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PURPOSE. Iron overload causes oxidative damage in the retina, and it has been involved
in the pathogeny of diabetic retinopathy, which is one of the leading causes of blindness
in the adult population worldwide. However, how systemic iron enters the retina during
diabetes and the role of blood retinal barrier (BRB) in this process remains unclear.

METHODS. The db/db mouse, a well-known model of type 2 diabetes, and a model of
systemic iron overload induced by iron dextran intraperitoneal injection, were used. Perls
staining and mass spectrophotometry were used to study iron content. Western blot and
immunohistochemistry of iron handling proteins were performed to study systemic and
retinal iron metabolism. BRB function was assessed by analyzing vascular leakage in
fundus angiographies, whole retinas, and retinal sections and by studying the status of
tight junctions using transmission electron microscopy and Western blot analysis.

RESULTS. Twenty-week-old db/db mice with systemic iron overload presented ferritin
overexpression without iron increase in the retina and did not show any sign of BRB
breakdown. These findings were also observed in iron dextran-injected mice. In those
animals, after BRB breakdown induced by cryopexy, iron entered massively in the retina.

CONCLUSIONS. Our results suggested that BRB protects the retina from excessive iron entry
in early stages of diabetic retinopathy. Furthermore, ferritin overexpression before iron
increase may prepare the retina for a potential BRB breakdown and iron entry from the
systemic circulation.
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I ron is one of the most abundant elements in the earth’s
crust and is essential for development and survival of

organisms. As a metal, iron has the capacity to donate and
accept electrons in redox reactions that are required in
vital enzymatic processes such as oxygen transport, energy
production, DNA replication, neurotransmitter signaling,
myelin shedding, and steroid hormone synthesis.1 In the
retina, iron is a co-factor for RPE65 synthesis, involved in the
phototransduction cascade.2,3 Furthermore, iron-containing
enzymes are responsible of the shedding and renewal of the
photoreceptor outer segment disc membranes.4

After iron absorption in the duodenum, iron is released
to the bloodstream and bound to the iron carrier transfer-
rin for tissue delivery. Once in the cell membrane, transfer-
rin binds to its transferrin receptor, and the entire complex
enters the cell by endocytosis.5 Then, iron is used for cellu-
lar functions, while excess of iron is stored in ferritin. When
needed, iron exits the cells through the iron exporter ferro-
portin.6 In addition, it has been described that ferritin can
act as an iron importer by binding its L and H subunit to
the receptors SCARA5 and TIM2, respectively.7,8 In fact, our

group has showed that this iron import alternative mecha-
nism also works in the retina.9,10

In states of iron overload, the iron regulatory proteins
(IRPs) initiate a series of mechanisms to protect the cells,
increasing the expression of ferritin to store more iron.11–14

However, when iron levels exceed the limit, free ferrous ion
triggers the production of oxygen free radicals via the Fenton
reaction, which are toxic and can cause DNA alterations,
protein damage, and lipid peroxidation.17 This can be espe-
cially harmful in the retina, which presents a high oxygen
tension and metabolic rate.15

Diabetes has been widely associated with systemic iron
overload.16,17 Recent studies have showed a positive corre-
lation between iron in serum and the risk of develop-
ing diabetes.18,19 Supporting this association, several mouse
models of iron overload have been described to develop reti-
nal lesions resembling diabetic retinopathy.9,20–22 Further-
more, iron overload in diabetic mouse exacerbates the
progression of diabetic retinopathy.23 Nevertheles, wild-type
mice in which iron overload was experimentally induced
by iron dextran injection exhibited that systemic iron had
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minimal penetration in the retina.24 Thus the mechanism by
which systemic iron overload induces retinal iron overload
remains unclear.

The aim of this study is to analyze the relation between
systemic and retinal iron during diabetes and the implica-
tion of the BRB, as it has been suggested to have a role in
the regulation of iron transport into the retina.24 Clarifying
the mechanism of iron entry in the retina could be crucial
for the prevention and treatment of diabetic retinopathy,
since it is mainly exacerbated by oxidative damage. For this
purpose, two mouse models have been used: (i) the db/db
mouse, a widely accepted model for type 2 diabetes25–27

and (ii) iron dextran-injected mice, a model of systemic iron
overload.28,29

MATERIAL AND METHODS

Mice

Male diabetic mice db/db (BKS.Cg-Dock7m +/+ Leprdb/J),
nondiabetic littermates db/+ (BKS.Cg-Dock7m + Leprdb/+)
and C57BL/6J wild-type (WT) mice of 20 weeks old were
used in this work. The animal facility had a controlled envi-
ronment (20°C temperature, 60% humidity, and 12 hours
light/dark cycles) and mice were fed ad libitum with a
standard diet (2018S TEKLAD Global; Harlan Teklad, Madi-
son, WI, USA). Mice were euthanized with an overdose of
inhaled isoflurane or anesthetized with an injected solu-
tion of ketamine (100 mg/kg) and xylazine (12 mg/kg)
followed by cervical dislocation. Experiment procedures
were performed following the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and the
ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines 2.0. All the procedures were approved by the
Ethics Committee in Animal and Human Experimentation of
the Universitat Autònoma de Barcelona (UAB) (FUE-2018-
00717286).

