were
kept in an ordinary housing facility in keeping
with national standards (Laboratory Animal
Requirements of Environment and Housing
Facilities [GB 14925-2001]). All experimental
procedures were performed according to the
ARVO statement for Use of Animals in Oph-
thalmic and Vision Research.

Animals were fed and housed in the center and
maintained under conditions of controlled tem-
perature (20-24°C), relative humidity of 40%,
and a 12-hour light-dark cycle. All rats had free
access to food and water throughout the study.
Bedding was changed daily and the rats were
monitored regularly.

Experimental procedure

The animals were fasted for 12 hours prior to
establishing the diabetic model. Rats in the DM
groups were injected intraperitoneally with 1%
STZ (Sigma-Aldrich, St. Louis, MO, USA) and dis-
solved in citrate buffer (pH 4.5) at 60 mg/kg.
Rats in the negative control group received the
same volume of citrate buffer only. A blood glu-
cose level > 16.7 mmol/L for three consecutive
days indicated successful establishment of the
DM model. Treatment with AST (Sigma-Aldrich,
St. Louis, MO, USA) was started 3 days after
diabetes confirmation and continued for 24
weeks. Dosage (in mg/kg) was calculated with
the formula given below: Dosage of AST =
Minimum Inhibitory Concentration x 20 [14].

The animals were allocated randomly to three
groups of eight animals each: [Control group],
C: normal rats received 0.9% NaCl by daily
gavage and served as a negative control gr-
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oup. [Diabetic group], DM: diabetic rats received
olive oil by gavage each morning. [Diabetic +
AST-treated group], DM+AST: diabetic rats re-
ceived AST (20 mg/kg/day) in olive oil by
gavage each morning.

During the experimental period, all rats had
free access to food and water. Blood glucose
levels and body weight were measured every 2
weeks. At the end of the study, the rats were
euthanized with an overdose of chloral hydrate
anaesthesia. Eye globes were immediately re-
moved, weighed, marked, and stored at -80°C
until analysis.

Retinal capillary network preparation

Eye globes were placed in 4% paraformalde-
hyde for 72 hours. The cornea and lens were
then removed under a microscope. The retina
was separated from the choroid carefully using
a blunt metal spatula. The optic nerve was
removed with scissors, carefully, to not dama-
ge the retina. The intact retina was divided into
four pieces and they were then put in a test
tube with trypsin solution (3% in sodium phos-
phate buffer, pH 7.2-7.4). The retina was digest-
ed for 3 hours in a water bath at 37°C, mixing
3-4 times during the digestion. The inner limit-
ing membrane was peeled away and a cat’s
whisker was used to clear the remaining nerve
tissue on the retinal vascular network under a
microscope. Tissue pieces were placed on a
slide and allowed to air-dry. After periodic acid-
Schiff (PAS) staining, retinal capillary cells (pe-
ricytes) were counted across five views of the
central area (400 x magnification) under a
microscope. Endothelial/pericyte (E/P) ratio
was calculated and compared between the dif-
ferent experimental groups. Numbers of acel-
lular collapsed capillary strands were also
counted in five views (400 x magnification) per
retina.

Immunohistochemical staining

Eyeballs were fixed in 4% paraformaldehyde for
3 days (Sigma-Aldrich, St. Louis, MO, USA),
placed vertically in tissue cassettes, and para-
ffin-embedded. After deparaffinization and re-
hydration, sections were stained with haema-
toxylin and eosin for examination of pathologi-
cal changes in morphology. To visualise cyto-
kines, sections were first incubated with 0.1%
hydrogen peroxide in phosphate-buffered sa-
line (PBS) for 30 minutes to block the activity of
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Table 1. PCR primer sequences and amplified
product sizes

Gene Primer sequence (5-3") sPi;Zd(lé%t)

RAGE AGCCTTGCTGAACCTCTTCT 92
GGTTCAGGTAGCCAAACCAT

IL-6 ATGAACAGCGATGATGCACT 135
ACGGAACTCCAGAAGACCAG

TNF-a GACCAGCCAGGAGGGAGAAC 127
TCCGGAGGGAGATGTGTTGC

Caspase-3 GCACACGGGACTTGGAAAGC 112
AGGAAGCCTGGAGCACAGAC

Abbreviations: AGE, advanced glycation end products;
IL-6, interleukin-6; TNF-&, tumour necrosis factor-c.

