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In the article titled “Protective Effect of the HIF-1A
Pro582Ser Polymorphism on Severe Diabetic Retinopathy”
[1], the sentence “A total of 703 participated in the genetical
analysis” in Section 2.1 should be corrected to “A total of 850
patients agreed and gave their informed consent before the
enrolment in the study, and a total of 703 participated in
the genetical analysis.”

The authors clarified that 850 patients were enrolled in
the study, but blood samples for the genetic analysis were
only available in 703 patients; therefore, the genetic associa-
tion study was only performed on these 703 patients.
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Optical coherence tomography angiography (OCT-A) has recently improved the ability to detect subclinical and early clinically
visible microvascular changes occurring in patients with diabetes mellitus (DM). The aim of the present study is to evaluate and
compare early quantitative changes of macular perfusion parameters in patients with DM without DR and with mild
nonproliferative DR (NPDR) evaluated by two different swept-source (SS) OCT-A instruments using two scan protocols (3 × 3
mm and 6 × 6 mm). One hundred eleven subjects/eyes were prospectively evaluated: 18 healthy controls (control group), 73 eyes
with DM but no DR (no-DR group), and 20 eyes with mild NPDR (DR group). All quantitative analyses were performed using
ImageJ and included vessel and perfusion density, area and circularity index of the FAZ, and vascular complexity parameters.
The agreement between methods was assessed according to the method of Bland-Altman. A significant decrease in the majority
of the considered parameters was found in the DR group versus the controls with both instruments. The results of Bland-
Altman analysis showed the presence of a systemic bias between the two instruments with PLEX Elite providing higher values
for the majority of the tested parameters when considering 6 × 6 mm angiocubes and a less definite difference in 3 × 3 mm
angiocubes. In conclusion, this study documents early microvascular changes occurring in the macular region of patients at
initial stages of DR, confirmed with both SS OCT-A instruments. The fact that early microvascular alterations could not be
detected with one instrument does not necessarily mean that these alterations are not actually present, but this could be an
intrinsic limitation of the device itself. Further, larger longitudinal studies are needed to better understand microvascular
damage at very early stages of diabetic retinal disease and to define the strengths and weaknesses of different OCT-A devices.

1. Introduction

Diabetic retinopathy (DR) is the most important complica-
tion of both type 1 and type 2 diabetes mellitus (DM) [1].
Currently, there is a growing body of scientific evidence indi-
cating that specific neural and vascular retinal modifications

can be present even before the onset of clinically visible signs
of DR [2–11].

Recent advent of optical coherence tomography angiog-
raphy (OCT-A), a new noninvasive depth-resolved retinal
imaging technique, has allowed a better evaluation of the
changes occurring at the macular and peripapillary capillary
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networks in patients with DM with or without DR [12–17].
Subclinical and early microvascular changes detected on
OCT-A mainly consist of remodeling and enlargement of
the foveal avascular zone (FAZ), capillary nonperfusion,
and reduced vascular density [10, 12–21], and recently, also
venous beading and increased vascular tortuosity were found
to be more frequent in the macular region of patients with
DM but with no DR versus healthy controls [10].

Several studies were performed using different OCT-A
devices, and this could explain some discrepancies in the
available results. In fact, even if all OCT-A devices rely
on the common principle that erythrocytes could be used
as a motion contrast to differentiate vessels from static tis-
sues [22], they use different algorithms for image acquisi-
tion and processing and different methods for layer
segmentation [23–27]. Recently, Corvi et al. evaluated the
reproducibility of quantitative parameters using seven differ-
ent OCT-A devices in healthy subjects and concluded that
the measurements obtained were too different to allow reli-
able comparisons [28].

The aim of this study is to evaluate and compare early
quantitative changes of the macular perfusion parameters
in patients with DMwithout DR and with mild nonprolifera-
tive DR (NPDR) by two different swept-source (SS) OCT-A
instruments and using two scan protocols (3 × 3 mm and
6 × 6 mm).

2. Materials and Methods

2.1. Patients and Study Design. In this prospective cross-
sectional comparative case-control study, we consecutively
enrolled 111 eyes of 111 subjects, consisting of 18 healthy
control eyes (control group), 73 eyes with DM without clini-
cal signs of DR (no-DR group), and 20 eyes with mild NPDR
(DR group). The right eye was considered for the analysis,
unless a better quality in the left eye images was present. All
patients with DM were referred from the Diabetes Unit to
the Medical Retina Service, University Hospital “Maggiore
della Carità,” Novara, Italy, for evaluation. Normal controls
were recruited among subjects referring to our clinic for a
routine annual examination or for preliminary exams for cat-
aract surgery (the eye that was not planned for surgery was
chosen for the study).

Inclusion criteria for the study were as follows: patients
over 18 years of age with a diagnosis of type 1 or type 2
DM according to the updated diagnostic criteria by the
American Diabetes Association [29] and confirmed by an
expert diabetologist (G.A., M.C.P., and A.N.); no signs of
DR or signs of mild NPDR on slit-lamp fundus examination
with 90D lens (Volk Optical Inc., Mentor, OH, USA) per-
formed by an expert ophthalmologist (S.V.) according to
the International Clinical Diabetic Retinopathy Disease Sever-
ity Scale [30]; and subjects with normal glucose test for the
control group. Exclusion criteria were as follows: any retinal
disease other than mild NPDR (including diabetic macular
edema); any previous intraocular treatment (such as intra-
vitreal injections of anti-VEGF/steroids or retinal laser);
cataract surgery within 6 months in the study eye; refrac-
tive error of greater than +/−4D; glaucoma or history of

ocular hypertension (IOP > 21 mmHg); neurodegenerative
diseases (e.g., multiple sclerosis, Alzheimer’s disease, and
Parkinson’s disease); uncontrolled systemic blood pressure
(BP ≥ 120/80 mmHg) [31]; and poor quality of OCT
and/or OCT-A images due to significant media opacity
or poor patient cooperation.

Anamnestic data were collected for each patient, includ-
ing type of DM, value of glycated haemoglobin (HbA1c),
use of antidiabetic agents (insulin and/or oral hypoglicae-
mic drugs), use of other drugs for concomitant pathologic
conditions (e.g., systemic hypertension, cardiovascular dis-
eases, and rheumatic diseases), and previous ocular or
other surgery. Each patient underwent a complete ophthal-
mologic examination including best-corrected visual acuity
(BCVA) determination using the standard Early Treatment
Diabetic Retinopathy Study (ETDRS) protocol at 4 meters
distance, IOP measurement, slit-lamp dilated fundus
examination with 90D lens, and acquisition of color fun-
dus photography of the posterior pole. On the same day,
SS-OCT and SS-OCT-A images were acquired with two
different instruments.

The study adhered to the tenets of the Declaration of
Helsinki and was approved by the institutional Ethics
Committee (CE123 2017); each patient approved to partic-
ipate in the study and signed a written informed consent.

2.2. Imaging

2.2.1. Swept-Source Optical Coherence Tomography and
Optical Coherence Tomography Angiography. On the same
day, each patient underwent OCT and OCT-A with two dif-
ferent SS instruments, after pupil dilation. The same scan-
ning protocol was used for image acquisition. The devices
were prototype PLEX Elite 9000 (Carl Zeiss Meditec Inc.,
Dublin, California, USA) and DRI OCT-A Triton Plus (Top-
conMedical Systems Europe, Milano, Italy). Zeiss PLEX Elite
uses a 1,060 nm wavelength, with a scanning speed of
100,000 A-scans/second, and image processing is obtained
through the so-called OCT-microangiography complex algo-
rithm (OMAG) [23, 24]. Topcon DRI-OCT uses a 1,050 nm
wavelength, with a scanning speed of 100,000 A-scans/se-
cond and image processing relying on a motion contrast
measure named OCT-A Ratio Analysis (OCTARA) [26].
The acquisition protocol performed included the following
scans: a linear 12 mm high-definition B-scan centered on
the fovea at 0°, OCT-A maps covering the central 3 × 3 mm
and 6 × 6 mm macular area. All OCT-A images were care-
fully reviewed to check automatic segmentations of the
superficial capillary plexus (SCP) and deep capillary plexus
(DCP), and manual corrections were applied, when neces-
sary, in order to ensure a correct segmentation. For PLEX
Elite device, the projections’ removal tool was applied for
evaluation of DCP. Poor quality images and/or with artifacts
were excluded from the analysis.

2.2.2. Quantitative Evaluation of OCT-A Images. Both 3 × 3
mm and 6 × 6 mm OCT-A maps were used for quantitative
analysis. All images were saved and analyzed in anonymous
and masked fashion. The following quantitative parameters
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were evaluated: area and circularity index (CI) of the FAZ;
perfusion density (PD) and vessel density (VD); and branch
analysis including the number of branches (NoB) and total
branch length (tBL). All these parameters were evaluated
on both SCP and DCP using ImageJ software, version 1.51
(http://imagej.nih.gov/ij/; provided in the public domain
by the National Institutes of Health, Bethesda, MD, USA).
For DRI-Triton Plus OCT-A, the SCP slab was segmented
with an inner boundary at the inner limiting membrane
(ILM) +2.6 μm and an outer boundary at the inner plexiform
layer (IPL)/inner nuclear layer (INL) +15.6 μm, while the
DCP slab was segmented between IPL/INL +15.6 μm and
IPL/INL +70.2 μm. For PLEX Elite OCT-A, the SCP slab
was segmented between ILM and IPL, while the DCP slab
extended from the IPL to the retinal pigment epithelium
(RPE fit) −100 μm.

2.2.3. ImageJ Analysis. All DRI-Triton Plus OCT-A images
were exported and analyzed with their original resolution of
320 × 320 pixels (9.4 μm lateral resolution for 3 × 3 mm
images and 18.7 μm lateral resolution for 6 × 6 mm images).
PLEX Elite OCT-A images were exported with their original
resolution of 300 × 300 pixels for 3 × 3 mm angiocubes
(10 μm lateral resolution) and 500 × 500 pixels for 6 × 6
mm angiocubes (12 μm lateral resolution) and analyzed
after a process of cropping in order to match the DRI-
Triton Plus’s smaller field of view (images were cropped
down by about 10%). All images were then opened in
ImageJ analysis software.

The FAZ profile was manually outlined using the free-
hand selection tool on images of SCP and DCP using a previ-
ously published method [32], and the software automatically
calculated FAZ perimeter and area. FAZ CI was then mea-
sured using the following equation: FAZCI = 4π × area /
perimeter2. CI is the expression of the regularity of a shape:
the more its value is closer to 1, the more the shape is similar
to a perfect circle [31].

Images were then converted into 8-bit files, and the
Otsu method of thresholding was applied before automatic
measurements were performed, as previously reported
[33]. Otsu’s method of thresholding uses a bimodal distribu-
tion and determines the optimum threshold by minimizing
intraclass variance and maximizing interclass variance [34].
PD on SCP and DCP (PDS and PDD) was calculated on
binarized images as the ratio between all the perfused area
in pixels and the total area of the image in pixels. VD on
SCP and DCP (VDS and VDD) was calculated after skeleto-
nization of the binarized image; it is a measure of the statisti-
cal length of moving the blood column, as previously
described [35]. The process of skeletonization reduces all ves-
sel diameter to 1 pixel; therefore, VD has the advantage of not
being influenced by vessel dimension (Figures 1 and 2).

The Analyze Skeleton function of ImageJ was then
applied to skeletonized images. This plugin tags all pixels in
a skeleton image, counts all their junctions, triple and qua-
druple points, and branches and then measures the average
and maximum lengths [36, 37]. When activating this func-
tion, a results table called “Branch information” is created;
from this table, we considered only two parameters: tBL

(total sum of the single branches’ length in the area) and
NoB (number of branches in the area), as previously described
in the peripapillary region of patients with DM [17].

2.3. Statistical Analysis. The clinical and demographic
variables were compared among the three subject groups
using one-way ANOVA. The means of populations were
estimated as least square means, which are the best linear
estimates for the marginal means in the ANOVA design. In
case of an overall statistically significant difference among
subject groups, pairwise comparisons among the three
groups were done using Scheffé’s test.

The ANOVA analyses were performed using statistical
version software 6.0 (StatSoft, Inc., Tulsa, OK, USA), using
a two-sided type I error rate of p ≤ 0 002, after Bonferroni’s
correction for multiple comparisons.

The agreement between methods was assessed according
to the method of Bland-Altman [38]. The mean of the differ-
ences (bias), the 95% limits of agreement (LAs), and the 95%
confidence intervals for the bias and the LAs were calculated.
The distribution of the differences was compared with a
Kolmogorov-Smirnoff test to check for normality, as a pre-
requisite for the Bland-Altman method applicability.

3. Results

Of 111 examined subjects/eyes, 73 had no DR (mean age:
51 ± 20 4 years), 20 had mild DR (mean age: 63 ± 14 5 years),
and 18 were healthy controls (mean age: 50 ± 21 1 years).
There was no significant difference in the mean age among
the three groups (one-way ANOVA, p = 0 06). Of 93 patients
with DM, 38 had type 1 DM and 55 had type 2 DM.

Mean duration of DM was 12 7 ± 10 7 years in the DM
with no DR group and 18 3 ± 11 4 in the DR group
(p = 0 049). Mean value of HbA1c was 7 1 ± 1 1 in the DM
with no DR group and 7 6 ± 1 2 in the DR group (p = 0 055).
Mean BCVA value was 85 ± 0 0 ETDRS letters in the con-
trol group, 84 8 ± 1 2 in the DM with no DR group, and
84 3 ± 1 6 in the DR group (p = 0 15).

Table 1 shows the mean values of the significant param-
eters evaluated on 6 × 6 mm angiocubes in different groups.
The following parameters were significantly decreased in
the DR group versus controls with both instruments: CI
and tBL in the SCP and VD and NoB in the DCP. The FAZ
area in the DCP was significantly greater with both instru-
ments in the DR group versus the controls. The following
parameters were significantly decreased in the DR group ver-
sus controls only with PLEX Elite OCT-A: PD and VD in the
SCP and PD, FAZ CI, NoB, and tBL in the DCP. The follow-
ing parameters were significantly different in the no-DR
group versus controls: a decrease in PD and tBL in the
DCP and an increase in FAZ area in the DCP detected only
with PLEX Elite and a decrease in FAZ CI in the SCP
detected only with DRI-Triton Plus.

Table 2 shows the mean values of significant parameters
evaluated on 3 × 3 mm angiocubes in different groups. The
following parameters were significantly decreased in the DR
group versus controls: PD, VD, CI, and tBL in the DCP with
both instruments; NoB in the DCP with only PLEX Elite; and
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CI in the SCP with only DRI-Triton Plus. FAZ area in the
DCP was significantly greater only with PLEX Elite. FAZ CI
in the DCP was significantly reduced only with PLEX Elite
in no-DR group versus controls.

Table 3 summarizes the results of Bland-Altman analysis
for PD, VD, FAZ, NoB, and tBL, showing comparison
between the two OCT-A instruments. A systemic bias exists
between the two instruments with PLEX Elite providing
higher values for all tested parameters, except for FAZ CI in
the SCP, when considering 6 × 6 mm angiocubes. However,
when evaluating the 3 × 3 mm angiocube, the difference
between the two instruments is less clear, with PLEX Elite
providing higher values only for PD and FAZ area. As repre-
sentative examples, Figure 3 shows the Bland-Altman plot
for VD in 3 × 3 mm angiocube scans evaluated at the DCP.
The width of the LA’s interval is quite narrow, amounting
to only 31.5% of the mean value, thus indicating a good
agreement between the two instruments. Figure 4 shows the
Bland-Altman plot for the FAZ area in 6 × 6 mm angiocube
scans evaluated at the DCP. The width of the LAs’ interval
is wide, amounting to 197.8% of the mean value, thus indicat-
ing a poor agreement between the two instruments.

4. Discussion

In the present study, a quantitative evaluation of microvascu-
lar changes occurring in the macula in patients with DMwith
and without clinical signs of DR was performed, using two
different SS OCT-A devices and two different angiocube scan
sizes. A significant alteration of specific OCT-A parameters
was confirmed with both instruments in patients with initial
signs of DR when compared to healthy controls.