Glycaemia Measurement

The db/db mice start to show hyperglycemia at four to eight
weeks of age.30 Glycemia was measured in nonfasted condi-
tions with a glucometer (Bayer, Leverkusen, Germany) in
blood collected from the tail vein. Mice were considered
diabetic when glycemia values were greater than 250 mg/dL
in, at least, in two consecutive measurements. According
to this, 20-week-old mice presented a significant statistical
difference in body weight (30.21 ± 0.665 g, n = 16, in
db/+ vs. 52.69 ± 1.117 g, n = 13, in db/db; P < 0.0001)
and glycemia (121.2 ± 3.204 mg/dL, n = 16, in db/+ vs.
519.1 ± 21.12 mg/dL, n = 13, in db/db; P < 0.0001),
confirming that db/db mice used in this study had type 2
diabetes.

Analysis of Iron Parameters in Systemic Blood

Mice were anesthetized using inhaled isoflurane, and blood
samples were collected by intracardiac puncture, placed in
a lithium heparin tube, and spun in a centrifuge to obtain
plasma for biochemistry analysis. Serum iron concentration
and unsaturated iron binding capacity were determined with
an automated biochemistry analyzer (Chemistry Analyzer
AU400; Olympus, Tokyo, Japan) and enzymatic colorimet-
ric assays (Beckman Coulter, Inc, Southfield, MI, USA). Total
iron binding capacity (TIBC) was calculated adding serum

iron concentration to the unsaturated iron binding capacity
values.

Perls Prussian Blue Iron Staining

Perls stain was performed in 3 μm paraffin sections of
eyeballs, that were sectioned along their axis, and spleens,
that were cut transversally. Samples were deparaffinated,
rehydrated, and immersed in a solution of 5% potassium
ferrocyanide (Sigma-Aldrich, St Louis, MO, USA) and 5%
hydrochloric acid (Panreac Química SLU, Castellar del Vallés,
Spain). Nuclear fast red (Sigma-Aldrich) was applied for
nuclear counterstaining. Sections were washed, dehydrated,
and mounted in DPX medium (Sigma-Aldrich) before anal-
ysis. To assess iron content in the spleen, Prussian Blue
precipitate was quantified with ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

Detection of Total Retinal Iron by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS)

Eyes were enucleated and retinas were dissected in 1x phos-
phate buffered saline (PBS) and collected in vials. A blank
with 1x PBS was also included to normalize the values. For
retinal digestion, samples were treated with 65% nitric acid
and heated at 120°C for 30 minutes. Retinal iron concen-
tration was determined by inductively coupled plasma mass
spectrometer Agilent 7500ce (Agilent, Santa Clara, CA, USA).

Injection of Iron Dextran and BRB Breakdown by
Cryopexy

To induce acute systemic iron overload, 1g/kg of iron
dextran (Sigma-Aldrich) was injected intraperitoneally in WT
mice. Saline solution was injected instead of iron dextran in
a control group. After 4 hours, animals were anesthetized.
BRB breakdown by cryopexy was induced in half of the
mice injected with iron dextran, by applying a piece of dry
ice in the scleral conjunctiva at the lateral palpebral commis-
sure for 10–20 seconds.31 Eye and spleen samples were
collected for paraffin embedding and eyes for ICP-MS anal-
ysis. For ICP-MS analysis, mice were subjected to a vascu-
lar washout to prevent measuring the iron inside the retinal
blood vessels, which could modify the results of iron content
in the retinal parenchyma homogenates. For this purpose,
thorax was opened to expose the heart, 2 ml 1x PBS were
injected in the left ventricle, and the caudal vena cava was
cut to interrupt venous return.

Assessment of BRB Breakdown by Evans Blue
and Bis-Benzimide

Evans Blue and bis-benzamide (Hoechst) were used to vali-
date BRB breakdown after cryopexy performed on the right
eye of Ketamine-Xylazine anesthetized mice (100 mg/kg and
12 mg/kg, respectively). The left eye was used as a control.
Thirty minutes after cryopexy, the thorax of the anesthetized
mice was opened to expose the heart and 0.5 ml of a solu-
tion containing Evans blue 8% and bis-benzamide (1 mg/ml)
was injected directly into the left ventricle. Then, the eye was
enucleated, and the retina dissected in 1xPBS for vessel visu-
alization and image analysis under the microscope (Nikon
Eclipse, E800), using the ACT-1 software. Heparin (10 u/gr)
was injected prior injection to prevent blood coagulation.
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Western Blot