endogenous peroxidases. After washing three
times with PBS, sections were blocked with
10% goat serum at 37°C for 30 minutes and
then incubated with rabbit anti-rat AGE (1:100),
IL-6 (1:100), TNF-a (1:100), and cleaved cas-
pase-3 (1:100) primary antibodies (Sigma-
Aldrich, St. Louis, MO, USA) at 4°C for 24 hours.
After washing, sections were then incubated
with species-appropriate horseradish peroxi-
dase-conjugated secondary antibodies (Sigma)
for 30 minutes at 37°C. Slides were washed
three times with PBS and stained with 3,3'’-
diaminobenzidine (DAB, Zhongshan Golden Bri-
dge Biotechnology, Beijing, China). A positive
signal in the retina was brown. Five visual fields
of each section were selected randomly (400 x
maghification), captured, and integrated optical
density (IOD) was calculated using Image-Pr.
Plus 6 image analysis.

Real-time PCR

Left posterior segments were put in a Petri dish
filled with distilled water. The retina was re-
moved from the pigment epithelium under a
dissecting microscope for preparation of total
RNA. Total RNA was extracted from the retinas
with TRIzol™ Reagent (Invitrogen, Carlsbad, CA,
USA). Reverse-transcriptase PCR was used to
measure mRNA levels of RAGE, IL-6, TNF-«, and
caspase-3 in retinal tissue. Concentration and
purity of total RNA was measured using an ul-
traviolet spectrophotometer (Takara, Shiga). Oli-
gonucleotides were used as primers in a 25-uL
reaction system (Takara). Oligo sequences are
shown in Table 1. Moloney murine leukaemia
virus reverse transcriptase (M = MLV RT) was
used to synthesize cDNA (Takara). RT-PCR Ma-
ster Mix (GoTaq®, Promega, Madison, WI, USA)
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was used for amplification and a LightCycler®
480 system (Roche Diagnostics Corporation,
Indianapolis, IN, USA) was used for detection.
After completion of the reaction, the threshold
cycle value (Ct) for all curves was calculated.
Using a base of two, the difference in expo-
nents of the values obtained was used to calcu-
late relative expression of the target genes.
Each experiment was performed with three or
more replicates. The melting curve of PCR prod-
ucts showed a single peak. Agarose gel electro-
phoresis was used for further verification of
product size.

Statistical analysis

Data are expressed as mean + standard devia-
tion (SD). Student’s t-tests and one-way analy-
sis of variance (ANOVA) with Tukey’s multiple
comparison testing were used in Prism 5.0
software (GraphPad Software Inc., San Diego,
CA, USA) to compare differences between gr-
oups. Differences with P < 0.05 are considered
statistically significant.

Results
Body weight and blood glucose

Body weight and blood glucose measurements
are shown in Figure 1. Initial body weights were
similar in all groups, but final body weights were
lower in the diabetic rats than in control rats.
Average body weight in the DM+AST group was
higher than that of the DM group at all time
points (Figure 1A). As expected, injection of
STZ increased blood glucose levels after 24
weeks, but there were no statistically signifi-
cant differences in blood glucose levels
between the DM groups with or without AST
(Figure 1B).

PAS staining of retinal vessel preparations

Results of retinal vessel staining are shown in
Figure 2. Retinal capillary networks are visible
at a high magnification. In the C group, the main
artery was round, uniform, and strongly stained.
The vein was lightly stained and had a large
diameter. Capillaries were reasonably straight,
of uniform diameter, and interconnected into a
network (Figure 2A, 2D). At a higher magnifica-
tion, the capillaries were mainly composed of
two types of cells. One cell type was endothelial
cells, which had a large, oval, or round nucleus
that was stained lightly and was generally locat-
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Figure 1. Body weights and blood glucose levels in study groups at differ-
ent time points. A. Body weights of the rats in each of the three treatment
groups, monitored over 24 weeks. B. Blood glucose levels in each of the
three treatment groups after 24 weeks. All values are mean + standard devi-
ation (n = 8). ***P < 0.05 versus the control group. Abbreviations: C, control
rats; DM, diabetic rats; DM+AST, diabetic rats receiving astaxanthin.