OCT-A is a method recently introduced in clinical prac-
tice that allows for a detailed characterization of retinal
microvasculature through the segmentation of individual ret-
inal vascular layers. Recently, Gildea published a review
focusing on the diagnostic value of OCT-A in the evaluation
of a number of microvascular parameters in patients with
diabetes and highlighting the usefulness of this technique in
the identification and localization of microaneurysms; visual-
ization of preretinal neovascularization and areas of capillary
nonperfusion; detection of FAZ enlargement; and remodel-
ing and quantification of vascular perfusion and branching
complexity [39]. However, different OCT-A devices and seg-
mentation methods that have been used as well as different

(a) (b) (c)

(d) (e) (f)

Figure 1: ImageJ analysis of 6 × 6mm images at the SCP of a patient with DM and without DR. (a–c) SCP image obtained with DRI OCT-A
Triton Plus (Topcon Medical Systems Europe, Milano, Italy). (d–f) SCP image obtained with prototype PLEX Elite 9000 (Carl Zeiss Meditec,
Inc., Dublin, California, USA). (a, d) Original SCP slabs in which the FAZ profile was manually outlined using the freehand selections tool.
(b, e) Binarized images. (c, f) Skeletonized images. SCP: superficial capillary plexus; DM: diabetes mellitus; DR: diabetic retinopathy;
OCT-A: OCT angiography; FAZ: foveal avascular zone.
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regions of interest have been analyzed in these studies, mak-
ing it difficult to draw final conclusions, especially when con-
sidering quantitative vascular perfusion parameters such as
VD and PD [39]. In particular, the majority of available data
are obtained with spectral domain OCT-A devices and just
few studies were performed with SS-OCT-A. Swept-source
OCT-A devices use a longer wavelength (1050 nm), thus hav-
ing a better ability to penetrate deeper into the tissues than
spectral domain devices that use a shorter wavelength. While
many studies reported high intra- and interoperator repro-
ducibility in the evaluation of different OCT-A parameters,
both in normal and pathologic eyes, using the same scan type
and the same device (in particular, FAZ area evaluation at the
SCP and perfusion parameters) [40–47], concerns remain on
the results interchangeability when using different scan sizes
and devices. Rabiolo et al. recently published a study per-
formed with PLEX Elite, comparing FAZ area and VD mea-
surements in different angiocube scan sizes (3 × 3, 6 × 6, and
12 × 12 mm) after cropping original images to obtain the
same size. The authors concluded that FAZ area is a robust
parameter even if measured on different angiocubes, while
VD depends on image size [47].

Different studies performed with OCT-A focused on FAZ
measurement as a marker of microvascular damage, docu-
menting that patients with DM had larger FAZ areas versus
healthy controls [10, 12–15, 48]. Different methods for quan-
titative evaluation of FAZ circularity in DM have been
recently proposed [49, 50]. In the present study, CI turned
out to be an early parameter showing FAZ changes both in
the SCP and DCP. Indeed, a clear decreasing trend was doc-
umented from controls to no-DR and DR groups, meaning
that FAZ regularity was gradually lost as retinal microvascu-
lar damage, induced by DM, progressed.

Moreover, the present study documents a significant
decrease in VD and PD in patients with initial signs of DR
versus healthy controls. This difference was detected with
both instruments. These data are in agreement with previ-
ously published studies reporting a significant decrease in
VD in the macular region in patients with DR compared to
healthy controls [51, 52]. In the present study, both angio-
cube scans (3 × 3 mm and 6 × 6 mm) detected a significant
difference in VD and PD evaluated in DCP, while significant
differences in the SCP were found only in 6 × 6mm scans, in
particular, using PLEX Elite OCT-A. Hirano et al. evaluated

(a) (b) (c)

(d) (e) (f)

Figure 2: ImageJ analysis of 3 × 3 mm images at the DCP of a patient with DR. (a–c) DCP image obtained with DRI OCT-A Triton Plus
(Topcon Medical Systems Europe, Milano, Italy). (d–f) DCP image obtained with prototype PLEX Elite 9000 (Carl Zeiss Meditec, Inc.,
Dublin, California, USA). (a, d) Original DCP slabs in which the FAZ profile was manually outlined using the freehand selections tool.
(b, e) Binarized images. (c, f) Skeletonized images. DCP: deep capillary plexus; DR: diabetic retinopathy; OCT-A: OCT angiography;
FAZ: foveal avascular zone.
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PD and VD on different scan sizes (3 × 3, 6 × 6, and 12 × 12
mm) using PLEX Elite [53]. The results are partially in agree-
ment with our data, reporting a significant decrease in both
PD and VD on all scan sizes between healthy controls and
eyes with DR, but no significant differences between healthy

and diabetic eyes without DR. However, different from what
we found, these differences were described both in the DCP
and SCP even on 3 × 3 mm images [53].

We would like to point out that two aspects should be
considered when discussing the findings reported in the

Table 1: Significant quantitative macular parameters evaluated on 6 × 6 mm angiocubes.

Parameter Swept-source OCT-A Controls (n = 18) no-DR (n = 73) DR (n = 20) p value∗

VDD
DRI-Triton 11 2 ± 0 7 10 9 ± 0 7 10 1 ± 1 0† 0.0006

PLEX Elite 16 2 ± 1 2 14 7 ± 2 8 13 3 ± 1 0‡ 0.002

FAZ area DCP
DRI-Triton 0 60 ± 0 17 0 42 ± 0 17 0 60 ± 0 25§ <0.0001
PLEX Elite 0 78 ± 0 23 1 22 ± 0 32¶ 1 37 ± 0 55¶ <0.0001

FAZ CI SCP
DRI-Triton 0 90 ± 0 04 0 80 ± 0 109‡ 0 68 ± 0 19¶ <0.0001
PLEX Elite 0 83 ± 0 07 0 73 ± 0 09 0 64 ± 0 21¶ <0.0001

NoB SCP
DRI-Triton 3523 ± 341 3232 ± 488 2801 ± 532 0.002

PLEX Elite 6691 ± 343 6278 ± 631 5813 ± 794¶ 0.0002

tBL SCP
DRI-Triton 1 9 × 107 ± 4 5 × 106 2 4 × 107 ± 5 7 × 106 1 6 × 107 ± 3 5 × 106 <0.0001
PLEX Elite 4 3 × 107 ± 3 5 × 106 3 9 × 107 ± 6 3 × 106 3 5 × 107 ± 7 6 × 106Δ 0.0004

PDS PLEX Elite 0 39 ± 0 02 0 37 ± 0 04 0 34 ± 0 05# 0.0004

PDD PLEX Elite 0 44 ± 0 03 0 39 ± 0 03¶ 0 36 ± 0 03¶,Δ <0.0001
VDS PLEX Elite 13 2 ± 0 8 12 4 ± 1 4 11 4 ± 1 8† 0.001

FAZ CI DCP PLEX Elite 0 83 ± 0 06 0 76 ± 0 10 0 69 ± 0 10¶ <0.0001
NoB DCP PLEX Elite 8064 ± 944 7621 ± 413 7128 ± 469¶,‡ <0.0001
tBL DCP PLEX Elite 5 8 × 107 ± 8 5 × 106 4 9 × 107 ± 5 3 × 106¶ 4 3 × 107 ± 4 3 × 106¶,|| <0.0001
∗One-way ANOVA analyses: comparison among controls, patients with DMwithout DR, and patients with DR. Statistical significance was set at p = 0 002 after
Bonferroni’s correction. Comparison versus controls: †Scheffé’s test, p = 0 001; ‡Scheffé’s test, p = 0 002 ; ¶Scheffé’s test, p < 0 0001; #Scheffé’s test, p = 0 0004.
Comparison versus patients with DM without DR: §Scheffé’s test, p = 0 002; ∫Scheffé’s test, p = 0 0002; ΔScheffé’s test, p < 0 0001; ||Scheffé’s test, p = 0 0003.
VDD: vessel density at the deep capillary plexus; FAZ: foveal avascular zone; DCP: deep capillary plexus; CI: circularity index; SCP: superficial capillary
plexus; NoB: number of branches; tBL: total branches length; PDS: perfusion density at the superficial capillary plexus; PDD: perfusion density at the deep
capillary plexus; VDS: vessel density at the superficial capillary plexus.

Table 2: Significant quantitative macular parameters evaluated on 3 × 3 mm angiocubes.

Parameter Swept-source OCT-A Controls (n = 18) no-DR (n = 73) DR (n = 20) p value∗

PDD
DRI-Triton 0 31 ± 0 02 0 32 ± 0 02 0 30 ± 0 03§ 0.0001

PLEX Elite 0 37 ± 0 05 0 36 ± 0 04 0 31 ± 0 05#,‡ 0.0001

VDD
DRI-Triton 18 0 ± 1 3 18 2 ± 1 2 16 8 ± 1 4∫ 0.0001

PLEX Elite 13 5 ± 1 9 12 8 ± 1 4 11 2 ± 1 8†,|| 0.0001

FAZ CI DCP
DRI-Triton 0 75 ± 0 08 0 75 ± 0 09 0 65±0 19∗∗ 0.001

PLEX Elite 0 82 ± 0 05 0 67 ± 0 13¶ 0 64 ± 0 11¶ <0.0001

tBL DCP
DRI-Triton 2 1 × 107 ± 1 9 × 106 2 2 × 107 ± 2 1 × 106 2 0 × 107 ± 2 4 × 106∫∫ 0.0007

PLEX Elite 1 3 × 107 ± 2 3 × 106 1 2 × 107 ± 1 7 × 106 1 1 × 107 ± 1 8 × 106‡‡ 0.0007

FAZ CI SCP DRI-Triton 0 72 ± 0 09 0 73 ± 0 12 0 57±0 20∗∗ ,Δ 0.0002

FAZ area DCP PLEX Elite 1 06 ± 0 25 1 37 ± 0 32 1 54 ± 0 54# 0.0003

NoB DCP PLEX Elite 1861 ± 282 1765 ± 220 1551 ± 216¶¶,§ 0.0002
∗One-way ANOVA analyses: comparison among controls, patients with DMwithout DR and patients with DR. Statistical significance was set at p = 0 002 after
Bonferroni’s correction. Comparison versus controls: #Scheffé’s test, p = 0 0003; †Scheffé’s test, p = 0 0001; ∗∗Scheffé’s test, p = 0 002; ¶Scheffé’s test, p < 0 0001;
‡‡Scheffé’s test, p = 0 001; ¶¶Scheffé’s test, p = 0 0004. Comparison versus patients with DM without DR: §Scheffé’s test, p = 0 002; ‡Scheffé’s test, p = 0 0006;
∫Scheffé’s test, p = 0 0001; ||Scheffé’s test, p = 0 001; ∫∫Scheffé’s test, p = 0 0009; ΔScheffé’s test, p < 0 0001. PDD: perfusion density at the deep capillary
plexus; VDD: vessel density at the deep capillary plexus; FAZ: foveal avascular zone; CI: circularity index; DCP: deep capillary plexus; tBL: total branches
length; SCP: superficial capillary plexus; NoB: number of branches.
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Table 3: Results of Bland-Altman analysis for PD, VD, FAZ, NoB, and tBL for comparisons between methods A (DRI-Triton) and B
(PLEX Elite).

Parameter Bias∗ [95% CI] Lower LA [95% CI] Upper LA [95% CI] LA interval (%)∗∗

PD

3 × 3 SCP 0.091
[0.083, 0.098]

0.01
[0.00, 0.03]

0.17
[0.15, 0.20]

47.8

3 × 3 DCP 0.033
[0.026, 0.041]

-0.04
[-0.06, -0.03]

0.11
[0.10, 0.12]

44.8

6 × 6 SCP 0.11
[0.097, 0.114]

0.02
[0.004, 0,03]

0.19
[0.18, 0.21]

53.9

6 × 6 DCP 0.087
[0.080, 0.094]

0.01
[0.00, 0.03]

0.16
[0.15, 0.20]

42.3

VD

3 × 3 SCP -0.6
[-0.95, -0.25]

-4.2
[-4.8, -3.6]

3.0
[2.4, 3.6]

51.5

3 × 3 DCP -5.3
[-5.5, -5.1]

-7.7
[-8.1, -7.3]

-2.9
[-3.3, -2.5]

31.5

6 × 6 SCP 4.5
[4.3,4.7]

2.3
[2.0, 2.7]

6.6
[6.3, 7.0]

42.7

6 × 6 DCP 3,8
[3.6,4.0]

1.5
[1.1, 1.9]

6.1
[5.7, 6.4]

36.1

FAZ

Area 3 × 3 SCP 0.03
[0.00, 0.6]

-0.28
[-0.33, -0.22]

0.33
[0.28, 0.38]

191.1

Area 3 × 3 DCP 0.85
[0.78, 0.91]

0.20
[0.09, 0.31]

1.49
[1.38, 1.60]

138.9

Area 6 × 6 SCP 0.01
[-0.01, 0.03]

-0.19
[-0.22, -0.16]

0.020
[0.17, 0.24]

125.2

Area 6 × 6 DCP 0.69
[0.61, 0.77]

-0.14
[-0.28, 0.00]

1.51
[1.37, 1.65]

197.8

CI 3 × 3 SCP -0.05
[-0.07, -0.02]

-0.31
[-0.36, -0.27]

0.22
[0.17, 0.26]

76.7

CI 3 × 3 DCP -0.06
[-0.09, -0.03]

-0.36
[-0.41, -0.31]

0.24
[0.19, 0.30]

83.8

CI 6 × 6 SCP -0.06
[-0.08, -0.05]

-0.27
[-0.30, -0.23]

0.14
[0.10, 0.17]

51.8

CI 6 × 6 DCP 0.04
[0.00, 0.07]

-0.29
[-0.34, -0.23]

0.36
[0.30, 0.41]

87.2

NoB

3x3 SCP -732
[-795, -669]

-1378
[-1487, -1269]

-85
[-194, 24]

57.2

3 × 3 DCP -1681
[-1713, -1648]

-2015
[-2072, -1959]

-1346
[-1403, -1290]

25.9

6 × 6 SCP 3104
[3006, 3202]

2098
[1929, 2268]

4110
[3940, 4279]

42.7

6 × 6 DCP 3029
[2902, 3157]

1717
[1496, 1938]

0.36
[4120, 4562]

43.0

tBL

3 × 3 SCP -2 9 × 106
[-3 4 × 106, -2 4 × 106]

-7 7 × 106
[-8 5 × 106, -6 9 × 106]

1 9 × 106
1 1 × 106, 2 7 × 106 68.7

3 × 3 DCP -9 5 × 106
[−9 9 × 106, -9 1 × 106]

−13 6 × 106
[-14 3 × 106, -12 9 × 106]

−5 4 × 106
[-6 1 × 106, -4 7 × 106] 49.3
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present study. First of all, the two devices use different
segmentation methods and have different resolutions. In
particular, lateral resolution of the two instruments is

similar for the 3 × 3 mm images, while the lateral resolu-
tion of PLEX Elite’s 6 × 6 mm images is significantly
higher compared to that of 6 × 6 mm images acquired

Table 3: Continued.

Parameter Bias∗ [95% CI] Lower LA [95% CI] Upper LA [95% CI] LA interval (%)∗∗

6 × 6 SCP 17 5 × 106
15 9 × 106, 19 1 × 106

1 1 × 106
[-1 6 × 106, 3 9 × 106]

33 9 × 106
31 1 × 106, 36 6 × 106 107.3

6 × 6 DCP 16 1 × 106
14 3 × 106, 17 8 × 106

-2 3 × 106
[-5 4 × 106, 0 8 × 106]

33 9 × 106
31 3 × 106, 37 5 × 106 88.3

∗Comparisons were always performed considering the difference between method B (PLEX Elite) and method A (DRI-Triton). Thus, a positive bias means PLEX
Elite mean values are greater than those of DRI-Triton’s. ∗∗LA interval was calculated and the ratio between the amplitude of the interval (difference between upper
LA and lower LA) and the mean value of the considered parameter in percentage. PD: perfusion density; SCP: superficial capillary plexus; DCP: deep capillary
plexus; VD: vessel density; FAZ: foveal avascular zone; CI: circularity index; NoB: number of branches; tBL: total branches length; LA: limits of agreement.
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Figure 3: Bland-Altman plot for VD in 3 × 3 mm angiocube scans evaluated at the DCP measured with PLEX Elite and DRI-Triton. The
central line indicates the mean of the differences or bias; the upper and lower lines indicate the upper and lower limits of agreement (LA),
respectively. VD: vessel density; DCP: deep capillary plexus.