Retina and spleen samples were homogenized in RIPA buffer
with a protease inhibitor (Roche, Basel, Switzerland). For
sample preparation, 50 mg of protein were resuspended
in 2x Laemmli loading buffer (pH 6.7) (Sigma-Aldrich) and
heated at 95°C for 5 minutes. Electrophoresis was performed
by loading 12 μL of sample in a 12% pre-cast SDS-PAGE gel
(Bio-Rad Laboratories, Hercules, CA, USA), which was later
transferred to a polyvinylidene difluoride (PVDF) membrane
(Merck Millipore, Billerica, MA, USA). After 1 hour blocking
with either 5% non-fat dried milk or 2% bovine serum albu-
min (Sigma-Aldrich) in Tris buffered saline, 0.05% Tween
20, membranes were incubated overnight at 4°C with the
following primary antibodies: rabbit anti-mouse L-ferritin
(1:1000; ab69090, Abcam, Cambridge, UK); rabbit anti-
mouse H-ferritin (1:1000; ab65080, Abcam); rabbit anti-
mouse SCARA5 (1:1000; ab76720, Abcam); rabbit anti-
mouse transferrin (1:2000; PA3-913, Thermo Fisher Scien-
tific, Wilmington, DE, USA); rat anti-mouse transferrin recep-
tor (1:1000; ab63333, Abcam); rabbit anti-mouse claudin-
5 (1:1000; 34-1600, Thermo Fisher Scientific); and rabbit
anti-mouse VEGF (1:100; ab46154, Abcam). For protein
normalization, rabbit anti-mouse α-tubulin (1:80000; ab4074,
Abcam) or rabbit anti-human α smooth muscle actin
(1:10000; ab5694, Abcam) were used as a loading control.
Secondary antibodies goat anti-rabbit (Bionova Scientific,
Fremont, CA, USA) and sheep anti-rat (LifeSpan, Provi-
dence, RI, USA) horseradish peroxidase at 1:5000, were used.
Immobilon Crescendo Western HRP Substrate (Merck Milli-
pore) and the ImageJ software were used for band detection
and quantification, respectively.

Immunohistochemistry

Paraffin embedded mice eyes and spleens were sectioned,
deparaffinized, and rehydrated. Antigen retrieval was
performed in a solution with 3.38% citric acid and 24.4%
sodium citrate. Sections were washed in PBI (1x PBS,
0.05% Igepal). The following primary antibodies were
used: rabbit anti-mouse L-ferritin (1:100; ab69090 Abcam);
rabbit anti-mouse H-ferritin (1:100; ab65080 and ab183781
Abcam); goat anti-mouse collagen IV (1:20; AB769, Merck
Millipore); and rabbit anti-mouse albumin (1:2000; A001,
DAKO, Glostrup, Denmark). All primary antibodies were
diluted in 1x PBS, 0.5% bovine serum albumin, 0.05%
Igepal with 10% of donkey serum (Sigma Aldrich), except
anti-albumin antibody that was diluted in PBI. Negative
controls were included by omitting the primary antibody
in sequential tissue sections. Secondary antibodies donkey
anti-goat Alexa 488 (1:1000; Life Technology, Carlsbad,
Ca, USA) and goat anti-rabbit 568 (1:1000; Invitrogen,
Carlsbad, CA, USA) were incubated for 2 hours. Samples
were counterstained with Hoechst (Sigma-Aldrich), mounted
in Fluoromount (Sigma-Aldrich) and analyzed in a SP5
laser scanning confocal microscope (Leica Microsystems
GmbH).

In Vivo Observation of Eye Fundus
Vascularization

Mice were anaesthetized with an intraperitoneal injection
of a ketamine and xylazine cocktail. During anesthesia,
Viscofresh (Allergan, Dublin, Ireland) was applied in the
eyes to prevent them from drying. Eye drops of tropi-

camide (Alcon, Barcelona, Spain) were used to induce mydri-
asis, and 10 μl of 5% sodium fluorescein (Sigma-Aldrich)
were injected subcutaneously in each mouse to observe
the eye fundus vascularization. Custom-made mouse lenses
were placed on the corneas while visualizing retinal blood
vessels in the HRA2 scanning laser ophthalmoscope (Heidel-
berg Engineering, Heidelberg, Germany). Angiography was
performed in both eyes and in the three retinal vascular
plexi.

Transmission Electron Microscopy (TEM)

Retinas were dissected in 1x PBS and cut into 1 mm2 frag-
ments. Retinal fragments were fixed in 2,5% glutaraldehyde
and 2% paraformaldehyde for 2 hours at 4°C and then
washed in PBI. Post fixation was performed with 1% osmium
tetroxide for 2 hours. Samples were dehydrated in a graded
acetone solution and infiltrated with Spurr resin (Sigma-
Aldrich). Ultra-sections of 60–80 nm were obtained with
ultramicrotome Leica EM UC6 and contrasted with Reynolds’
stain and 2% aqueous uranyl acetate. Finally, samples were
analyzed with a transmission electron microscope Jeol JEM-
1400 (Jeol Ltd., Tokyo, Japan).