ed in the central part of the capillary (Figure
2B, black arrow). The other cell type was the
pericyte, which had a small, round, or triangular
nucleus that was stained deeply and was gen-
erally located at one side of the capillary wall
(Figure 2A, black arrow). In the DM group, the
retinal arteriovenous trunk and branches ap-
peared tortuous at a low magnification, with
capillary network disorder (Figure 2E). At a hi-
gher magnification, the capillaries had expand-
ed. There were clear indications of local steno-
sis, Kinks in the capillary loops, dense micro-
vascular networks (Figure 2B), proliferation of
endothelial cells, and pericyte ghosts. The mor-
phology of capillaries in the DM+AST group was
between that of the control and DM groups,
with reduced vascular tortuosity, dilatation,
and stenosis (Figure 2C, 2F).

E/P and acellular capillaries

As shown in Figure 3, the E/P ratio was higher
in DM and DM+AST groups than in the C group.
Compared with that of the DM group, E/P ratio
was lower in the DM+AST group. This difference
was statistically significant. Formation of acel-
lular strands was more frequent in diabetic rats
than in control rats. Data showed that the num-
ber of acellular strands in the DM group was
higher than the DM+AST group.

Histological examination and immunohisto-
chemistry of AGEs, inflammatory proteins, and
caspase-3in retinas

Under low magnification, the structure of each
layer of the retina in the C group was clearly
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visualized (Figure 4A). Inner
and outer nuclear layers were
clearly visualized. In the DM
group (Figure 4B), the density
of the nuclear layers was re-
duced, cell arrangement was
disorganized, and tissue con-
tained void spaces. In the
DM+AST group (Figure 4C),
& ) the structures of the retina

o remained intact and the den-
sity of the nuclear layers was
higher than that of the DM
group. This study examined
expression of AGEs, IL-6, TNF-
«, and cleaved caspase-3 by
immunohistochemistry of the
retinas (Figures 5 and 6). Posi-
tively stained cells were quantified in images.
IOD showed higher expression levels of AGEs,
IL-6, TNF-a, and cleaved caspase-3 in the reti-
nas of the DM group, compared to those of C
and DM+AST groups (P < 0.05).

Effects of AST on mRNA levels of RAGE, inflam-
matory proteins, and caspase-3 in retinas

The present study observed that there were
statistically significant differences between
groups in all measured mRNA levels. As shown
in Figure 7, relative mRNA expression of RAGE,
IL-6, TNF-&, and caspase-3 in retinas was quan-
tified. According to results, AGEs, IL-6, TNF-q,
and caspase-3 mMRNAs were significantly ele-
vated in retinas of the DM group, compared to
those of C and DM+AST groups (P < 0.05).

Discussion

Although AST is not naturally present in the
human retina, it easily crosses the BRB, subse-
quently protecting retinal ganglions [15]. How-
ever, AST has never been reported to protect
pericytes to maintain normal vascular and re-
duce inflammatory response. For these rea-
sons, it was hypothesized that AST could inhibit
pericyte apoptosis by decreasing levels of pro-
inflammatory cytokines and pro-apoptotic fac-
tors in the retina.

Previous reports have documented that AST
can improve diabetic symptoms and delay pro-
gression of diabetic complications in experi-
mental diabetes models. These improvements
include reducing blood sugar levels, attenuat-
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Figure 2. Periodic acid-Schiff staining of retinal vessel preparations. A. The normal vessel network of group C (400
x maghnification), the arrow shows the pericyte; B. The abnormal vessels of group DM (400 x magnification), the
arrow shows endothelial cell; C. The vessel network of group DM+AST (400 x magnification); D. The normal vessels
of group C (100 x magnification); E. The abnormal vessel network of group DM (100 x magnification); F. Vessels
of group DM+AST (100 x magnification); All images are representative. Abbreviations: C, control rats; DM, diabetic
rats; DM+AST, diabetic rats receiving astaxanthin.
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Figure 3. E/P ratio and numbers of acellular strands in retinal capillaries. A.
E/P ratios of the three treatment groups. Plotted data are mean + standard
deviations (n = 8). B. Number of acellular strands in the three treatment
groups. Number of acellular strands counted for each rat is plotted along
with the mean and standard deviation of the group. **P < 0.01 for the indi-
cated comparison. Abbreviations: C, control rats; DM, diabetic rats; DM+AST,
diabetic rats receiving astaxanthin; E/P, endothelial cell to pericyte ratio.

that blood glucose levels in
diabetic rats were not affect-
ed by AST treatment, similar to
the data of Chan et al. [16].