−1

−0.5

0

0.5

1

1.5

2

0.4 0.8 1.2 1.6

Mean FAZ area 6 × 6 DCP (mm2)

FA
Z 

6 
×

 6
 D

CP
 (m

m
2 )

(P
LE

X 
El

ite
-D

RI
-T

rit
on

)

Bias = 0.69 mm2

Lower LA = −0.14 mm2

Upper LA = 1.51 mm2

Figure 4: Bland-Altman plot for the FAZ area in 6 × 6mm angiocube scans evaluated at the DCPmeasured with PLEX Elite and DRI-Triton.
The central line indicates the mean of the differences or bias; the upper and lower lines indicate the upper and lower limits of agreement (LA),
respectively. DCP: deep capillary plexus.
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with DRI-Triton Plus device. This could explain why PLEX
Elite was able to detect significant changes not only in 3 × 3
mm but also in 6 × 6 mm images.

Another important consideration that should be made is
that our analysis of 6 × 6 mm images (obtained with PLEX
Elite) allowed detecting changes occurring not only in the
DCP but also in the SCP. Recent studies performed with
OCT-A suggest that changes induced by DM first occur in
the DCP and then involve the SCP with disease progression
[54–56]. This may be due to a higher density of smaller ves-
sels (more susceptible to hypoxic damage) in the DCP com-
pared to the SCP [57, 58]. Based on our results, we could
confirm that lesions induced by diabetes were firstly detect-
able at the DCP and secondly at the SCP. As the decrease
in macular perfusion parameters at SCP level was detected,
only on 6 × 6 mm angiocubes and not on 3 × 3 mm angio-
cubes, we may hypothesize that lesions at the SCP start from
a more peripheral macular area and then involve into the
inner perifoveal region (more central area). This would need
to be confirmed with further studies.

Lastly, in this study, we found a significant reduction in
NoB and tBL in patients with DR compared to healthy con-
trols in the macular region. To the best of our knowledge, this
is the first study to perform this kind of automatic evaluation
of vessel complexity in the macular region. Previously, the
same method was used to investigate the peripapillary region
of patients with diabetes, finding a significant reduction also
in patients with DM without clinical signs of DR when com-
pared to healthy controls [17]. It is hypothesized that NoB
and tBL reduction could be a consequence of loss of small
branching vessels resulting in reduced branching complexity
of retinal vasculature [17, 38]. Previously published studies
on OCT-A used a different method, called fractal dimension
(FD), to analyze the complexity of retinal microvasculature
in the macular region [35, 51, 55, 59–62]. FD was signifi-
cantly altered in patients with DMwhen compared to healthy
subjects and seemed to be associated with increasing severity
of DR [35, 51, 55, 59–62]. Therefore, these studies support
the hypothesis that the complexity of microvascular network
progressively decreases with increasing severity of DR [35,
51, 55, 59–62].

We performed a Bland-Altman analysis to assess the
agreement between the two OCT-A devices used in the pres-
ent study. We found that the agreement between the two
instruments was extremely variable depending on the param-
eter taken into account. Indeed, LA intervals ranged from
acceptable values of ≤50% for some parameters (such as PD
and VD) to very high values for some other parameters. In
particular, LA intervals > 100% were detected for FAZ area
and were probably due to the fact that this was the only
parameter evaluated in a noncompletely automatic way
(FAZ profile was manually outlined using ImageJ). In addi-
tion, the two instruments use different segmentation bound-
aries to delineate SCP and DCP.

The major limitations of this study include the small
sample size of patients with multiple comparisons and the
lack of homogeneity in the number of different study groups.
However, we decided to use Bonferroni’s correction for mul-
tiple comparisons in order to reduce the risk of having false-

positive results, strengthening the validity of our results. In
addition, the power of the study is given by the size of the
smallest group (control group); thus, the difference in the
group numbers should not influence the final results.

In conclusion, this study documents early microvascular
changes occurring in the macular region of patients at the
initial stages of DR. These changes were confirmed with both
SS OCT-A instruments. Based on these results, we would
suggest to perform 3 × 3 mm macular angiocube scans when
using DRI-Triton Plus OCT-A, due to its higher resolution.
On the other hand, PLEX Elite 6 × 6 mm angiocube scans
seem to detect earlier vascular perfusion changes. Therefore,
we should be careful in the evaluation of OCT-A results
obtained with different devices: the fact that early microvas-
cular alterations could not be seen does not necessarily mean
that these alterations are not actually present, but this could
be an intrinsic limitation of the device itself. Further, larger
longitudinal studies are needed to better understand the
exact extent of microvascular damage in very early stages of
diabetic retinal disease and to precisely define the strengths
and weaknesses of different OCT-A devices and different
scan protocols.
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Objective. Hypoxia is central in the pathogenesis of diabetic retinopathy (DR). Hypoxia-inducible factor-1 (HIF-1) is the key
mediator in cellular oxygen homeostasis that facilitates the adaptation to hypoxia. HIF-1 is repressed by hyperglycemia
contributing by this to the development of complications in diabetes. Recent work has shown that the HIF-1A Pro582Ser
polymorphism is more resistant to hyperglycemia-mediated repression, thus protecting against the development of diabetic
nephropathy. In this study, we have investigated the effect of the HIF-1A Pro582Ser polymorphism on the development of DR
and further dissected the mechanisms by which the polymorphism confers a relative resistance to the repressive effect of
hyperglycemia. Research Design and Method. 703 patients with type 1 diabetes mellitus from one endocrine department were
included in the study. The degree of retinopathy was correlated to the HIF-1A Pro582Ser polymorphism. The effect of glucose
on a stable HIF-1A construct with a Pro582Ser mutation was evaluated in vitro. Results. We identified a protective effect of HIF-
1A Pro582Ser against developing severe DR with a risk reduction of 95%, even when adjusting for known risk factors for DR
such as diabetes duration, hyperglycemia, and hypertension. The Pro582Ser mutation does not cancel the destabilizing effect of
glucose but is followed by an increased transactivation activity even in high glucose concentrations. Conclusion. The HIF-1A
genetic polymorphism has a protective effect on the development of severe DR. Moreover, the relative resistance of the HIF-1A
Pro582Ser polymorphism to the repressive effect of hyperglycemia is due to the transactivation activity rather than the protein
stability of HIF-1α.

1. Introduction

Diabetes retinopathy (DR) is one of the most prevalent
microvascular complications of diabetes and the leading
cause of blindness in working-age adults [1]. Insufficient
blood glucose control, duration of diabetes disease, and inef-
fective blood pressure control are the major risk factors for
DR [2]. DR progresses from mild, nonproliferative diabetes
retinopathy (NPDR) to moderate and severe NPDR before
the occurrence of proliferative diabetes retinopathy (PDR).

In parallel, at any stage of retinopathy patients may also
develop diabetic macular edema (DME) [3]. The incidence
of DR and progression to severe DR among patients with
similar metabolic control may vary substantially [4]. DR
affects all races and ethnicities, but some populations might
have greater risk for developing DR [5]. There is a familial
clustering of DR [6–8], and the heritability has been esti-
mated to contribute with 27% for the risk of DR and with
52% for the risk of PDR [9, 10]. Even though there is a clear
evidence for strong genetic influences on DR, there is no
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confirmed association with any risk allele despite extensive
candidate gene studies or systematic genome-wide associa-
tion studies [11, 12]. A potential explanation for the negative
results is that the candidate genes investigated either did not
have a clear pathogenic role in DR or that the investigated
polymorphisms did not have a special functional property.

Hypoxia plays a central role in the development of DR.
The retina is physiologically exposed to very low levels of
oxygen, and oxygen levels drop even further early in the
evolution of diabetes (i.e., 3 weeks after experimental diabetes
induction) [13]. This can partly be explained by the
decreased retinal perfusion caused by the constriction of
major arteries and arterioles [14] and by a reduced oxygen
extraction [15]. The decreased oxygen tension leads to a
series of biochemical and metabolic alterations that result
in chronic, low-grade inflammation; increased oxidative
stress; vascular dysfunction; pericyte loss; and pathological
neovascularization, maintaining a vicious circle that has as
a consequence a progressive retinal hypoxia [14].

Hypoxia-inducible factor-1 (HIF-1) is the key mediator
in cellular oxygen homeostasis that facilitates the adaptation
to oxygen deprivation by regulating the expression of genes
that are involved in cellular energy metabolism and glucose
transport, angiogenesis, and erythropoiesis, among others
[16]. HIF-1 is a heterodimeric transcription factor composed
of two subunits, HIF-1α and HIF-1β, both constitutively
expressed in mammalian cells. The regulation of HIF-1 activ-
ity is critically dependent on the degradation of the HIF-1α
subunit in normoxia. The molecular basis of its degradation
is oxygen-dependent hydroxylation of at least one of the
two proline residues (Pro402 and Pro564) [17] that makes
HIF-1α accessible to the von Hippel-Lindau tumor-
suppressor (VHL) protein that acts as an E3 ubiquitin ligase
and targets HIF-1α for proteasomal degradation [16]. Several
additional noncanonical pathways for HIF-1α regulation
have also been described [18]. Under hypoxic conditions,
HIF-1 is stabilized and translocated to the nuclei where it
binds to hypoxic responsive elements (HRE), recruits coacti-
vators CREB-binding protein (CBP)/p300, and transactivates
a series of genes essential for the adaptation of the tissues to
hypoxia [19]. Hyperglycemia in diabetes has a complex
repressive effect on the stabilization and transactivation of
HIF-1α, precluding its optimal reaction to hypoxia [20].
The effect of hyperglycemia on protein stability is dependent
on VHL [21] but not always restricted to the canonical pro-
line hydroxylation [22].

HIF-1A (for HIF-1α) genetic polymorphisms are asso-
ciated with diseases for which the response to oxygen dep-
rivation plays a central pathogenic role, i.e., cancer and
cardiovascular diseases. The HIF-1A Pro582Ser (dbSNP ID
rs11549465) polymorphism, where a C is changed for a T
generating the amino acid serine instead of proline, seems
to be of particular functional importance and has been
intensely studied for its association with various diseases
(recently reviewed in [23]). In previous work, we found that
the HIF-1A Pro582Ser polymorphism was protective for dia-
betes nephropathy by conferring a relative resistance of the
encoded HIF-1α to the repressive effects of hyperglycemia
on the transactivation level [24]. Having in mind the central

role of hypoxia for DR, we conducted a genetic association
study of the HIF-1A Pro582Ser polymorphism in type 1 dia-
betic patients with and without DR. We have also continued
to explore in vitro the molecular mechanisms that confer the
relative resistance of this polymorphism towards the repres-
sive effect of glucose.

2. Research Design and Methods

2.1. Subjects. Subjects were recruited from the Department of
Endocrinology, Metabolism, and Diabetes at the Karolinska
University Hospital Solna site, Sweden, where all patients
with type 1 diabetes (n = 1492) (October, 2011–May, 2014)
without any exclusion criteria were invited to participate. A
total of 703 patients participated in the genetical analysis.
The Regional Ethical Review Board in Stockholm, Sweden,
approved the study.

All patients underwent dilated eye examination with a
fundus photography, which was judged by ophthalmolo-
gists at the St. Erik Eye Hospital, Stockholm, Sweden, dur-
ing the study period. The ophthalmologists were blinded
from the genotyping results. The severity of DR was catego-
rized according to the International Clinical Diabetic
Retinopathy Severity Scale (ICDRSS) into one of the five
following categories: no DR, mild NPDR, moderate NPDR,
severe NPDR, and PDR [25]. The patients were classified
according to the most advanced DR if discordance was
present between the eyes.

For all patients, fasting blood samples were drawn
upon study enrolment. HbA1c was measured with high-
performance liquid chromatography (Bio-Rad, 36 mmol/mol
CV 2.5%, 85 mmol/mol CV 2.5%). An enzymatic colorimet-
ric method (Roche Diagnostics) was used to measure total
cholesterol (3 mmol/L CV 4%, 7 mmol/L CV 4%), triglycer-
ides (1 mmol/L CV 6%, 2.5 mmol/L CV 6%), and high-
density lipoprotein (HDL) (0.65 mmol/lLCV 7%, 1.5 mmol/L
CV 7%). The concentration of low-density lipoprotein (LDL)
was calculated according to Friedewald’s formula. All blood
samples were analyzed at the routine hospital laboratory at
Karolinska University Hospital.

Blood samples for analysis of the HIF-1A Pro582Ser
polymorphism were available in 703 patients. Genetic analy-
sis was carried out with TaqMan Allelic Discrimination assay
by using the ABI 7300 system (Applied Biosystems, Foster
City, CA). Negative controls were included on each plate.
Patients’ genotypes were classified into the groups CC (non-
mutated HIF-1A), CT (one allele mutated), and TT (both
alleles mutated).

2.2. Plasmid Constructs. Plasmid-encoded FLAG-fused
mouse HIF-1α that is stabilized against canonical degrada-
tion (by P402A/P564A mutations) was further mutated at
Proline 583 (which is the mouse equivalent of the human
Proline 582) to serine (pFLAG/mHIF-1a (P/S)) using the
QuickChange site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. Positive
mutants were screened by sequencing using the DYEnamic
sequencing kit (Amersham Biosciences Corp.). The Renilla
luciferase reporter vector (pRL-TK) was obtained from
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Promega Corp. The plasmid encoding a hypoxia response
element- (HRE-) driven firefly luciferase reporter (pT81/HRE-
luc) has been described previously [22].

2.3. Cell Culture. Human embryonic kidney 293A
(HEK293A) cells were maintained in a 1 : 1 mixture of
DMEM and F-12 medium. Transient transfections were per-
formed using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. After 16 hours, the cells were
cultured in medium containing either a normal (5.5 mM)
or high (30 mM) concentration of glucose and exposed to
normoxia (21% O2) or hypoxia (1% O2). Media were supple-
mented with FCS (10%), penicillin (50 IU/mL), and strepto-
mycin sulfate (50 mg/mL). Medium and other products for
cell culture were purchased from Invitrogen.

2.4. Transcriptional Activity. After 48-hour exposure to dif-
ferent glucose concentrations and oxygen tensions, the tran-
scriptional activity was evaluated in a dual-luciferase reporter
assay where the hypoxia response element- (HRE-) driven
luciferase reporter gene was coexpressed together with stabi-
lized HIF-1α (P402A/P564A) or stabilized with mutated
Pro583 (which is the mouse equivalent of the human Proline
582) (P402A/P564A/P583S) HIF-1A. The Renilla luciferase
activity was used as internal control.

2.5. Whole Cell Extraction and Western Blot. After 48-hour
exposure to different glucose concentrations and 6-hour oxy-
gen tensions, cells were washed with PBS, collected by centri-
fugation, and lysed in a high-salt buffer containing 50
mmol/L Tris-HCl (pH 7.4), 500 mmol/L NaCl, 0.2% NP-
40, 20% glycerol, 0.5 mmol/L phenylmethylsulfonyl fluoride,
5 mmol/L beta-mercaptoethanol, and a protease inhibitor
mix (cOmplete, Mini; Roche Applied Science). The lysates
were then cleared by centrifugation for 30 min at 20,000 g
at 4°C. The whole-cell extracts were separated by SDS-
PAGE and blotted onto nitrocellulose membranes. After
blocking in TBS buffer (50 mmol/L Tris-HCl (pH 7.4), 150
mmol/L NaCl) containing 5% nonfat milk, the membranes
were incubated with anti-FLAG M2 (F3165, Sigma-Aldrich)
or anti-β-actin (ab6276, Abcam) antibodies in TBS buffer
containing 1% nonfat milk. After several washes with TBS
buffer containing 0.5% Tween 20, the membranes were
incubated with anti-mouse or anti-rabbit IgG-horseradish
peroxidase conjugate (Amersham Biosciences Corp.) in
TBS buffer containing 1% nonfat milk. After several washes,
proteins were visualized using enhanced chemilumines-
cence (Amersham Biosciences Corp.) according to the man-
ufacturer’s recommendations.