Retinal Thickness Measurement

To evaluate retinal thickening, an indicator of retinal
oedema,32 paraffined eyes were sectioned through their axis
and were stained with hematoxylin and eosin. Retinal thick-
ness was measured between the internal limiting membrane
and the outer limiting membrane. A total of six areas, at
100 μm, 500 μm, and 1000 μm on each side of the optic
nerve head, were analyzed. ImageJ was used for morpho-
metric analysis by an operator blinded to the experimental
groups.

Statistical Analysis

For statistical analyses R Software (version 4.1.0; R Foun-
dation for Statistical Computing, Vienna, Austria) was used.
Shapiro-Wilk test was performed for evaluation of the
data distribution and F test for the variance homogene-
ity. Data with normal distribution was analyzed using the
parametric method unpaired t-test and data not normally
distributed was analyzed with Wilcoxon test. Data are
expressed as mean ± standard error of the mean (SEM).
Differences between groups were considered significant at
P-value<0.05.

RESULTS

Systemic Iron Was Increased in 20-Week-Old
Diabetic Mice

To assess systemic iron status in diabetic mice we first
analyzed the iron content in the spleen using Perls stain.
The results revealed that db/db mice presented a significant
increase of iron content compared to db/+ (0.452 ± 0.136
arbitrary units (au) in db/+ mice vs. 1.489 ± 0.387 au in
db/db mice; p = 0.0142; n = 9) (Fig. 1A). As expected, iron
was mostly accumulated in the red pulp (Fig. 1A), where
erythrophagocytosis takes place. Another widely used indi-
cator to assess iron content in tissues is ferritin concen-
tration.33–35 To assess if the increment of iron in db/db
spleen correlated with a higher L-ferritin expression, western
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FIGURE 1. Spleen and serum iron, TIBC and spleen ferritin were increased in 20-week-old db/db mice. (A) Perls stain showed a significant
increment in iron content in the spleen of db/db mice, mostly in the red pulp. (B) Western blot analysis also revealed higher levels of
L-ferritin expression in spleen of db/db mice. α-smooth muscle actin was used as a loading control. (C) Immunofluorescence representative
images showed increased L-ferritin expression in the red pulp of db/db mouse spleen. Nuclei were counterstained with Hoechst. (D) Serum
iron and TIBC, which is an indicator of serum transferrin concentration, were significatively increased in db/db mice. RP: red pulp; WP:
white pulp. *P < 0.01; ***P < 0.001; ****P < 0.0001, respectively. Scale bar: 100 μm (inset A), 30 μm (C).
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blot was performed and as expected, db/db mice exhibited
higher amounts of L- ferritin (0.372 ± 0.133 au in db/+ mice
vs. 2.123 ± 0.364 au in db/db mice; p = 0.0107; n = 3)
(Fig. 1B). Immunohistochemistry showed that the increase
of L-ferritin expression occurred also in the red pulp, where
iron is accumulated (Fig. 1C).

The increment in iron and ferritin content found in
the db/db mouse spleen showed concordance with the
high levels of serum iron (20.17 ± 1.072 μmol/L in db/+,
n = 15 vs. 28.92 ± 2.323 μmol/L in db/db, n = 9; p = 0.0008)
(Fig. 1D). This finding was accompanied by an increase
of serum TIBC in db/db mice (48.90 ± 0.932 μmol/L in
db/+, n = 15 vs. 65.28 ± 3.006 μmol/L in db/db, n = 9;
P < 0.0001; Fig. 1D), which is an indicator of serum trans-
ferrin concentration and iron delivery into the tissues.36

Retinas Showed Increased Ferritin, But Not Iron
Overload in 20-Week-Old Diabetic Mice

To assess if, as happened in the spleen, retinas from diabetic
mice presented an elevated expression of ferritin, levels of
both L- and H-ferritin were analyzed by Western blot analysis
in db/+ and db/db retinas. An increase of twofold change
in L-ferritin (0.484 ± 0.488 au in db/+ vs. 0.9947 ± 0.146
au in db/db; n = 3; P = 0.029) and a 3.3-fold change in H-
ferritin (0.3168 ± 0.051 au in db/+ vs. 0.986 ± 0.052 au in
db/db; n = 3; P = 0.0008) were observed in diabetic retinas
(Fig. 2A). Immunohistochemistry confirmed an increase in
the expression of both ferritin subunits in diabetic retinas
(Fig. 2B). L-ferritin immunohistochemistry was quantified in
terms of pixel intensity showing a significant increase in the
db/db mouse retinas (0.08152 ± 0.0082 db/+, n = 8, vs.
0.1145 ± 0.0094 in db/db, n = 6; P = 0.02; Fig. 2C). These
results agreed with those obtained by a recent study.23