Retinal capillaries contain en-
dothelial cells, astrocytes, and
pericytes. In the inner BRB,
endothelial cells are surround-
ed by pericytes and the foot
processes of astrocytes [17].
The main function of pericytes
is to maintain vascular stabili-
ty [18]. Apoptosis of pericytes
leads to formation of pericyte
ghosts, which increase the nu-
mbers of acellular capillaries
and proliferation of endotheli-
al cells [19]. Apoptotic cell de-
ath alters the retinal struc-

ing DR, and preventing diabetic nephropathy tures and stimulates release of inflammatory
[12, 13]. Similarly, it was found that AST could mediators [20]. Inner BRB damage results in
partially ameliorate the loss of body weight in leakage of retinal vessels, basement membr-
diabetic rats. However, present data showed ane thickening, endothelial cell damage, macu-
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Figure 4. Haematoxylin and eosin staining of representative sections of rat retina. A. Group C; B. group DM; C. Group
DM+AST. All images are 400 x magnification. Abbreviations: C, control rats; DM, diabetic rats; DM+AST, diabetic

rats receiving astaxanthin.

IL-6

TNF-a

Caspase-3

Figure 5. Immunohistochemistry of retinal sections (400 x magnification). Positive expression is indicated by dark
brown staining. Abbreviations: C, control rats; DM, diabetic rats; DM+AST, diabetic rats receiving astaxanthin; AGE,
advanced glycation end products; IL-6, interleukin-6; TNF-o, tumor necrosis factor-o.

lar oedema, and neovascularization [6]. Accu-
mulating evidence has suggested that pericyte
apoptosis occurs at an early stage and is a
hallmark of DR [21]. However, underlying mo-
lecular mechanisms have not been clearly cha-
racterized. The present study observed that
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rats with diabetes showed higher E/P ratios
and greater numbers of acellular capillaries
compared to control rats. Data showed that 20
mg/kg AST can decrease the ratio of E/P and
numbers of acellular capillaries, compared to
those of the DM group. However, ghost cells
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Figure 6. Quantification of immunohistochemistry data from Figure 5. (A)
AGE levels, (B) IL-6 levels, (C) TNF-« levels, (D) Cleaved caspase-3 levels.
Expression levels were quantified from immunohistochemistry images, as
described in the Methods section. Plotted values are mean + standard de-
viations (n = 8). *P < 0.05 for the indicated comparison. Abbreviations: C,
control rats; DM, diabetic rats; DM+AST, diabetic rats receiving astaxanthin;
AGE, advanced glycation end products; IL-6, interleukin-6; TNF-&, tumor ne-
crosis factor-a; 10D, integrated optical density.
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Figure 7. Real time reverse-transcriptase PCR of mRNA in the three different
treatment groups. (A) Levels of RAGE mRNA, (B) Levels of IL-6 mRNA, (C) Lev-
els of TNF-a mRNA, (D) Levels of caspase-3 mRNA. All values were normal-
ized to that of GAPDH mRNA. Plotted are the means + standard deviations
(n=28). P<0.05, **P < 0.01 and ***P < 0.001 for indicated comparisons.

Abbreviations: C, control rats; DM,
diabetic rats; DM+AST, diabetic
rats receiving astaxanthin; AGE,
advanced glycation end prod-
ucts; IL-6, interleukin-6; TNF-,
tumor necrosis factor-a; GAPDH,
glyceraldehyde 3-phosphate de-
hydrogenase.

and acellular capillaries were
present in both DM and DM+
AST groups. In another study,
Robison et al. reported that
the number of pericyte ghosts
increased after eight months
of diabetes [22]. Thus, a limi-
tation of the present study
was that it is difficult to sepa-
rate pericytes from endotheli-
al cells. Cell ratio changes
observed in the capillaries of
diabetic rats could be the re-
sult of changes in endothelial
cells, pericytes, or both.