2.6. Statistical Analysis. The differences between the DR
groups were tested using the Kruskal-Wallis test. Initially,
we performed univariate logistic regression analyses with
DR as the dependent variable and several demographic and
disease variables considered to be clinically important as
independent variables, such as age, sex, diabetes duration,
systolic blood pressure, HbA1c, smoking (yes vs. no), level
of triglycerides, LDL, and HDL. The results from these anal-
yses (p < 0 05 as the criterion) and correlation analyses
(Pearson’s and Spearman’s correlations) guided the selection

of variables for the multivariate logistic regression analyses.
Multivariate logistic regression analysis was performed using
the Enter method. Appropriate tests for linearity, interac-
tions, and goodness of fit were performed. Statistical analy-
ses were done with SPSS IBM Statistics 24.

3. Results

3.1. Genetic Association of the HIF-1A Pro582Ser
Polymorphism and Diabetic Retinopathy. Of the 703 patients
with type 1 diabetes participating in the analysis, 148 (21%)
had no sign of DR, 373 (53%) had mild or moderate NPDR,
and 182 (26%) had severe NPDR or PDR. Patients’ char-
acteristics are shown in Table 1. The observed minor allele
frequency for HIF-1A C>T was 0.071. The proportional rela-
tionship between different stages of DR was found to vary
between the genotypes, so that the genotype CC had the
highest incidence of severe NPDR/PDR, while the genotype
TT had the lowest incidence (Figure 1). However, there was
no difference in the presence of traditional risk factors for
DR between the patients when they were grouped by geno-
type (Table 2).

The results of the univariate analyses are summarized in
Table 3. There was a significant negative association between
the TT genotype and severe DR (OR = 0 16, 95% CI: 0.03-
0.76) (Table 3). Other variables significantly associated to
DR were age, diabetes duration, HbA1c, systolic BP, triglyc-
erides, and HDL (Table 3). In the multivariate analysis, a sig-
nificant negative association between the TT genotype and
the risk for severe DR was observed (OR = 0 05, 95% CI:
0.003-0.91) (Table 3). There was no protective effect of the
TT genotype on the development of mild-moderate NPDR.

3.2. Biological Effects of the HIF-1A Pro582Ser Polymorphism.
Having in account the above genetic association, we have
further investigated the potential functional relevance of the
HIF-1A Pro582Ser polymorphism for the reaction of cells
to hypoxia in hyperglycemia.

As shown in a previous work by our group [24], the
protein stability of the HIF-1α Pro582Ser polymorphism
was also diminished in the presence of hyperglycemia
[24]. Since the oxygen-dependent degradation of HIF-1α
is largely dependent on the hydroxylation of two conserved
prolines (Pro402 and Pro564), we wanted to investigate if
the mutation Pro582Ser has a separate role on the nonca-
nonical regulation of HIF-1 stability by investigating the
behavior of a mutated HIF-1α Pro402Ala/Pro564Ala/-
Pro582Ser in high glucose. Transfected HEK293A cells were
exposed to normoxia or hypoxia and cultured in different
glucose concentrations. We found that HIF-1α Pro402Ala/-
Pro564Ala/Pro582Ser has the same stability as HIF-1α
Pro402Ala/Pro564Ala (Figure 2(a)) and that it is still sensi-
tive to the hyperglycemia-dependent destabilization of HIF-
1α in hypoxia (Figure 2(b)).

The HIF-1α Pro582Ser polymorphism has been shown to
be more transcriptionally active than wild type HIF-1α [24].
We have further analyzed the effect of Pro582Ser on the tran-
scriptional activity of a canonic stabilized HIF-1α Pro402A-
la/Pro564Ala/Pro582Ser in different glucose concentrations
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using cotransfection with the HRE-reporter gene. Despite the
preserved destabilizing effect of glucose on HIF-1α Pro402A-
la/Pro564Ala/Pro582Ser (Figure 2(a)), the Pro582Ser poly-
morphism has a stimulating effect on transactivation in all
glucose concentrations compared to canonically stabilized
HIF-1α Pro402Ala/Pro564Ala (Figure 2(c)). These results

indicate that even though the HIF-1α Pro582Ser polymor-
phism is subject to degradation by the noncanonical proline
hydroxylation pathway in high glucose, it has a higher tran-
scriptional activity.

4. Discussion

We have for the first time identified an association between
severe NPDR or PDR and the HIF-1A Pro582Ser polymor-
phism. Moreover, we have brought further mechanistic
insight into the function of the HIF-1A Pro582Ser polymor-
phism in hyperglycemia.

Hypoxia is central in the pathogenesis of DR [14], and
HIF-1α has a key role in the tissue response to hypoxia
[16]. The HIF-1α function is repressed in diabetes [22],
which contributes to an inappropriate reaction to hypoxic
injury [22]. Induction of HIF-1α function attenuates progres-
sion in animal models of diabetic foot ulcers [21, 26], diabetic
nephropathy [27], and diabetic cardiomyopathy [28]. The
HIF-1A Pro582Ser polymorphism has been shown to be
more active in diabetes, due to a relative resistance to the
hyperglycemia-induced repression of HIF-1α transactivation
activity [24]. Therefore, a protective effect of the HIF-1A
Pro582Ser polymorphism on the risk of developing severe
NPDR or PDR is not unexpected. These results are in line
with previous studies showing a protective effect of the
HIF-1A Pro582Ser polymorphism on other diabetes compli-
cations, such as lowered risk of developing foot ulcers [29]
and diabetes nephropathy [24].

The canonical oxygen-dependent regulation of HIF-1α is
dependent on the hydroxylation of at least two critical pro-
lines (Pro402/Pro564) that makes it accessible to VHL-
dependent degradation, which is central for the effect of
hyperglycemia on HIF [21]. However, here we show that
the Pro582Ser variant is still destabilized in hyperglycemia

Table 1: Characteristics of the patients.

Patients with no
DR (n = 148)

Patients with mild-moderate
NPDR (n = 373)

Patients with severe
NPDR/PDR (n = 182) P value

Women/men (n) 68/80 156/217 81/101 0.65

Ethnic origin, Caucasian vs. other (n), (%) 145 (98.0) 370 (99.2) 179 (98.3) 0.47

Age (years) 44 9 ± 1 3 (19-86) 46 2 ± 0 8 (20-86) 52 8 ± 1 0 (25-86) <0.001
BMI (kg/m2) 25 8 ± 0 4 (15.5-40.0) 25 6 ± 0 2 (16.4-45.3) 25 8 ± 0 3 (18.3-42.5) 0.55

Diabetes duration (years) 21 2 ± 1 0 (3-66) 27 1 ± 0 6 (8-73) 36 1 ± 0 9 (12-69) <0.001
HbA1c (%) 7 7 ± 0 09 (5.5-12.5) 8 1 ± 0 0 5 (5.6-12.1) 8 6 ± 0 1 (4.7-12.7) <0.001
HbA1c (mmol/mol) 61 1 ± 1 0 (37-113) 65 4 ± 0 6 (38-109) 70 7 ± 1 1 (28-115)
e-GFR (mL/min/1.73 m2) 97 4 ± 1 6 (23.6-133) 96 9 ± 1 1 (18-140) 83 4 ± 1 7 (7.2-140) <0.001
TG (mmol/L) 0 9 ± 0 06 (0.18-7.7) 0 9 ± 0 0 (0.2-5.5) 1 1 ± 0 1 (0.3-6.7) <0.001
Cholesterol (mmol/L) 4 8 ± 0 07 (2.7-8.4) 4 7 ± 0 0 (2.0-7.7) 4 7 ± 0 1 (2.6-8) 0.45

LDL (mmol/L) 2 7 ± 0 06 (1.1-5.2) 2 7 ± 0 0 (1.1-5.4) 2 7 ± 0 1 (1.0-5.8) 0.38

HDL (mmol/L) 1 7 ± 0 04 (0.8-3.8) 1 6 ± 0 0 (0.6-4.2) 1 6 ± 0 0 (0.5-3.7) 0.032

Systolic blood pressure (mmHg) 125 9 ± 1 2 (90-170) 127 2 ± 0 8 (85-180) 132 6 ± 1 2 (90-180) <0.001
Diastolic blood pressure (mmHg) 73 2 ± 0 7 (50-95) 74 2 ± 0 5 (40-100) 72 2 ± 0 8 (40-100) 0.083

Data are presented as mean ± SEM (range). The differences between the three groups were tested using the Kruskal-Wallis test. DR, diabetic retinopathy;
NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; BMI, body mass index; HbA1c, glycated hemoglobin; e-GFR,
estimated glomerular filtration rate; TG, triglycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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Figure 1: Distribution of different grades of DR according to HIF-
1A variants in patients with type 1 diabetes. The severity of DR
was categorized according to the International Clinical Diabetic
Retinopathy Severity Scale. Blood samples were analyzed for the
HIF-1A Pro582Ser polymorphism and patients’ genotypes were
classified into the groups CC, CT, and TT. DR, diabetic
retinopathy; NPDR, nonproliferative diabetic retinopathy; PDR,
proliferative diabetic retinopathy.
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even when the canonical degradation is inhibited by muta-
tions of the Pro402Ala/Pro564Ala. Despite the preserved
sensitivity to the destabilizing effect of hyperglycemia
(Figure 2(b)), the transactivation activity of HIF-1α
Pro582Ser is increased even in high glucose concentration
(Figure 2(c)), which might explain the protective effect of
the HIF-1A Pro582Ser polymorphism for the risk for severe
NPDR/PDR. The protective effect of the HIF-1A Pro582Ser
polymorphism against severe DR remains after adjustment
for several known risk factors for severe NPDR/PDR
(Table 3) pointing out on the relevance of the special biolog-
ical behavior of this polymorphism to hypoxia that is central
for the pathogenesis of the late stages of DR.

HIF-1 target genes are essential for normal retinal devel-
opment, vasculature stability, proper retinal function, and
vision maintenance. Several HIF-1 target genes are crucial
for the protection of the retina in DR [30]. HIF-1 target genes
promote oxygen and glucose supply, neovascularization,
antioxidization, anti-inflammation, antiapoptosis, and neu-
rotrophy [19]. Patients with theHIF-1A Pro582Ser polymor-
phism, which is more resistant to the repressive effect of
hyperglycemia, may therefore have a better adaptation and
responses to the retinal hypoxia even from an early period
of diabetes that will preclude the progression to severe DR.

This is in contradiction with the noxious effect of the tre-
mendously high HIF-1 signaling induced by the profound
hypoxic environment in the late stages of DR [3]. This is also
illustrated by the classical observation of the increase of the
amount of VEGF (HIF-1 target gene) in ocular fluids that is
noticed just in late proliferative stages of DR [31]. This dou-
ble opposing effect of HIF-1 function in early and late DR is
mirrored even for other HIF-1 target genes. For example,

early replenishment of the HIF-1 target gene EPO improves
retinal vascular stability and protects retinal neurons from
hypoxia-induced apoptosis, but elevated EPO levels during
the proliferation stage contribute to neovascularization and
ocular disease [32, 33].

This indicates that the manipulation of HIF-1 signaling
needs to be carefully considered regarding timing and dosage
in order to balance favorable versus detrimental effects. Rela-
tively few attempts have been made to address retinal hyp-
oxia in DR, despite its key pathogenic role [34], but our
observation warrants further investigation.

Diabetes duration, blood pressure, dyslipidemia, and
glycemic control are well-known risk factors for DR [2].
The logistic regression that includes these risk factors still
showed a significant risk reduction for severe DR in patients
with the HIF-1A Pro582Ser polymorphism that indicates an
independent protective effect of the polymorphism. As
already shown, the HIF-1A Pro582Ser polymorphism is also
protective for diabetic nephropathy (DN) [24]. DR and DN
share most of the risk factors but not all [35–37]. The HIF-
1A Pro582Ser polymorphism seems to be a common protec-
tive risk for DR and DN since inclusion of microalbumi-
nuria (that strongly correlates with severe DR with OR
14.77, p < 0 0001) in the multiple logistic regression model
drops the significance of the protective effect of the HIF-
1A Pro582Ser polymorphism for severe DR (p = 0 051) (data
not presented).

A limitation of our study is the relatively small number
of patients with the genotype TT, due to the low frequency
of this polymorphism. Future research would benefit from
multicenter pooling of data in order to acquire a larger
sample size.

Table 2: Characteristics of patients with different HIF-1A variants.

Total CC CT TT P value

N 703 591 87 25

Women/men (n) 305/398 260/331 34/53 11/14 0.688

Age (years) 47 6 ± 0 6 48 8 ± 0 6 47 0 ± 1 8 45 7 ± 2 3 0.586

BMI (kg/m2) 25 5 ± 0 1 25 5 ± 0 2 25 8 ± 0 5 25 6 ± 0 9 0.752

Diabetes duration (years) 28 2 ± 0 5 28 2 ± 0 5 28 1 ± 1 4 26 8 ± 3 0 0.638

HbA1c (mmol/mol) 65 9 ± 0 5 65 8 ± 0 5 65 7 ± 1 4 66 8 ± 3 3 0.895

e-GFR (mL/min/1.73 m2) 92 6 ± 0 9 93 9 ± 0 9 90 9 ± 2 5 92 5 ± 5 3 0.376

Height (cm) 174 0 ± 0 4 173 9 ± 0 4 174 7 ± 1 1 175 6 ± 2 4 0.762

Systolic blood pressure (mmHg) 128 3 ± 0 6 128 2 ± 0 6 128 9 ± 1 7 130 1 ± 3 5 0.898

Diastolic blood pressure (mmHg) 73 4 ± 0 4 73 4 ± 0 4 73 3 ± 1 0 74 2 ± 1 8 0.828

TG (mg/dL) 0 92 ± 0 03 0 94 ± 0 03 0 8 ± 0 04 0 9 ± 0 08 0.730

Cholesterol (mmol/L) 4 7 ± 0 03 4 7 ± 0 04 4 7 ± 0 09 4 8 ± 0 2 0.966

LDL (mmol/L) 2 7 ± 0 03 2 7 ± 0 03 2 7 ± 0 07 2 8 ± 0 1 0.252

HDL (mmol/L) 1 6 ± 0 02 1 6 ± 0 02 1 6 ± 0 06 1 5 ± 0 09 0.242

Smoking (n) 85 (12%) 74 (13%) 9 (10%) 2 (8%) 0.689

Antihypertensive treatment (n) 321 (46%) 276 (47%) 34 (39%) 11 (44%) 0.511

Data are shown as mean ± SEM. The differences between the three groups were tested using the Kruskal-Wallis test. CC, CT, and TT are the genotypes of the
HIF-1A Pro582Ser polymorphism. ns, nonsignificant; BMI, body mass index; HbA1c, glycated hemoglobin; e-GFR, estimated glomerular filtration rate; TG,
triglycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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In conclusion, for the first time, we have shown that the
HIF-1A Pro582Ser polymorphism protects against the devel-
opment of severe DR. Furthermore, we have provided new
mechanistic insights into the regulation of HIF-1α Pro582Ser
in hyperglycemia. We speculate that patients with this poly-
morphism are able to respond better to the hypoxic insults,
thus halting the progression of retinal hypoxia and DR path-
ogenesis. Additional interventional experiments need to be
performed to dissect the mechanisms behind this finding.
Our study points out a new possible direction in the pursuit
of therapeutic strategies for the treatment of DR.

5. Conclusions

The HIF-1A Pro582Ser polymorphism has a protective effect
on the development of severe DR independently of tradi-
tional risk factors for DR. The relative resistance of the
HIF-1A Pro582Ser polymorphism to the repressive effect of

Table 3: Association in patients with type 1 diabetes between
various demographic and disease factors and risk for severe
NPDR/PDR (comparing no retinopathy (n = 185) vs. severe
NPDR/PDR (n = 230)).