Because Perl’s stain was not sensitive enough to detect
iron in db/+ and db/db retinas (Supplementary Fig), ICP-
MS was used to ensure that retinal ferritin levels corre-
lated with iron levels. Unexpectedly, ICP-MS analysis did
not show any difference in the iron content between db/+
and db/db retinas (2.264 ± 0.212 μg iron/g retina in
db/+ vs. 2.162 ± 0.071 μg iron/g retina in db/db;
n = 5; P = 0.744) (Fig. 2D), revealing that increased retinal
ferritin was not accompanied with increased iron content in
the diabetic retina.

Iron Import Proteins Were Not Increased in
20-Week-Old Diabetic Mouse Retinas

Because ferritin expression, but not iron content, was
increased in the retina, we next analyzed the proteins
involved in iron import within the retina. In two independent
experiments, Western blot analysis showed that transferrin
(1.013 ± 0.071 au in db/+ vs. 1.079 ± 0.12 au in db/db; n
= 3; P = 0.665, in Figure 3A and 1.393 ± 0.156 au in db/+,
n = 3, vs. 1.399 ± 0.202 au in db/db; n = 4; P = 0.985, in
Supplementary Fig. SB) was not increased in diabetic retinas.
Similarly, transferrin receptor was also not increased (1.079
± 0.237 au in db/+ vs. 0.773 ± 0.058 au in db/db; n = 3;
P = 0.278, in Figure 3A and 0.217 ± 0.004 au in db/+ vs.
0.232 ± 0.013 in db/db; n = 4; P = 0.313, in Supplementary
Fig. SB). In addition, the receptor of circulating L-ferritin,
SCARA5, known to mediate iron import into the retina10

was also not increased in diabetic retinas (0.9799 ± 0.076
au in db/+ vs. 1.099 ± 0.087 au in db/db; n = 3; P = 0.363)

(Fig. 3A). Altogether, these results showed that, despite
the systemic iron overload and the increase of ferritin, the
iron levels and the iron import machinery were not incre-
mented in diabetic retinas, thus suggesting the existence
of a mechanism that protects the retina from massive iron
entry.

BRB Breakdown Signs Were Not Observed in
20-Week-Old Diabetic Mice

The db/db mice develop complete BRB breakdown at 15
months of age.37 To assess BRB integrity in 20-week-old
diabetic mice, we first analyzed eye fundus with Scan-
ning Laser Ophthalmoscopy (SLO), which revealed that
injected fluorescein remained inside the vessels and none of
db/+ nor db/db mice presented vascular leakage (n = 16)
(Fig. 3B). In addition, serum albumin detected by immuno-
histochemistry was confined to the vessel lumen, indicat-
ing the absence of retinal edema in 20-week-old diabetic
mice (Fig. 3C). VEGF, which increases vascular permeability
in diabetic retinopathy38, was also analyzed by Western blot
analysis, and no statistical differences were found between
db/+ and db/db retinas (1.003 ± 0.142 au in db/+ vs. 0.8553
± 0.183 au in db/db; n = 3; P = 0.559) (Fig. 3D). Further-
more, the comparison of retinal thickness between db/+ and
db/db mice confirmed that diabetic retinas did not present
edema (183.38 ± 2.102 μm in db/+, n = 12 vs. 187.12 ±
4.696 μm in db/db; n = 6; P = 0.41) (Fig. 4A).

Next, to evaluate tight junctions, the key player in the
maintenance of BRB integrity39, ultrathin sections of the
retina were analyzed by TEM. Endothelial tight junctions
in db/db retinas appeared morphologically normal, with-
out any open space between membranes of neighboring
endothelial cells and with the characteristic electron density
produced by the tight junction proteins (Fig. 4B). Addition-
ally, one of the most important tight junction proteins in
the BRB, claudin-540 was analyzed by Western blot analysis.
No differences in claudin-5 expression were observed when
comparing db/+ with db/db retinas (0.989 ± 0.134 AU in
db/+ vs. 1.058 ± 0.243 AU in db/db; n = 3; P = 0.818)
(Fig. 4C). Altogether, these results showed that BRB was
intact in 20-week-old diabetic mice and that could be
preventing the entrance of high amounts of circulating iron
into the retina.