AGEs are the adducts of sugar
aldehyde groups and amino
nucleophiles in proteins that
form an Amadori product in a
process termed protein glyca-
tion [23] A previous study re-
ported that AGEs play a role in
DR by inducing apoptosis and
inflammation in retinal peri-
cytes via interaction with a
receptor for AGE (RAGE) [24].
This process can upregulate
the pro-apoptotic gene, Bax,
to promote development of
apoptosis in bovine retinal ca-
pillary pericytes [25]. Intera-
ction of AGEs and RAGE acti-
vates of nuclear factor-kB (NF-
kB) and generates pro-inflam-
matory cytokines, such as IL-
1B, IL-6, and TNF-a [26]. The
present study demonstrated
increased levels of AGEs in
diabetic rats, suggesting that
they are responsible for retinal
pericyte apoptosis. This result
was similar to results by Kim
et al. [27]. Anti-apoptotic ef-
fects of AST are probably due
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to its inhibitory effects on production of AGEs in
the retina.

Chronic inflammation plays a key role in pro-
gression of DR and exacerbates DR deteriora-
tion [8]. Pro-inflammatory cytokines can be
activated by ischaemia-reperfusion injury and
interaction of AGEs and RAGE [28]. Apoptosis
of pericytes has been reported to be associat-
ed with inflammation [19]. Additionally, pro-
inflammatory cytokines (IL-6 and TNF-«) in the
retinal vessels can active pro-apoptosis signal-
ling pathways and promote apoptosis of retinal
capillary cells [29]. A study by Kowluru et al.
demonstrated the importance of inflammation
in retinal pericyte apoptosis by detecting pro-
inflammatory cytokines in vitro [30]. Izumi-Na-
gai et al. and Suzuki et al. reported that AST
could inhibit NF-kB activation and downregu-
late inflammatory cytokines in mice with chor-
oidal neovascularization and uveitis [15, 16].
Park et al. confirmed that AST could reduce
inflammatory cytokines and C-reactive protein
in plasma, enhancing the cytotoxic activity of
natural Killer cells and enhancing the immune
response in young healthy women [17]. Another
study reported that AST reduced NF-kB-me-
diated inflammation in high-fructose and high-
fat diet-fed mice [31]. Previously, anti-inflam-
matory mechanisms of AST have been report-
ed both in vitro and in vivo. AST reduced the
release of inflammatory factors, including IL-6
and TNF-«a, as detected using ELISA and We-
stern blot, in a model of hepatic ischaemia
reperfusion [32]. Pro-inflammatory cytokines,
such as TNF-a, can promote the activation of
caspase-3, which can induce apoptosis in reti-
nal endothelial cells [33]. In the present study,
it was observed that AST could decrease levels
of IL-6, TNF-a, and caspase-3 in the DM+AST
group at both protein and mRNA levels, com-
pared to levels in the DM group. This suggests
that AST can inhibit development of DR and
apoptosis of retinal pericytes by reducing le-
vels of pro-inflammatory cytokines. Present da-
ta showed that these indices were upregulated
in all diabetic rats, highlighting the relationship
between pericyte apoptosis and inflammation.

However, whether AST affects pericyte apopto-
sis by inhibiting both AGE formation and inflam-
mation or only inhibiting AGE formation remains
uncertain. Another limitation of this study was
that only a single dose of AST (20 mg/kg/day)
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was used, based on previous findings. It would
be of interest to conduct a dose-response to
identify the optimal dose of AST for treatment
of STZ-induced diabetic rats. AST could not
prevent the destruction of pancreatic B cells
induced by STZ in the type 1 diabetes model,
as indicated by its inability to prevent hypergly-
caemia in the rats. Despite this limitation, AST
was still able to afford retinal protection. Pro-
tective effects of AST in type 2 diabetes models
could be even greater and are of interest. These
issues will be addressed in future studies.

Conclusion

The present study demonstrated that adminis-
tration of AST to STZ-induced diabetic rats par-
tially ameliorated adverse retinal changes that
occurred in diabetic rats. These structural ch-
anges were likely the result of reduced AGE pro-
duction, pericyte apoptosis, and inflammation.
Although AST could not prevent rises in blood
glucose induced by STZ, its ability to protect the
eye, at least partially, from the ravages of dia-
betes suggests that it holds great promise as a
therapeutic agent in diabetic patients.
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