Univariate logistic
regression analysis

OR (95% CI) P value N

Age 1.03 (1.02-1.05) <0.0001 415

Sex (female vs. male) 0.96 (0.65-1.41) 0.821 415

Systolic blood pressure 1.03 (1.02-1.04) <0.0001 414

Diastolic blood pressure 0.99 (0.97-1.01) 0.425 414

Duration 1.11 (1.09-1.13) <0.0001 415

BMI (kg/m2) 1.01 (0.96-1.06) 0.616 414

HbA1c 1.06 (1.04-1.08) <0.0001 415

Smoking (n) 1.26 (0.70-2.27) 0.438 415

TG 1.79 (1.24-2.59) 0.002 415

HDL 0.68 (0.47-0.99) 0.046 414

LDL 0.99 (0.78-1.25) 0.929 412

Cholesterol 1.00 (0.82-1.23) 0.977 415

HIF-1A 330

CC REF

CT 0.59 (0.30-1.16) 0.13

TT 0.16 (0.03-0.76) 0.02

Multivariate logistic
regression analysis

OR (95% CI) P value N

Duration 1.11 (1.09-1.15) <0.0001 328

HbA1c 1.08 (1.06-1.11) <0.0001 328

Systolic blood pressure 1.03 (1.01-1.05) 0.01 328

HDL 0.60 (0.34-1.07) 0.08 328

HIF1A 328

CC REF

CT 0.79 (0.30-2.05) 0.62

TT 0.05 (0.003-0.91) 0.04

Univariate and multivariate logistic regression analyses were performed.
BMI, body mass index; HbA1c, glycated hemoglobin; TG, triglycerides. CC,
CT, and TT are the genotypes of the HIF-1A Pro582Ser polymorphism;
REF, reference group.
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Figure 2: (a) HIF-1α (P402A/P564A/P582S) is as stable as HIF-1α
(P402A/P564A). Human embryonic kidney 293A (HEK293A) cells
were transiently transfected with hypoxia-inducible factor-1α (HIF-
1α) (P402A/P564A) or HIF-1α (P402A/P564A/P582S). They were
maintained in hypoxia (1% O2) for 16 h before harvest. HIF-1α
(P402A/P564A) and HIF-1α (P402A/P564A/P582S) were detected
using a FLAG antibody. The HIF-1 constructs are equally expressed.
α-Tubulin is shown as internal control. PPA, HIF-1α (P402A/P564A);
HIF-1α-PPAPS, hypoxia-inducible factor-1α (P402A/P564A/P582S).
(b) HIF-1α (P402A/P564A/P582S) is destabilized in hyperglycemic
hypoxic conditions. Human embryonic kidney 293A (HEK293A)
cells were transiently transfected with hypoxia-inducible factor-1α
(HIF-1α) (P402A/P564A/P582S). They were exposed to 5.5 mM
or 30 mM glucose and maintained in normoxia (N) (21% O2)
or hypoxia (H) (1% O2) for 6 h before harvest. HIF-1α
(P402A/P564A/P582S) was detected using a FLAG antibody.
HIF-1α (P402A/P564A/P582S) was destabilized in hyperglycemic
hypoxic conditions. HIF-1α-PPAPS, hypoxia-inducible factor-1α
(P402A/P564A/P582S); N, normoxia; H, hypoxia. (c) HIF-1α
(P402A/P564A/P582S) had a higher transactivation activity than
HIF-1α (P402A/P564A). Human embryonic kidney 293A
(HEK293A) cells were transiently transfected with hypoxia-
inducible factor-1α (HIF-1α) (P402A/P564A/P582S) or HIF-1α
(P402A/P564A) together with reporter plasmids in a dual-
luciferase reporter assay. The cells were cultured in media
containing 5.5, 20, and 30 mM of glucose for 48 h and maintained
in hypoxia (1% O2) for 6 h before harvest. PPA, HIF-1α
(P402A/P564A); PPAPS, HIF-1α (P402A/P564A/P582S). The
transactivation activity was significantly increased in HEK293A
cells transfected with HIF-1α (P402A/P564A/P582S) compared to
HIF-1α (P402A/P564A) (p < 0 05). Data are expressed as mean ±
SEM after two-way ANOVA with repeated measures, n = 4 per
group.
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hyperglycemia is due to the transactivation activity rather
than the protein stability of HIF-1α.
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We performed a cross-sectional study to analyze the retinal vasculature in children, adolescent, and young adults with type 1
diabetes using optical coherence tomography angiography (OCTA). Patients underwent funduscopic examination for diabetic
retinopathy (DR) screening during an annual visit for the screening of diabetes-related complications which included the
evaluation of glycated hemoglobin (HbA1c), microalbuminuria, lipid profile, arterial pressure, and neurological assessment. In
addition, OCTA of the retinal vasculature was performed. Quantitative analysis of the OCTA images evaluated the vessel
density at the superficial (SCP) and deep (DCP) capillary plexus of the retina. Structural vascular alterations were evaluated
qualitatively. Results were compared to those obtained in a group of healthy age-, sex-, and pubertal stage-matched controls.
The effect of age, disease duration, age at the disease onset, mean HbA1c since the onset, and lipid profile on vascular density
was tested. Fifty-three patients (median age 15.5, IQR 12.4-19.4 years; 57% females) with type 1 diabetes and 48 controls were
enrolled. The median (IQR) HbA1c was 7.6% (60 mmol/mol) (6.9-8.1%, 52-65 mmol/mol), and the median (IQR) duration of
disease was 6.0 (3.3-10.3) years. Mean vessel density measured with OCTA was lower in patients compared to controls with the
temporal sector showing the highest difference both in the SCP (0.55 vs. 0.57, p < 0 001) and the DCP (0.63 vs. 0.65, p < 0 001).
None of the predictors was associated with the superficial and deep vascular densities. Only 2 patients had clinically detectable
DR. Microvascular structural changes were found on OCTA in both of these patients and in one without funduscopic
alterations. In conclusion, patients with type 1 diabetes without clinically detectable DR had decreased capillary density
compared to controls on OCTA images. These findings may provide useful information for the screening and the management
of patients with type 1 diabetes. Further studies are needed to confirm our results and their clinical relevance.

1. Introduction

Type 1 diabetes is the most common metabolic disorder of
childhood and adolescence. Its onset in pediatric age together
with suboptimal metabolic control puts patients at a greater
risk of developing diabetes-related complications [1].

Diabetic retinopathy (DR) is one of themost feared complica-
tions of diabetes, leading to visual impairment and blindness
if untreated. DR is uncommon before puberty, especially in
children aged less than 15 years [2]. The reported prevalence
of DR in children and young adults ranges from 10% to 58%
depending on the studied population [3–7].
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The development and progression of DR depend on
several modifiable (glucose control, smoking, arterial hyper-
tension, dyslipidemia, and obesity) and nonmodifiable (age,
duration of disease, pubertal status, and genetic predisposi-
tion) factors [8]. The pathogenesis of DR is far from being
completely elucidated. Changes in retinal blood vessel mor-
phology and retinal blood flow have been reported in DR,
but little is known about blood flow alterations during
preclinical stages. Functional alterations such as increased
vascular permeability and leukostasis have been shown to
precede pericyte loss and vascular remodeling [9].

The only available imaging technique to evaluate retinal
vasculature before 2000s was fluorescein angiography. This
is an invasive examination, requiring an intravenous dye
injection, with the risk of local and systemic adverse events.
Over the last 4 years, a novel noninvasive technique named
optical coherence tomography angiography (OCTA) has
been introduced in the clinical practice [10]. OCTA provides
a noninvasive, rapid, high-resolution assessment of retinal
vascular layers with no need for dye injection. Since its intro-
duction in the clinical practice, OCTA has been applied to
several eye diseases offering pathogenetic and prognostic
insights. A great advantage of OCTA vs. fluorescein angiog-
raphy is its ability to study separately the different retinal vas-
cular layers and split the superficial (SCP) from deep (DCP)
retinal capillary plexus [10].

Recent studies using OCTA have shown that adults
affected by diabetes have low capillary density and that adult
patients with type 1 diabetes without clinically evident DR
have SCP and DCP anomalies [11–15]. To the best of our
knowledge, only one study used OCTA to evaluate retinal
vessel density in children affected by type 1 diabetes and
found no alterations of SCP, DCP, and the fovea avascular
zone [16].

The aim of the present cross-sectional study was to use
OCTA to evaluate the retinal perfusion of children, adoles-
cents, and young adults with type 1 diabetes and to compare
OCTA findings of these patients with a group of age- and
sex-matched healthy controls.

2. Materials and Methods

2.1. Subjects. This cross-sectional study was performed
between May 1st, 2017, and July 31st, 2017, on consecutive
patients affected by type 1 diabetes followed up at the Diabe-
tes Clinic of the Vittore Buzzi Children’s Hospital (ASST
Fatebenefratelli-Sacco, Milan, Italy). The patients were being
regularly followed up at our clinic since the diagnosis of type
1 diabetes, and the data for the present study were collected
during an annual visit for the screening of diabetes-related
complications.

The inclusion criteria were diagnosis of type 1 diabetes,
intensive insulin therapy, age between 6 and 25 years, and
diabetes duration for at least 6 months. The exclusion criteria
were type 2 diabetes mellitus, maturity onset diabetes of the
young and syndromic diabetes (e.g., diabetes associated with
Down syndrome), myopia exceeding 6.00 diopters, history of
nondiabetic retinal disease, previous ocular surgery or laser
treatments, ocular media opacities, and poor cooperation.

Healthy sex-, pubertal stage-, and age-matched controls were
recruited at the Eye Clinic in Luigi Sacco Hospital Milan. The
exclusion criteria for controls were myopia exceeding 6.00
diopters, history of any retinal disease, previous ocular
surgery or laser treatment, ocular media opacities, and poor
cooperation.

Each patient affected by type 1 diabetes underwent a
medical, neurological, and comprehensive ophthalmological
examination including best-corrected visual acuity (BCVA)
assessment, fundus examination, and OCTA as described in
detail below [17]. The healthy control underwent BVCA
assessment, fundus examination, and OCTA.

All procedures were free of charge and paid by the
National Health System.

The study was conducted according to the Declaration of
Helsinki and was approved by the local Ethical Committee.
Written informed consent was obtained from the subjects
aged 18 years or older or from the parents of those younger
than 18 years.

2.2. Clinical Assessment. The following data were collected
for each patient at the time of OCTA: gender, ethnicity,
age, height, weight, body mass index (BMI), age at diagnosis
of type 1 diabetes, disease duration, type of insulin therapy
(multiple daily injections or MDI; continuous subcutaneous
insulin infusion or CSII), and insulin requirement
(unit/kg/day).

The standard deviation scores (SDS) of weight, height,
and BMI were calculated using the World Health Organiza-
tion (WHO) [18] and the Italian reference data [19]. The
pubertal stage was assessed according to Tanner and White-
house [20]. Tanner stages 1 and 2 were combined as prepu-
bertal/early pubertal, stages 3 and 4 as pubertal, and stage 5
as postpubertal development.

Systolic blood pressure and diastolic blood pressure were
measured following international guidelines [21].

Blood samples were obtained after a 10-hour
overnight fast. Creatinine, total cholesterol (TC), high-
density lipoprotein cholesterol (HDL), low-density lipo-
protein cholesterol (LDL), and triglycerides (TG) were
measured using standard laboratory methods. We used
standard cut-off values for levels of total cholesterol
(hypercholesterolemia ≥ 200mg per deciliter), HDL choles-
terol (hypoHDL < 40mg per deciliter and <50 mg/dl for
females > 16 years), LDL cholesterol (hyperLDL ≥ 130mg
per deciliter), and triglycerides (hyperTG ≥ 150mg per
deciliter) [22].

HbA1c was measured using a fully automated high-
performance liquid chromatography system (Variant II,
Bio-Rad Laboratories, Munich, Germany).

A first morning urine sample was obtained in all patients
to evaluate microalbuminuria.

All samples were analyzed by the laboratory of ASST-
Fatebenefratelli Sacco.

The following data were obtained from the medical
charts: glycated hemoglobin (HbA1c) at diagnosis and every
3 months, number of hospital admissions for diabetic ketoa-
cidosis (DKA), number of severe hypoglycemic episodes, and
presence of diabetes-related complications.
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2.3. Ophthalmological Assessment. All study subjects under-
went a complete ophthalmological examination including
BCVA assessment, slit lamp examination, and funduscopic
examination performed by a senior ophthalmologist (MP).
Pupils were dilated with 1% tropicamide before funduscopic
examination and OCTA image collection.

OCTA images were obtained using the split-spectrum
amplitude-decorrelation angiography algorithm (SSADA)
on the AngioVue OCT-A system version 2017.1.0.15 (Opto-
vue RTVue XR Avanti, Optovue Inc., Freemont, California,
USA). This device uses an 840 nm wavelength laser to cap-
ture 70,000 A-scans per second; 304 A-scans made up a B-
scan, while 304 vertical and horizontal lines were sampled
in the scanning area to obtain a 3D data cube. 3 × 3 and 6
× 6mm volume scans centered onto the fovea were
performed in both eyes for each patient.

Automated segmentation of SCP and DCP was per-
formed using the inbuilt software algorithm which sets the
inner margin of SCP at 3 μm below the internal limiting
membrane of the retina and the outer boundary at 15 μm
beneath the inner plexiform layer (IPL), with the DCP top
boundary set at 15 μm beneath the IPL and the bottom
margin at 71 μm under the IPL.

Vascular density was calculated with the AngioVue Ana-
lytics software, which reports the relative density of flow as
percentage of the total area. In detail, the vessel density was
defined as the percentage of area occupied by vessel lumens
after binary reconstruction of images. In the present study,
vessel density was calculated for different sectors (superior,
nasal, inferior, and temporal) based on the Early Treatment
Diabetic Retinopathy Study (ETDRS) chart with the fovea
position automatically determined from OCTA. The parafo-
vea was defined as the area within an annulus located
between 1 and 2.5 mm from the central fovea.

The SCP and DCP vascular data were analyzed sepa-
rately. For statistical analysis, we collected the SCP and
DCP foveal and parafoveal data from 3 × 3mm volumetric
scans, and the superior, nasal, inferior, and temporal data
from 6 × 6mm images. Data from both eyes of all subjects
were considered for analysis (see below).

A qualitative evaluation of the OCTA images was also
performed by two double-masked ophthalmologists (MP
and CP). For each image, the following DR angiographic fea-
tures were evaluated on both SPC and DPC OCTA images:
presence of microaneurysms, rarefaction of perifoveal capil-
laries, capillary tortuosity, and disruption of the perifoveolar
capillary arcades.

2.4. Statistical Analysis. Most continuous variables were not
Gaussian-distributed, and all are reported as median and
interquartile range (IQR). Discrete variables are reported as
the number and proportion of subjects with the characteristic
of interest. Between-group comparisons were performed
using a fractional generalized linear model (GLM) with a
logit link and cluster confidence intervals [23, 24]. The out-
come of the fractional GLM was the vascular density (frac-
tion, with theoretical limits from 0 to 1) of the regions of
interest (SCP and DCP foveal, parafoveal, temporal, superior,
nasal, and inferior areas), and the predictor was type 1

diabetes (discrete: 0 = no; 1 = yes). For each subject, we ana-
lyzed both the eyes of each subject in the same model using
cluster confidence intervals to take into account the fact that
every subject contributed two eyes to the analysis [23].
Because of the 14 multiple comparisons involving SCP and
DCP, a significant p value was set at p < 0 003 (0.05/14).
The effect of age, disease duration, age at disease onset, mean
HbA1c, LDL, HDL, TG, and TC on vascular density was
tested adding each predictor to the fractional GLM.

3. Results

3.1. Patients. Fifty-five consecutive patients affected by type 1
diabetes were eligible for the study, but two refused to
participate. Fifty-three patients with type 1 diabetes were
hence included in the analysis. The median (IQR) age was
15.5 (12.4-19.4) years. Thirty (57%) patients were female,
and 27 (51%) were being treated with CSII. The median
(IQR) HbA1c was 7.6% (60 mmol/mol) (6.9-8.1%, 52-65
mmol/mol), and the median (IQR) duration of disease was
6.0 (3.3-10.3) years. No patient had arterial hypertension,
and all patients had a normal neurological evaluation. Two
patients had microalbuminuria, i.e., >30 mg/g creatinine/-
day. The median (IQR) HbA1c from the onset to OCTA
was 7.5% (58 mmol/mol) (IQR 7.0-8.0%/53-64 mmol/mol).
HyperTC and hyperLDL were detected in 3 patients. Two
patients had hyperTG and 6 patients hypoHDL. Detailed
data about the 53 patients with type 1 diabetes at the time
of OCTA are reported in Table 1.