BRB Protected Retina From Iron Entrance During
Systemic Iron Overload

To assess the BRB role in the protection of the
retina during iron overload, we experimentally induced
systemic iron overload by injection iron dextran intraperi-
toneally to C57BL/6J WT mice. At four hours after
injection, iron accumulation in the spleen was quanti-
fied with Perls staining, which demonstrated that iron
dextran-injected mice presented systemic iron overload
(0.8051 ± 0.46 au in the group injected with saline solution
vs. 2.281 ± 0.13 au in the group injected with iron
dextran; n = 3; P = 0.037) (Fig. 5A). In contrast,
Perls staining performed in the retina of dextran-
injected mice only detected iron inside the blood
vessels and not in the parenchyma (Fig. 5B). ICP-MS
confirmed that no statistical differences were found in
iron content in the retinal parenchyma between groups
(1.768 ± 0.521 μg iron/g retina in saline solution–injected
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FIGURE 2. L- and H-ferritin, but not iron, were increased in 20-week-old db/db mouse retinas. (A) Western blot analysis revealed that
L-ferritin expression was twofold increased and H-ferritin was 3.3-fold increased in db/db mouse retinas. As a loading control, α-tubulin
was used. (B) Immunofluorescence representative images showed an increase in both L- and H-ferritin expression in db/db mouse retinas.
(C) L-ferritin immunohistochemistry was quantified in terms of pixel intensity showing higher levels of ferritin in the db/db mouse retinas.
Nuclei were counterstained with Hoechst. (D) There were no differences between db/+ and db/db retinas in total iron content analyzed
with ICP-MS. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; IS, inner segments of photoreceptors. *P < 0.05; ***P < 0.001. Scale bar: 32.05 μm.
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FIGURE 3. Iron import proteins were not increased, and no signs of BRB breakdown were found in 20-week-old db/db mouse retinas.
(A) Western blot analysis revealed that neither transferrin nor its receptor was increased in db/db mouse retinas. SCARA5, the receptor
of L-ferritin, was also not increased in db/db mouse retinas. As a loading control, α-tubulin was used. (B) Analysis of the eye fundus by
Scanning Laser Ophthalmoscopy (SLO) showed that injected fluorescein remained inside the retinal blood vessels in db/db mice showing no
vascular leakage (n = 16). (C) To assess retinal vessels leakage microscopically, immunohistochemistry against serum albumin and collagen
IV, a marker for blood basement membrane, was performed. The results showed that serum albumin was restricted inside the vessel lumen
in db/db mice. (D) Western blot analysis of VEGF expression, which induces vascular permeability, showed no statistical differences between
db/+ and db/db retinas. As a loading control, α-tubulin was used. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear
layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar: 29.41 μm (inset: 11.49 μm).
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FIGURE 4. No alterations in thickness and ultrastructure were found in 20-week-old db/db mouse retinas. (A) To assess retinal edema,
paraffined sections stained with hematoxylin and eosin were measured from the internal limiting membrane to the outer limiting membrane
(arrowheads) in six different areas (at 100 μm, 500 μm, and 1000 μm on each side of the optic nerve head), and no differences between db/+
and db/db were found. (B) TEM analysis revealed a normal ultrastructure and electron density of tight junctions (arrows) in db/db retinal
vessels. (C) Western blot analysis did not show changes in the expression of the tight junction protein claudin-5 in db/db mice retinas. As a
loading control, α-tubulin was used. OD, optic disc; ON, optic nerve; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer; ILM, internal limiting membrane; OLM, outer nuclear membrane. Scale bar: 41.15 μm. EC, endothelial cell; L, vessel lumen; TJ, tight
junction. Scale bar: 41.15 μm in A, 200 nm in B (inset: 217 nm).
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FIGURE 5. Intraperitoneal injection of iron dextran induced acute systemic iron overload but did not cause retinal iron overload in WT mice.
(A) At four hours after injection, Perls staining was performed in the mouse spleen showing an increase in iron accumulation in the red pulp
of mice injected with iron dextran. (B) However, in the retina, Perls stain revealed iron exclusively inside the blood vessels but not in the
retinal parenchyma. (C) After a vascular washout to remove intravascular iron dextran, ICP-MS was used to quantify iron. (D) Only after BRB
breakdown was induced by cryopexy, immunohistochemistry against serum albumin and collagen IV showed vascular leakage (arrowhead),
demonstrating BRB breakdown in retinas from cryopexed eyes. (E) injection of Evans blue together with bis-benzamide revealed leakage
outside the blood vessel in cryopexed eyes, in blue (arrowheads in the bottom left image) and red (arrowheads in bottom right image),
respectively. Bis-benzamide stained cell nuclei. RP, red pulp; WP, white pulp; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; ONL, outer nuclear layer. *P < 0.05. Scale bar: 82 μm in A, 36.49 μm in B (inset: 10 μm), 13.7 μm in D, and 35.09 in E.
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FIGURE 6. BRB breakdown induced by cryopexy caused retinal iron overload in mice injected with iron dextran. (A) Perls staining in
paraffin sections showed iron leakage (arrowheads) into the retinal parenchyma in cryopexed eyes. (B) ICP-MS was used to quantify iron
content in the retinal parenchyma, showing, as expected, an increase in retinal iron in cryopexed eyes. GCL, ganglion cell layer. **P < 0.01.
Scale bar: 22.72 μm.

mice, n = 5, vs. 2.755 ± 1.4 μg iron/g retina in the iron
dextran-injected mice; n = 4; P= 0.905) (Fig. 5C). Altogether,
these results supported the hypothesis that the BRB has a
protective effect in preventing retinal iron overload.