Forty-eight healthy subjects with a median (IQR) age of
13.7 (11.0-18.9) years served as controls. Forty-five (94%)
of them were Caucasians, and 26 (54%) were girls.

3.2. Eyes. A total of 106 (53 × 2) eyes from patients with type
1 diabetes and 96 (48 × 2) eyes from healthy controls were
analyzed. Tables S1 and S2 report the vascular densities of
the SCP and DCP plexus for the right and left eyes of
patients with type 1 diabetes and healthy controls. These
tables are reported only for descriptive purposes because
the comparison between the vascular densities of the SCP
and DCP plexus of patients with type 1 diabetes and
healthy controls was performed on both eyes using a
fractional GLM treating the eyes as clusterized in a given
subject (see Statistical Analysis for details).

Vascular density was decreased in patients affected by
type 1 diabetes compared to healthy subjects in all the regions
of interest in both the superficial and deep plexus with the
exception of the fovea. After Bonferroni correction, in the
superficial plexus, the mean difference in vascular density
between diabetics and controls was significant only in the
temporal and the superior regions (0.57 vs. 0.55%, p < 0 001
and 0.57 vs. 0.55%, p = 0 002, respectively). In the deep
plexus, the difference was significant only in the temporal
region (0.65 vs. 0.63%, p < 0 001). Table 2 gives the mean
(95% confidence intervals (95% CI)) vascular densities for
the SCP and DCP in patients with type 1 diabetes and healthy
controls estimated by the fractional GLM model described
under Statistical Analysis. As shown in Table S3, none of
the additional predictors was associated in a clinically
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relevant way with the superficial and deep vascular densities
evaluated by OCTA. (The presence of statistical significance
for few predictors was expected by chance alone because of
the number of tested models [96] and is clearly irrelevant
because the contribution was always negligible on clinical
grounds).

OCTA images were reviewed by 2 masked operators with
good agreement, and vascular abnormalities were detected in
3 cases (Figure 1).

4. Discussion

DR has long been considered extremely rare in pediatric
age. However, a recent large US study has shown an
increase of 20% (95% CI 6 to 35%) of the hazard of DR
for every 1-point increase of HbA1c in children with type
1 diabetes [25]. Moreover, DR seems to progress rapidly in
children with type 1 diabetes, so its early detection can be
beneficial [25].

The worldwide increase in the incidence of type 1 diabe-
tes mandates the consideration of strategies for the early

detection of DR. OCTA may be one of such strategies as
studies of diabetic adults have shown that OCTA can detect
alterations of retinal blood flow in the presence of normal
fundus examinations [14, 15].

In the present study, we found that OCTA was able to
detect significantly lower retinal vessel density in temporal
SCP (0.55 vs. 0.57) and DCP (0.63 vs. 0.65) in both eyes of
patients with type 1 diabetes mostly with no clinically detect-
able DR compared to healthy children. Reduced vessel
density was also detected in the other regions of interest of
both SCP and DCP of the same eyes except for the foveal
region. This partially confirms recent studies reporting
vascular changes in the DCP of patients affected by type 1
diabetes [12, 13].

Our results are intriguing since they demonstrate that
OCTA can identify early microvascular changes that occur
in the retina before the DR becomes clinically visible and that
are consequently not detectable with the standard screening
procedures. However, the clinical significance of the differ-
ences we found in capillary density between patients
affected by type 1 diabetes and controls is unclear because

Table 1: Patient characteristics.

Patient with type 1 diabetes Healthy controls
N (%) Median (IQR) N (%) Median (IQR)

Gender 53 48

Female 30 (57%) 26 (54%)

Male 23 (43%) 22 (46%)

Age (years) 53 15.5 (12.4; 19.4) 48 13.7 (11.8-18.9)

Caucasian 53 48

No 7 (13%) 3 (6%)

Yes 46 (87%) 45 (94%)

Weight (kg) 52 59 (45; 65)

Height (m) 52 1.62 (1.54; 1.71)

BMI (kg/m2) 52 21.4 (19.3; 23.8)

Weight (SDS Cacciari) 38 0.02 (-0.54; 0.86)

Height (SDS Cacciari) 38 0.23 (-0.41; 0.95)

BMI (SDS Cacciari) 38 -0.08 (-0.51; 0.58)

Prepubertal 10 10

Pubertal 12 12

Postpubertal 31 26

Diabetes duration (years) 53 6.0 (3.3; 10.3)

Insulin treatment 53

Multiple daily injections 26 (49%)

CSII 27 (51%)

HbA1c (%) 53 7.6 (6.9; 8.1)

HbA1c (mmol/mol) 53 60 (52; 65)

Microalbuminuria (mg/g creatinine/day) 43 6.0 (5.0; 10.0)

Cholesterol (mg/dl) 53 169 (151; 182)

HDL cholesterol (mg/dl) 53 51 (45; 60)

LDL cholesterol (mg/dl) 53 102 (80; 115)

Triglycerides (mg/dl) 53 58 (47; 75)

Data are reported as median (interquartile range) for continuous measures and n (%) for categorical measure. BMI = body mass index; Cacciari = Italian
reference data; CSII: continuous subcutaneous insulin infusion; HbA1c = glycated hemoglobin; HDL = high-density lipoprotein; IQR = interquartile range;
LDL = low-density lipoprotein; SDS = standard deviation score.
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of their size even when statistically significant. For
instance, the mean (SD) difference estimated by the frac-
tional GLM for S-Superior is -0.02 (95% CI -0.03 to
-0.01) for patients with type 1 diabetes vs. healthy subjects.
Although statistically significant, a reduction of 0.02 is
about 4% of the density (0.57) of the control group. Nev-
ertheless, it is interesting to note that in our analysis, the
temporal macular sectors resulted to be primarily affected
in both the SCP and DCP. This is in agreement with pre-
vious findings from other researches evidencing this sector
as a particularly susceptible portion of the macula [26].
Han et al. in 2017 described OCTA changes in patients
affected by various sickle cell genotypes describing greater
flow loss in the temporal subfields [26]. One of the main
explanations for this finding was that the temporal macu-
lar vessels are located within the watershed zones along
the horizontal raphe and consequently nearby terminal
vessels. This anatomical configuration may lead to increase
susceptibility of vascular damage for this sector. Also,
these results confirm previous researches showing retinal
thinning to be more prominent in the temporal sectors
in the same subset of patients.

Our results could suggest that in a cohort of well-
controlled children and young adults with short duration of
disease, alterations in retinal vessel density occur very early
and before the onset of other diabetes-related complications.
We could speculate that retina is one of the most sensitive
target tissues. The lack of correlation with median HbA1c
value since the disease onset could suggest that we should
try to look over hemoglobin A1C and search for new metrics
in the clinical practice to estimate the risk of diabetes-related
chronic complications. In this field, the role “time in range” is
emergent. In adults affected by type 2 diabetes, the lowest
percentage of time in range is associated with an increased
risk to have diabetic retinopathy and an increased severity
of eye damage [27, 28].

The prevalence of clinically detectable DR was very low in
our population, i.e., 3‰ (2/53 patients). The low frequency
and the mild form in our population of DR are not surprising
owing to the low median duration of disease of our patients
(6 years). It must also be pointed out that the median (IQR)
HbA1c at the time of OCTA was 7.6% (60 mmol/mol)
(6.9-8.1; 52-65 mmol/mol), which is compatible with a rea-
sonably good metabolic control in the last three months.

In our series, we performed both a qualitative and a
quantitative assessment of retinal vascular alterations occur-
ring in both populations. OCTA qualitative analysis showed
vascular abnormalities (microaneurysms, remodeling, and
capillary loss) in patients that had clinically detectable DR.
Similar qualitative microvascular abnormalities were also
detected on OCTA in a patient with long duration of disease
and suboptimal metabolic control since diagnosis but with a
normal fundus. Interestingly, all the three patients with
OCTA-detected retinal alterations had disease duration
above the median, i.e., 8, 11, and 20 years.

Even if this is one of the first studies to investigate the role
of OCTA in detecting early alterations of the macular capil-
lary network in pediatric patients with type 1 diabetes, it
has several limitations. First, this is a cross-sectional study,
and as such, it can evaluate the retinal vasculature status only
at a specific time point. A prospective evaluation of these
children will help us to describe the evolution of our findings.
Second, the population recruited is relatively small. The main
reason is the difficultly in recruiting children especially in
prepubertal age because OCTA requires patient’s collabora-
tion. However, considering the available studies published
so far on the use of OCTA in pediatric population affected
by type 1 diabetes without diabetic retinopathy, our cohort
was one of the largest.

Third, recent updates in OCTA software are looking for
the possibility to further split the DCP in two separate
vascular structures, and the recently described intermediate

Table 2: Vascular densities of the superficial and deep plexus in patients with type 1 diabetes and healthy controls.

Healthy controls (n = 96 eyes) Patients with type 1 diabetes (n = 106 eyes) p value
Mean 95% LCI 95% UCI Mean 95% LCI 95% UCI

S-Fovea 0.31 0.30 0.32 0.32 0.31 0.33 0.3025

S-Parafovea 0.58 0.57 0.58 0.57 0.56 0.57 0.0054

S-Temporal 0.57 0.56 0.57 0.55 0.54 0.55 <0.001
S-Superior 0.57 0.56 0.58 0.55 0.54 0.56 0.0028

S-Nasal 0.57 0.56 0.58 0.56 0.55 0.56 0.0068

S-Inferior 0.56 0.55 0.57 0.55 0.54 0.56 0.0229

D-Fovea 0.31 0.29 0.32 0.33 0.31 0.35 0.0404

D-Parafovea 0.65 0.65 0.65 0.64 0.64 0.65 0.0036

D-Temporal 0.65 0.64 0.65 0.63 0.63 0.64 <0.001
D-Superior 0.66 0.65 0.66 0.65 0.65 0.66 0.7267

D-Nasal 0.65 0.65 0.66 0.65 0.64 0.65 0.5897

D-Inferior 0.65 0.65 0.66 0.65 0.65 0.66 0.8462

Comparison of the vascular densities of the superficial and deep plexus in patients with type 1 diabetes and healthy controls. Values are means and 95%
confidence intervals estimated from a fractional generalized linear model (see Statistical Analysis for details).LCI = lower confidence interval; UCI = upper
confidence interval; S- = superficial plexus; D- = deep plexus.
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Figure 1: Optical coherence tomography angiography images. (a, b) Optical coherence tomography angiography (OCTA) in a healthy
control showing the typical spider web appearance of the superficial capillary plexus (SCP) (a) and the sea fan pattern of the deep capillary
plexus (DCP) (b). (c–f) SCP (c and e) and DCP (d and f) in two patients (c and d) patient #40; (e and f) patient #28) showing early
vascular changes at the level of both retinal plexus. In these cases, indeed mild capillary loss with reduced vascular density was better
visible at the level of the SCP whereas microaneurysms could be recognized at the level of the deep vascular structures. Arrow:
microaneurysm; arrowhead: areas of capillary drop-out.
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plexus may be primarily affected in the very early phases of
the disease.

5. Conclusions

This study investigates the role of OCTA in detecting early
vascular changes in pediatric patients with type 1 diabetes.
OCTA is confirmed to be a valuable tool for noninvasive
diagnosing and monitoring of these patients. In particular,
we found that microvascular changes in both SCP and DCP
could be reliably highlighted by means of OCTA before the
appearance of clinical signs of DR at fundoscopy. In our
series, the temporal sectors appeared to be more significantly
reduced compared to the other subfields thus possibly repre-
senting a primary site of pathology. Cohort studies are
needed to further evaluate the potential of OCTA for the
screening of DR in children with type 1 diabetes, for
improving the treatment of diabetes-related ocular disease
and to understand the relevance of intraocular early signs
in the progression of the systemic disease.
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Mitochondrial fission and fusion are dependent on cellular nutritional states, and maintaining this dynamics is critical for the
health of cells. Starvation triggers mitochondrial fusion to maintain bioenergetic efficiency, but during nutrient overloads (as
with hyperglycemic conditions), fragmenting mitochondria is a way to store nutrients to avoid waste of energy. In addition to
ATP production, mitochondria play an important role in buffering intracellular calcium (Ca2+). We found that in cultured
661W cells, a photoreceptor-derived cell line, hyperglycemic conditions triggered an increase of the expression of dynamin-
related protein 1 (DRP1), a protein marker of mitochondrial fission, and a decrease of mitofusin 2 (MFN2), a protein for
mitochondrial fusion. Further, these hyperglycemic cells also had decreased mitochondrial Ca2+ but increased cytosolic Ca2+.
Treating these hyperglycemic cells with melatonin, a multifaceted antioxidant, averted hyperglycemia-altered mitochondrial
fission-and-fusion dynamics and mitochondrial Ca2+ levels. To mimic how people most commonly take melatonin supplements,
we gave melatonin to streptozotocin- (STZ-) induced type 1 diabetic mice by daily oral gavage and determined the effects of
melatonin on diabetic eyes. We found that melatonin was not able to reverse the STZ-induced systemic hyperglycemic
condition, but it prevented STZ-induced damage to the neural retina and retinal microvasculature. The beneficial effects of
melatonin in the neural retina in part were through alleviating STZ-caused changes in mitochondrial dynamics and Ca2+ buffering.

1. Introduction

Mitochondria are dynamic organelles that constantly divide
and fuse, and maintaining a proper equilibrium in this
dynamics is critical in healthy cells [1, 2]. Under starvation,
mitochondria can fuse with each other to maintain bioener-
getic efficiency [3]. When there is a nutrient overload, frag-
menting mitochondria is a way to store nutrients to avoid
energy waste [4, 5]. Hence, the number and shape of mito-
chondria within a cell are tightly associated with cellular
metabolism [6]. Mitochondrial fission requires recruiting
dynamin-related protein 1 (DRP1) from the cytosol to the
outer mitochondrial surface, whereas mitofusin 2 (MFN2)
on the outer mitochondrial membrane coordinates with the
protein optic atrophy 1 (OPA1) on the inner membrane to

regulate mitochondrial fusion [7, 8]. Most mitochondria in
the retina are located in the photoreceptors, and mitochon-
dria are a major intracellular source of reactive oxygen spe-
cies (ROS), a by-product of the mitochondrial respiratory
chain [9]. As photoreceptors have the highest metabolic rate
and consume more oxygen, they generate more ROS than
other retinal cells [10].

In addition to ATP production, mitochondria play an
important role to buffer intracellular calcium (Ca2+). When
the cytosolic Ca2+ concentration is elevated due to stimula-
tion, mitochondria along with the endoplasmic reticulum
(ER) take up and store Ca2+ [11]. Mitochondria also prevent
Ca2+ depletion in the ER by extruding Ca2+ to the cytoplasm
[12, 13]. In retinal photoreceptors, mitochondria act as medi-
ators to regulate Ca2+ uptake in the outer segment and cell
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body [14]. The mitochondrial calcium uniporter (MCU) is a
highly selective Ca2+ channel located in the inner membrane
of mitochondria, which allows for the passage of Ca2+ into
the matrix, and it is primarily responsible for mitochondrial
storage of intracellular Ca2+ [15–17].

Oxidative stress is a major culprit in the pathogenesis
of many metabolic diseases including diabetic retinopathy
(DR) [18]. Thus, controlling the source of oxidative stress
is critical in DR management. Diabetic retinopathy is a
dual disorder with microvascular complications and retinal
degeneration [19]. As for the role of mitochondria and
ROS in DR, retinal endothelial cells isolated from type 2
diabetic patients have increased mitochondrial fission and
ROS overproduction [20], and the retina from DR patients
also shows downregulated mitochondrial fusion [21]. His-
torically, DR has been investigated and treated as a com-
plication of the vasculature [22, 23]. However, increasing
evidence shows that retinal neural dysfunction precedes
any microvascular complication [24]. In animal models,
pharmacological or genetic induction of photoreceptor
death in early diabetes dampens the generation of ROS
and stops the progression of DR [25], suggesting that pho-
toreceptors are the major source of intraocular oxidative
stress under diabetic insults and contribute to the vascular
lesions and pathogenesis of early DR [9, 26]. Previously,
we found that in the streptozotocin- (STZ-) induced dia-
betic retina, calcium homeostasis is impaired, and signal-
ing pathways that are involved in calcium homeostasis
are downregulated [27]. However, it is not known whether
the impaired calcium homeostasis under diabetic stress is
in part due to the damage to mitochondrial Ca2+ buffer-
ing. Furthermore, whether the balance of mitochondrial
fission/fusion dynamics is impaired in photoreceptors
under hyperglycemic stress is not clear.