Finally, to confirm our hypothesis, BRB was experimen-
tally broken by cryopexy, a well-established method to
produce BRB breakdown.31 Cryopexy was performed in the
right eye of iron dextran-injected mice, whereas the left
eye served as a control. BRB breakdown was confirmed
by immunohistochemistry against serum albumin (Fig. 5D)
and Evans Blue/bis-benzamide vascular leakage (Fig. 5E).
Furthermore, Prussian blue staining showed iron leaking
from the retinal vessels (Fig. 6A). One hour after cryopexy,
ICP-MS was used to quantify total iron content in the retinal
parenchyma. The results showed that iron was significantly
increased in cryopexed retinas (2.755 ± 1.4 μg iron/g retina
in control eyes, n = 4, vs. 12.052 ± 1.764 μg iron/g retina
with cryopexy; n = 6; P = 0.005) (Fig. 6B), confirming that
massive iron entry only occurs when BRB is compromised.

Ferritin Expression in the Retina Was Increased
During Systemic Iron Overload Without Retinal
Iron Overload

To understand why ferritin expression was increased while
iron content and other iron handling proteins remained at
normal levels in diabetic retinas, and to determine whether
this was a specific finding that occurred in diabetic retinopa-

thy, retinal ferritin and transferrin receptor expression four
hours after iron dextran injection in WT mice was assessed
by Western blot analysis. The results showed a 1.8-fold
increased L-ferritin expression in the retinas of iron dextran-
injected mice (0.595 ± 0.136 au in the saline solution–
injected mice vs. 1.040 ± 0.071 au in the iron dextran-
injected mice; n = 4; P = 0.0272) and no change for the
transferrin receptor levels (1.151 ± 0.074 au in the saline
solution–injected mice vs. 1.384 ± 0.097 au in the iron
dextran-injected mice; n = 4; P = 0.105) (Fig. 7A). Further-
more, to confirm that ferritin was increased in the whole
retinal parenchyma and not only in the endothelial cells
in contact with the intravascular iron, an immunohisto-
chemistry against L-ferritin and collagen IV was performed
(Fig. 7B). The results obtained showed that L-ferritin expres-
sion was not accumulated in the endothelial cells, therefore
confirming that systemic iron overload causes an increase of
L-ferritin expression in the retinal parenchyma without BRB
breakdown and retinal parenchyma iron increase.

DISCUSSION

Previous reports have described the association between
iron overload and diabetic retinopathy.16,41 Our results
showed that 20-week-old db/db mice had systemic iron over-
load and increased ferritin expression in the retina, which
fully agree with the results observed by Chaudhary et al. in
2018.23 However, unexpectedly, analysis of retinal iron by
ICP-MS did not show higher iron content in the retina of
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FIGURE 7. L-ferritin expression increased in retinas but not in endothelial cells of iron dextran-injected mice. (A) Western blot analysis
revealed a significant 1.8-fold increase in L-ferritin expression in the retinas of mouse injected with iron dextran compared to the saline
solution–injected controls, whereas transferrin receptor levels remained unchanged in these mice. α-tubulin was used as a loading control.
*P < 0.05. (B) Immunohistochemistry against L-ferritin and collagen IV showed that L-ferritin expression was similar in saline solution
injected mice and iron dextran-injected mice, indicating that L-ferritin was not being accumulated in vascular endothelial cells of iron
dextran-injected mice. Scale bar: 7.35 μm.
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diabetic mice. In addition, no changes were found in retinal
iron import machinery of db/db mice, which supports the
fact that retinal iron content was not increased.

Classical methods for iron detection, such as Prussian
blue staining, are not sensitive enough to detect iron in the
retina. There are high precision techniques to locate and
quantify iron in the retina, such as particle-induced X-ray
emission and synchrotron X-ray fluorescence (SXRF),42,43

although these have a very limited access. ICP-MS is also
a high sensitivity method for iron detection, and it is more
available, but it does not provide information about the iron
location within the retinal layers. Thus in situ detection of
retinal iron can be challenging. For this reason, and because
ferritin expression changes proportionally to iron levels in
systemic tissues,33 most studies use ferritin expression as an
indirect indicator for retinal iron content,23,24,44,45 justifying
that an increase of ferritin expression in the retina is equiv-
alent to retinal iron overload. Nevertheless, our results point
out that ferritin expression might not always be a reliable
marker to estimate iron content in the retina as it has been
used so far.