Melatonin is a strong antioxidant that can scavenge a
variety of ROS, including hydroxyl radical, H2O2, O

2−, singlet
oxygen, peroxynitrite anion, nitric oxide, and hypochlorous
acid [28], and activate other antioxidative enzymes, such as
glutathione peroxidase and superoxide dismutase [28]. Mel-
atonin is able to prevent oxidative stress caused by mitochon-
drial fission [29, 30] and reverse mitochondrial damage by
upregulating mitochondrial fusion [31]. Melatonin not
only attenuates tight junction breakdown in the brain
[32], but it also decreases retinal injury [33]. Furthermore,
melatonin is able to reduce hepatic mitochondrial damage
in both STZ- and obesity-induced diabetic rats [34, 35].
However, in diabetic patients, reports on intraocular mela-
tonin are controversial. In diabetic patients, melatonin
levels in the blood and retina are significantly decreased
[36], which is correlated with increased insulin resistance
[37]. On the contrary, increased melatonin is found in
the aqueous humor of diabetic patients [38]. In the United
States, melatonin can be self-administered and easily pur-
chased without a doctor’s prescription. About 0.7% of
Americans use melatonin as a supplement, double that of
5 years ago [39]. Since there are contradicting reports on
melatonin’s action in retinal neurons [40–42], we aimed
to clarify the efficacy of melatonin in preventing retinal
dysfunction in early diabetes.

2. Materials and Methods

2.1. Cell Culture. Mammalian 661W cells were originally
derived from a mouse retinal tumor and characterized as a
cone-photoreceptor cell line, since they express cone-
specific opsins, transducin, and arrestin [43, 44]. The 661W
cells were obtained from Dr. Al-Ubaidi (University of Hous-
ton) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% Fetal Bovine Serum
(FBS), 1% Glutamax, and 1% antibiotics at 37°C and 5%
CO2. Cultured 661W cells were treated with high glucose
(HG, 30mM) for different durations to examine any signal
transduction changes. Some HG-treated cells were treated
with melatonin (100μM) concurrently to determine the
effect of melatonin on HG-induced changes.

2.2. Western Immunoblotting. Cell lysates were collected
and prepared as described previously [45, 46]. Briefly,
661W cells were harvested and lysed in a Tris lysis buffer
(in mM): 50 Tris, 1 EGTA, 150 NaCl, 1% Triton X-100,
1% β-mercaptoethanol, 50 NaF, and 1 Na3VO4, pH 7.5.
Samples were separated on 10% sodium dodecyl sulfate-
polyacrylamide gels by electrophoresis and transferred to
nitrocellulose membranes. The primary antibodies used
in this study were DRP1 (1 : 1000; Cell Signaling Technology,
Danvers, MA, USA), MFN2 (1 : 1000 Abcam, Cambridge,
MA, USA), MCU (1 : 1000 Abcam), and actin (loading
control; 1 : 1000, Cell Signaling Technology). Blots were
visualized using appropriate secondary antibodies (Cell
Signaling Technology) at 1 : 1000 conjugated to horseradish
peroxidase and an enhanced chemiluminescence (ECL)
detection system (Pierce, Rockford, IL, USA). Band intensi-
ties were quantified by densitometry using Scion Image
(NIH, Bethesda, MD, USA).

2.3. Calcium Imaging in Living Cells. The 661W cells were
cultured on cover glass chambered slides (Nunc Lab-Tek;
Thermo Fisher Scientific, Waltham, MA, USA) with the
same medium described above. After treatment with HG or
HG/melatonin for 24 hours, cells were directly loaded with
2μM Fluo-4 (Thermo Fisher Scientific) and 2μM
rhodamine-2 (Rhod-2; Thermo Fisher Scientific) for 30mins
at 37°C for cytosolic and mitochondrial Ca2+ imaging [47,
48]. After washing, new culture medium was added, and then
fluorescent images were taken under identical settings,
including the light intensity, exposure time, and magnifica-
tion. The average fluorescent intensity per pixel for each
image was quantified without any modification using the
luminosity channel of the histogram function of Photoshop
6.0 (Adobe Systems, San Jose, CA, USA). A total of 8 to 11
cell images from each group were analyzed from 3 different
sets of experiments [45, 46].

2.4. Animals. Four-week-old wild-type (WT) male C57BL/6J
mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). All animal experiments were approved
by the Institutional Animal Care and Use Committee of
Texas A&M University. Mice were housed under tempera-
ture- and humidity-controlled conditions with 12 : 12 h light-
dark cycles. All mice were given food and water ad libitum.
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2.5. Diabetes Induction andMelatonin Treatment. At 5 weeks
of age (body weight around 20 g), mice were randomly
assigned to control or STZ-diabetic groups. The STZ-
diabetic mice were given intraperitoneal (i.p.) injections of
STZ (100mg/kg body weight (b.w.)) for three consecutive
days. STZ was first dissolved in 0.05M citric buffer (pH 4.5;
10mg/ml), and each mouse was injected at a dose of 200μl
per 20 g b.w. The nondiabetic controls were given i.p. injec-
tions of citric buffer (same volume). The blood glucose levels
were monitored once a week using a Clarity glucometer
(Diagnostic Test Group, Boca Raton, FL, USA) during the
daytime at Zeitgeber time (ZT) 10. One week post STZ injec-
tions, mice with a blood glucose level higher than 250mg/dl
were considered to be diabetic. At this time, half of the
STZ-diabetic mice were given 10mg/kg b.w. melatonin by
oral gavage daily right before the room lights turned off for
three months, while the other half were given H2O. Freshly
prepared melatonin was mixed in H2O (2mg/ml), and each
mouse was given 100μl melatonin solution per 20 g b.w.
Electroretinogram (ERG) recordings were used to record ret-
inal light responses, and fluorescein angiography (FA) was
used to monitor retinal vasculature changes for all mice
monthly. STZ-diabetic mice were sacrificed after 3 months
of melatonin treatments, and the eyes were fixed for further
analyses.

2.6. In Vivo Electroretinogram (ERG). The ERG retinal light
responses were recorded as described previously [46]. Mice
were dark-adapted for a minimum of 3 hours and anesthe-
tized with an i.p. injection of Avertin (2% 2,2,2-tribro-
moethanol, 1.25% tert-amyl alcohol; Fisher Scientific,
Pittsburgh, PA, USA) solution (12.5mg/ml) at a dose of
500μl per 25 g of body weight. Pupils were dilated using a
single drop of 1% tropicamide/2.5% phenylephrine mixture
for 5 minutes. Mice were placed on a heating pad to maintain
their body temperature at 37°C. The ground electrode was
placed on the tail, and the reference electrode was placed
under the skin in the cheek below the eye. A thin drop of
Goniovisc (Hub Pharmaceuticals, Rancho Cucamonga, CA,
USA) was applied to the cornea surface to keep it moist,
and a threaded recording electrode conjugated to a minicon-
tact lens (OcuScience, Henderson, NV, USA) was placed on
top of the cornea. All preparatory procedures were done
under a dim red light, and the light was turned off during
the recording. A portable ERG device (OcuScience) was used
to measure dark-adapted ERG recordings at light intensities
of 0.1, 0.3, 1, 3, 10, and 25 candelas·second/meter2 (cd·s/m2).
Responses to 4 light flashes were averaged at the lower light
intensities (0.1, 0.3, 1.0, and 3.0 cd·s/m2), whereas only 1 light
flash was applied for the higher light intensities (10 and
25 cd·s/m2). A 1-minute recovery period was programmed
between different light intensities. The amplitudes and
implicit times of the a- and b-waves were recorded and ana-
lyzed using the ERGView 4.4 software (OcuScience). Both
eyes were included in the analyses.

2.7. Fluorescein Angiography (FA). Mice were anesthetized
with an i.p. injection of Avertin (12.5mg/ml) at a dose of
500μl per 25 g of body weight. The pupils were dilated using

a single drop of 1% tropicamide/2.5% phenylephrine mixture
for 5 minutes. Immediately following pupil dilation, 10%
sodium fluorescein (Akorn, Lake Forest, IL, USA) was i.p.
injected at a dose of 50μl per 25 g of body weight. Images
were taken using an iVivo Funduscope for small animals
(OcuScience). The vascular parameters were further analyzed
using Photoshop 6.0 (Adobe Systems) and AngioTool, an
analytical software developed by the US National Institutes
of Health/National Cancer Institute (Bethesda, MD, USA).
Areas of 289 × 289 pixels in the peripheral retinal region
(800 pixels from the optic nerve) were cropped using Photo-
shop and used to analyze the microvascular density using
AngioTool. The primary retinal arteries and veins were not
included in the analyses.

2.8. Immunofluorescent Staining. Mouse eyes were excised
and prepared as previously described [46]. Briefly, the eyes
were fixed with Zamboni fixative and processed for paraffin
sectioning (4μm). Each glass slide contained single paraffin
sections from the control (CON), STZ, and STZ plus mel-
atonin (STZ+MEL) groups. After deparaffinization and
antigen retrieval, sections were washed in phosphate-
buffered saline (PBS), blocked with 10% goat serum for 2
hours at room temperature, and then incubated overnight
with primary antibodies at 4°C. On the next day, sections
were washed with PBS several times and incubated with
fluorescent-conjugated secondary antibodies for 2 hours at
room temperature and mounted with ProLong Gold antifade
reagent containing 4′,6′-diamidino-2-phenylindole (DAPI;
Invitrogen/Life Technologies, Grand Island, NY, USA). The
primary antibodies used were DRP1, MFN2, and MCU.
The secondary antibodies used were Alexa Fluor 488 goat
anti-rabbit immunoglobulin G (IgG; 1 : 150 dilution; Molecu-
lar Probes/Life Technologies, Grand Island, NY, USA) and
Cy5 goat anti-mouse IgG (1 : 150 dilution; Abcam). Images
were obtained using a Zeiss Stallion digital imaging worksta-
tion equipped with a Zeiss Axiovert 200M microscope (Carl
Zeiss AG, Oberkochen, Germany). Fluorescent images from
each group were taken under identical parameters, including
the same exposure time and magnification. Image analysis
included the whole retina (from the photoreceptor outer seg-
ment to the ganglion cell layer), photoreceptor inner seg-
ments (“photoreceptors”), and the inner retina (from the
inner nuclear layer to ganglion cell layer). The averaged fluo-
rescence intensity per pixel for each image was quantified
without any modification using the luminosity channel of
the histogram function in Photoshop 6.0 (Adobe Systems),
and the green or red fluorescence intensities were measured
on a brightness scale from 0 to 255. A total of 3 to 5 retinal
sections from each group were processed for immunostain-
ing and image analyses. The fluorescent intensities of the
control (CON) were arbitrarily set at 1 for each slide. N rep-
resents the number of mice from each group.

2.9. Statistical Analyses. All data are presented as mean ±
standard error of the mean (SEM). Origin 8.6 software
(OriginLab, Northampton, MA, USA) was used for statis-
tical analyses. One-way analysis of variance (ANOVA)
followed by Fisher’s post hoc test was used for statistical
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analyses among all experimental groups. Both eyes from
the same animal were used in the analyses, and “n” indicates
the number of animals per group. Throughout, p < 0 05 was
regarded as significant.

3. Results

3.1. High Glucose (HG) Induces Changes in Mitochondrial
Fission/Fusion Dynamics and Intracellular Calcium Storage
in Photoreceptor-Derived Cells. Since photoreceptors are
the largest cell population in the mouse retina and are
the major source of intraocular oxidative stress in the diabetic
retina [9], we used cultured 661W cells, a photoreceptor-
derived murine cell line [44], to understand how hyperglyce-
mia affects mitochondrial fission/fusion dynamics and
whether melatonin is able to protect photoreceptors from
hyperglycemia-induced damage in mitochondria. The cul-
tured 661W cells were treated with high glucose (HG,
additional 30mM added into the culture medium) for 4,
6, 16, and 24 hours. Compared to the control (CON)
treated with H2O (vehicle), treatments with HG upregu-
lated DRP1 expression significantly from 6 to 24 hours
but downregulated the expression of MFN2 from 6 to 24
hours in a time-dependent manner (Figure 1), indicating
that HG induced mitochondrial fission but dampened the
fusion process in cultured 661W cells. Treatments with
HG also decreased the MCU expression in a time-
dependent manner (Figure 1), indicating that HG might
decrease the mitochondrial Ca2+ pool. Treatment with
melatonin (100μM) concurrently with HG for 24 h was
able to avert HG-caused increase of DRP1 and decrease
of MCU (Figure 1), suggesting that melatonin might have
protective actions against hyperglycemia-induced changes
in mitochondrial fission-fusion dynamics and in decreased
mitochondrial Ca2+ buffering capacity.

3.2. High Glucose- (HG-) Induced Decreases in the
Mitochondrial Ca2+ Pool Are Alleviated by Melatonin
Treatments. Cultured retinal neurons [49] or retinal endo-
thelial cells [50] treated with HG for a few days have an
increase in cytosolic (intracellular) Ca2+, which can further
lead to morphological changes in mitochondria [51] and cell
apoptosis [50]. We postulated that HG-caused increase of
cytosolic Ca2+ in part was due to the decrease of MCU
(Figure 1), meaning mitochondria would have decreased
capacity to store Ca2+. To verify this hypothesis, we used
Fluo-4 [52] and Rhod-2 [53] to differentiate between cyto-
solic and mitochondrial Ca2+, respectively. Compared to
the control (CON) treated with H2O, 661W cells treated with
HG for 24 h had a higher Fluo-4 intensity with a decreased
Rhod-2 intensity (Figure 2), reflecting that HG caused an
increase of cytosolic Ca2+ but a decrease of mitochondrial
Ca2+. The HG-induced decrease of the mitochondrial Ca2+

pool might partially contribute to the increased cytosolic
Ca2+. We found that melatonin was able to prevent HG-
caused decrease of MCU (Figure 1), indicating that mela-
tonin might be able to alleviate HG-caused changes in
the mitochondrial Ca2+ buffering ability. Melatonin treat-
ment prevented HG-caused decreases in mitochondrial

Ca2+ storage (Figure 2), but it did not completely dampen
HG-induced increases in cytosolic Ca2+. These results
(Figures 1 and 2) illustrate that HG-caused decrease of
MCU dampened the mitochondrial capability to store
Ca2+, and melatonin was able to prevent this impairment
through an upregulation of MCU.

3.3. Melatonin Once-a-Day Oral Supplement Does Not
Prevent STZ-Induced Diabetic Conditions Systemically. We
used STZ injections to induce type 1 diabetes in this study.
Mice were randomly assigned to four groups: the control
(CON) injected with citric buffer, STZ-injected (STZ),
melatonin-treated (MEL), and STZ-injected with daily mela-
tonin treatments through oral gavage (STZ+MEL). Instead of
providing melatonin in drinking water at all times or in daily
intraperitoneal injections or by subdermal implants, which
were used in published reports on the in vivo effects of mela-
tonin, we administered 10mg/kg b.w. of melatonin through
oral gavage once daily to mimic the most commonly used
intake route in humans. This dosage is equivalent to
0.7mg/kg b.w. of humans [54], which is within the range of
taking melatonin as a preventative treatment for cancer
tumorigenesis [55] or management of insomnia [56, 57].
We administered melatonin once daily to mice right before
the room light turned off (immediately before Zeitgeber
time 12) to avoid circadian phase-shifting of the mice, as
melatonin synthesis begins in the evening and continues
throughout most of the nocturnal phase [58]. We moni-
tored the body weights and blood glucose levels in mice
before and after the STZ injections. Compared to the
CON or MEL, STZ-induced diabetic mice had slower body
weight gains (Figure 3(a)), and they developed diabetic
hyperglycemia (above 250mg/dl) within one month after
the STZ injections (Figure 3(b)). Daily treatments with
melatonin in STZ mice (STZ+MEL) did not improve the
slow weight gain (Figure 3(a)). Chronic treatments with
melatonin seemed to further worsen the hyperglycemic
condition in STZ-diabetic mice (Figure 3(b)). Hence, daily
melatonin treatment through oral gavage was not effective in
controlling systemic glycemia in STZ-induced diabetic mice.