We have shown that in diabetic mice with systemic iron
overload, the retina remains protected from iron entry, at
least until the age of 20 weeks, but how is the retina
protected? In a recent study of long-term iron overload
induced by iron dextran injections in mice,24 BRB was
proposed to prevent the retina from iron entry, so we next
analyzed BRB status in db/db mice. BRB breakdown is a
hallmark of diabetic retinopathy, and its breakage occurs
as a consequence of different stresses, like hypoxia, oxida-
tive damage and/or inflammation. BRB disruption has been
linked to VEGF overexpression, endothelial tight junction
alterations, and vascular leakage leading to retinal edema.46

In or study, diabetic mice did no present any sign of BRB
breakdown or any related alterations, suggesting an early
stage of diabetic retinopathy in 20-week-old db/db mice.
However, we can assume that, eventually, db/db mice will
develop BRB breakdown and iron will enter in the retina,
producing iron overload, as happened when we experimen-
tally broke the BRB by cryopexy in iron dextran-injected
mice. Altogether, the results obtained showed that in the
retina a massive entrance of iron only occurs when BRB is
compromised. This mechanism has been recently showed in
the brain of aging mice with systemic iron overload, where,
after blood brain barrier breakdown, the brain becomes
unprotected and suffers iron overload.47

Signs of retinal alterations in db/db mice are reported
to appear at variable stages of diabetic progression.37,48–50

For instance, decrease of retinal thickness in db/db mice
has been described to appear in 20-month-old individuals
in some reports.27,51 In contrast, our results did not show
retinal thinning or thickening in 20-week-old mice, similar
to the results published by Yang et al.,52 where retinal thin-
ning appeared later on. The upregulation of VEGF has also
been reported in db/db retinas from 13-week-old mice.48

However, our results did not reveal any increase in VEGF
expression in 20-week-old mice, which is consistent with
an unaltered BRB. The variability in the onset of lesions
during diabetic retinopathy in mice could be explained by
the different diets available among different animal facilities,
because the administration of neuroprotective or antioxidant
compounds present in the diet can delay the BRB disruption
and related alterations.53

Another unexpected finding in our study was the overex-
pression of ferritin in the db/db mouse retinas without iron
increase, whereas other iron-handling proteins remained

unaltered. Ferritin levels are post-transcriptionally regulated
by the so-called IRPs, which bind to ferritin mRNA and
prevent its expression. When intracellular iron is high, IRPs
lose the capacity to bind to ferritin mRNA, and thus ferritin
levels increase.54 As for the retina, this mechanism has been
described using a model of IRP deficiency in which ferritin
expression in the retina was increased.55 In contrast, on iron
overload, transferrin receptor mRNA is no longer protected
by IRPs and becomes unstable to avoid more iron entrance.
Surprisingly, retinas from db/db and iron dextran-injected
mice, which had increased ferritin expression and no change
in the transferrin receptor levels, did not present a higher
iron content that could trigger IRP depletion and ferritin
increase. This suggests the existence of a signaling mech-
anism between the retina and the rest of the body. The
retina could be detecting systemic iron overload and activat-
ing ferritin synthesis as a compensatory response in front
a potential BRB breakdown, given that a single ferritin
complex can harbor up to 4500 molecules of iron and act
as a natural iron chelator.56

Apart from sequestering deleterious free iron, ferritin is
also overexpressed in chronic inflammatory diseases such as
type 2 diabetes mellitus.57 Ferritin induces anti-inflammatory
cytokines and works as an immunomodulator, although this
applies specially to H-ferritin.58 Nevertheless, the fact that
increased ferritin was present in both diabetic and iron
dextran-injected mice retinas and that both models had
systemic iron overload suggests that ferritin expression in
the retina might be regulated by systemic iron excess.

All together our results demonstrated for the first time
that ferritin expression cannot always be extrapolated to
iron content in the retina. Diabetic mice with an intact BRB
and systemic iron overload showed increased retinal ferritin,
but no changes were found in iron content nor iron import
machinery in the retina. In addition, systemic iron overload
induced by an injection of iron dextran confirmed that reti-
nal iron only increased when BRB was compromised. Over-
all, we hypothesized that the retina might be protected by,
at least, two different autonomous mechanisms in front of
systemic iron overload in diabetic retinopathy. The first limit-
ing factor for iron entry would be the regulation at the BRB,
and the second would be the increase of ferritin expression
before BRB breakdown and retinal iron increase.

Monitoring iron in patients with type 2 diabetes is a
common practice in the follow-up of the disease.59 Our find-
ings show that systemic iron overload appears before retinal
iron overload, meaning that early detection and treatment
with iron chelators could stop the passage of iron into the
retina and prevent iron-induced retinal damage.
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