3.4. Dark-Adapted Retinal Light Responses Are Decreased in
Diabetic Mice Three Months after STZ Injections. Distorted
color vision and delayed retinal light responses are among
the first clinical signs of retinal dysfunction in early stage dia-
betic patients without DR [59, 60]. We previously reported
that the retinal light responses are delayed in obese mice that
were given a high-fat diet for only one month, even though at
this point these mice still have normal blood glucose levels
[46]. This result verifies that under prediabetic conditions,
the physiology of the neural retina might have been compro-
mised. Melatonin treatments through either intraperitoneal
injections [61] or subcutaneous implantation of melatonin
pellets [33] in STZ-diabetic rats improve STZ-induced reduc-
tion of retinal light responses. We next examined at what
point does the STZ-induced hyperglycemic condition cause
retinal dysfunction and whether melatonin treatments
through daily oral gavage might have the same beneficial
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effects as other routes by using ERG recordings to measure
retinal light responses monthly.

Mice were first dark adapted for at least 3 h prior to the
ERG recordings with stimulations of various light intensities
at 0.1, 0.3, 1, 3, 10, and 25 cd·s/m2 (Figures 4 and 5). The ERG
a-wave reflects the light responses from the photoreceptors,
while the b-waves reflect the inner retinal light responses
[62]. The ERG implicit times reflect how fast the neural ret-
ina responds to light flashes [63]. One month after STZ injec-
tions, STZ-injected mice without melatonin treatments
(STZ) had delayed retinal light responses, as their implicit
times were longer compared to the non-STZ mice
(Figures 4 and 5). This delayed light response in the STZ
mice continued at 2- and 3-month post STZ injections, along
with significantly lower light responses as reflected by
decreased a- and b-wave ERG amplitudes (Figures 4(c)–4(f)
and 5(c)–5(f)), indicating that chronic hyperglycemic condi-
tions negatively impact retinal light responses. Treatments
with melatonin for 3 months (MEL) seemed to increase the
retinal light responses in nondiabetic mice, and melatonin
treatments (STZ+MEL) appeared to prevent STZ-induced
dampening of inner retinal light responses (b-wave) by this
time, since the ERG b-wave amplitudes of the STZ+MEL
group were similar to that of the control (CON; Figure 5(e);
% denotes a statistical significance between STZ and STZ
+MEL). Hence, through once daily oral gavage treatments
for 3 months, melatonin appears to have protective effects
on retinal light responses against STZ-induced diabetes.

3.5. Melatonin Appears to Prevent the Development of STZ-
Induced Microvascular Complications. We previously
reported that high-fat diet-induced diabetic mice have
increased microvascular complications including increased
vascular permeability (shown as increased vascular areas)
and acellular microvasculature in the peripheral retina at 6-

7 months after the high-fat diet regimen [46, 64, 65]. There
is increased vascular permeability in STZ-induced diabetic
mice [66]. Even though melatonin appeared to have a tempo-
rary andmild effect on retinal light responses of diabetic mice
(STZ+MEL; Figures 4 and 5), we next examined whether
melatonin had any protective effect on STZ-induced micro-
vascular changes. We employed fluorescein angiography
(FA), a tool that reveals changes in the ocular vasculature
and can indicate vascular permeability in the eye [67], with
AngioTool (NIH) to visualize and quantify the ocular vessels
(Figure 6). We previously did not find any major vascular
changes in the central retina in obesity-induced diabetic ani-
mals [46, 64, 65]. As such, we focused on vascular changes in
the peripheral retina. These STZ mice (3 months after STZ
injections) had an increase in vascular area and average vessel
length (Figure 6), which echoes a previous finding that there
is an increase in ocular vascular permeability at 3 months
after STZ injections [66]. Daily treatments with melatonin
had a dampening effect in STZ-induced increases in vascular
area and average vessel length (Figure 6). As daily oral gavage
of melatonin (MEL) did not affect body weight, blood glucose
levels (Figure 3), or retinal light responses (Figures 4 and 5),
unexpectedly, melatonin alone (MEL) appears to increase the
vascular area (Figure 6), even though treatments with mela-
tonin in STZ mice (STZ+MEL) decreased the vascular area
and average vessel length. We also observed “venous bead-
ing” in 3 of the 6 STZ mice at 3 months post STZ injections
(Figure 6(d), STZ, red rectangle). Venous beading is a micro-
vascular abnormality often observed in the eyes of patients
with nonproliferative DR [68]. Venous beading was not
observed in the control (CON), MEL, or STZ+MEL mice,
indicating that melatonin treatments might avert venous
beading in STZ-diabetic mice. Thus, treatments with melato-
nin might be able to prevent the STZ-induced microvascular
complications in the retina.
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Figure 1: High glucose induces changes in mitochondrial fission/fusion dynamics in cultured 661W cells. Cultured 661W cells were acutely
exposed to high-glucose conditions (HG; 30mM) for 4, 6, 16, or 24 h (a-d) and collected for Western blotting of DRP1 (b), MFN2 (c), and
MCU (d). The control (c) cells were treated with H2O. (e-g) Cultured 661W cells were treated with 0.01% ethanol (vehicle) as the control
(CON), melatonin (MEL, 100μM; dissolved in 0.01% ethanol), HG (30mM), or a combination of melatonin and HG (HG+MEL) for 24 h.
Cells were then collected and processed for Western blotting analysis of DRP1 (f), MFN2 (g), and MCU (h). The experiments were
repeated at least four times (n = 4-5). ∗p < 0 05.
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3.6. Melatonin Administration Alleviates the STZ-Disturbed
Mitochondrial Fission-and-Fusion Dynamics and Calcium
Buffering in the Diabetic Retina. As mentioned previously,
mitochondria undergo fission processes when cells are under
nutrient overload in cultures [4, 5]. We showed that when
661W cells are cultured in high-glucose conditions
(Figure 1), there was an increase of DRP1 and decrease of
MFN2 indicating an increase of mitochondrial fission but a
decrease in fusion. Since melatonin might have a protective
effect in diabetic retinas, we examined whether the mito-
chondrial fission-and-fusion dynamics in the retina might

be altered under chronic hyperglycemic conditions with a
focus on the mitochondrial changes in the retina from STZ
mice with or without melatonin treatments. Interestingly,
we found that there was no significant change in the mito-
chondrial fission process in the retina measured by the
immunostaining of DRP1 in the STZ-diabetic mouse retina
(STZ) compared to the control (CON), and treatment with
melatonin in STZ mice (STZ+MEL) did not have any impact
on the retinal DRP1 expression (Figure 7). However, the
mitochondrial fusion process measured by the immunostain-
ing of MFN2 is significantly decreased in the STZ-diabetic
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Figure 2: Melatonin treatments alleviate HG-induced decreases in mitochondrial Ca2+ buffering. Calcium-imaging of cultured 661W cells
after 24 h of treatments with H2O (CON), HG, or HG+melatonin (HG+M). Cells were loaded with Fluo-4 and Rhod-2 for cytosolic and
mitochondrial Ca2+ imaging, respectively. Scale bar = 20 μm in (a) and 10 μm in (b). The Rhod-2 (c) and Fluo-4 (d) fluorescent intensities
indicating mitochondrial (c) and cytosolic (d) Ca2+ were quantified. The experiments were repeated at least three times. ∗p < 0 05.
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mouse retina, and the decrease was more profound in the
photoreceptors than in the inner retina, but the MFN2 level
in the STZ mouse retina treated with melatonin (STZ
+MEL) was similar to that of the control (CON), indicating
that melatonin might prevent STZ-induced decrease of mito-
chondrial fusion in the retina.

In diabetic cardiomyocytes, mitochondrial Ca2+ is
decreased by 40%, and the buffering capacity of mitochon-
dria is altered [69]. Since STZ mouse retinas had altered
levels of the mitochondrial fusion protein MFN2, we next
examined whether the expression of MCU was also altered,
since MCU is responsible for storing intracellular Ca2+ in
the mitochondria [15, 16]. Similar to the cultured 661W cells
that were under hyperglycemic conditions which had
decreased MCU and mitochondrial Ca2+ pools (Figures 1
and 2), we found that the protein expression of MCU was
decreased in the STZ mouse retinas (photoreceptors as well
as the inner retina), but treatments with melatonin in these
mice (STZ+MEL) were able to prevent the STZ-induced loss
of MCU in photoreceptors as well as the inner retina
(Figure 7), implying that melatonin treatments could protect
or recover mitochondrial Ca2+ buffering ability in the dia-
betic retina.

4. Discussion

Maintaining proper mitochondrial fission/fusion dynamics is
critical for keeping cells healthy. When there is a nutrient
overload, such as in hyperglycemic or diabetic conditions, it
causes an imbalance in mitochondrial dynamics and leads
to oxidative stress. Melatonin is an antioxidant and is also

known to inhibit proangiogenic factors, relieve oxidative
stress and inflammation [61, 70, 71], and rescue retinal dam-
age in diabetic animals [33, 61, 72]. Melatonin is able to pre-
vent oxidative stress caused by chemically induced
mitochondrial fission [29, 30] and reverse ROS-induced
mitochondrial damage by upregulating mitochondrial fusion
[31], but we report here for the first time that melatonin is
able to prevent hyperglycemia-caused decrease of mitochon-
drial fusion and Ca2+ pool both in vitro and in vivo. Even
though there are multiple protein complexes involved in
the mitochondrial fission/fusion dynamics and Ca2+ buffer-
ing, we selected key players that are essential for these pro-
cesses (DRP1, MFN2, and MCU) to investigate the effects
of melatonin in hyperglycemia-caused changes in mitochon-
drial function, as well as the protective effect of melatonin in
STZ-induced diabetic retinas. As overexpression of MCU can
restore the damage caused by hyperglycemia-associated oxi-
dative stress in cardiomyocytes [73], our data showed that
melatonin prevented hyperglycemia-caused decreases of
MCU in cultured 661W cells and STZ-diabetic retinas, which
implies that melatonin treatments could decrease the damage
caused by diabetes-induced oxidative stress in part through
protecting mitochondria Ca2+ buffering ability in the retina.

Interestingly, we found that daily melatonin treatment
through oral gavage was not effective in controlling systemic
glycemia in STZ-induced diabetic mice (Figure 3), which
echoes previously published data using subcutaneous
implants of melatonin pellets to treat STZ-induced diabetic
rats [33]. The melatonin-insulin antagonism might explain
the ineffectiveness of chronic melatonin treatments on con-
trolling systemic glucose levels. Healthy rats given melatonin

20

22

24

26

28

30

32

⁎

131197531

Bo
dy

 w
eig

ht
 (g

)

After STZ injection (week)

CON (n = 10)
STZ (n = 12)

MEL (n = 4)
STZ+MEL (n = 11)

0

⁎

(a)

0

100

200

300

400

500

600

700

#

31

Bl
oo

d 
gl

uc
os

e (
m

g/
dL

)

After STZ injection (month)

CON (n = 10)
STZ (n = 12)

MEL (n = 4)
STZ + MEL (n = 11)

0

⁎

⁎

⁎

⁎

(b)

Figure 3: Daily treatments with melatonin did not improve STZ-induced diabetic conditions in body weights and systemic hyperglycemia.
One week after STZ injections, some STZ-injected mice were given daily melatonin via oral gavage (STZ+MEL). (a) STZ-induced diabetic
mice (STZ) with or without melatonin treatments gained weight more slowly starting 1 week after STZ injections compared to the control
mice injected with citric buffer (CON). Three months after melatonin treatment, the average body weights of STZ+MEL mice or STZ
mice were lower than those of the control mice (∗). There was no statistical difference between the CON and melatonin-treated (MEL)
groups. (b) The STZ and STZ+MEL mice had significantly higher systemic blood glucose levels than the CON or MEL (∗). The blood
glucose levels of STZ+MEL mice were higher than those of STZ mice (#) after 3 months post-STZ injection. ∗ denotes a statistical
significance compared to the control mice (CON); # denotes a statistical significance compared to the STZ mice. ∗, #p < 0 05.
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Figure 4: Dark-adapted ERG a-wave amplitudes and implicit times recorded at one, two, and three months after STZ injections. The dark-
adapted ERG a-wave amplitudes (a, c, e) and implicit times (b, d, f) in the control (CON), STZ-injected (STZ), melatonin-treated (MEL), and
STZ-injected and melatonin-treated (STZ+MEL) mice at 1 month (a, b), 2 months (c, d), and 3 months (e, f) after the STZ injections. ∗

denotes a statistical significance between CON and STZ; # denotes a statistical significance between MEL and STZ+MEL; $ denotes a
statistical significance between CON and MEL; ∗p < 0 05.
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Figure 5: Dark-adapted ERG b-wave amplitudes and implicit times recorded at one, two, and three months after STZ injections. The dark-
adapted ERG b-wave amplitudes (a, c, e) and implicit times (b, d, f) in the control (CON), STZ-injected (STZ), melatonin-treated (MEL), and
STZ-injected and melatonin-treated (STZ+MEL) mice at 1 month (a, b), 2 months (c, d), and 3 months (e, f) after the STZ injections. ∗

denotes a statistical significance between CON and STZ; # denotes a statistical significance between MEL and STZ+MEL; $ denotes a
statistical significance between CON and MEL; % denotes a statistical significance between STZ and STZ+MEL; ∗p < 0 05.
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through drinking water for 3 months have decreased serum
insulin but increased corticosterone in addition to altered
metabolic profiles [74]. If exogenous melatonin further
decreases systemic insulin in STZ-diabetic mice that already
secrete extremely low insulin [75], it would lead to a failure
to control systemic glycemia.

Diabetic retinopathy is a dual disorder with microvascu-
lar complications and retinal degeneration [19]. Monthly
ERG recordings showed that retinal light responses changed
in mice at 1-month post-STZ injections as their implicit
times increased, which shows that the health of the neural
retina might have been compromised before any detectable
vascular complications. However, one potential concern is
the effect of STZ itself. Streptozotocin is a well-known chem-
ical that induces type 1 diabetes in animals through targeting
the islet cells, but it is also toxic to the neural retina [76].
Within a month after STZ injections, there is transient cell
apoptosis and upregulated glial activation in the neural

retina, but these abnormalities quickly return to normal in
the subsequent 2-4 months [77]. Further retinal degeneration
and acellular capillaries are observed at least 6 months after
the STZ injections [77]. This indicates that STZ might have
a transient toxic effect on the neural retina within the first
few weeks of injections, which is also reflected in our overall
ERG a- and b-wave amplitudes. However, the decreased b-
wave amplitudes and increased implicit times after 3 months
of STZ injections might indicate that hyperglycemic condi-
tions worsen the retinal light responses.

We found that melatonin treatments had a protective
effect on the neural retina particularly after 3 months of treat-
ments. Previous studies using daily intraperitoneal (i.p.)
injections of melatonin (10mg/kg) [61] or melatonin pellet
implants (20mg) [33] to treat STZ-induced diabetic rats
demonstrated that these treatments for 3 months clearly alle-
viate the STZ-induced decreases in ERG a- and b-wave
amplitudes back to the normal levels of nondiabetic rats,
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Figure 7: Daily melatonin treatments prevent STZ-induced changes in mitochondrial fusion and Ca2+ uniporter proteins. The
immunofluorescent images of DRP1, MFN2, and MCU in the neural retinas from three groups are shown. The analyzed data of relative
changes in fluorescent intensities of the whole retina (second row), the photoreceptors (IS only; third row), and the inner retina (from INL
to GL; third row) are shown. The fluorescent intensities of the control (CON) were arbitrarily set at 1 for each slide. Each datum point is
the average of relative fluorescent intensities (multiple images) from a single mouse. There is no apparent change of DRP1 in the STZ
mouse retina (STZ) compared to the control (CON). Melatonin does not have an impact on DRP1 in STZ mouse retinas (STZ+MEL).
The STZ mouse retina (STZ) has an apparent decrease in MFN2 compared to both CON and melatonin-treated (STZ+MEL) groups in
the photoreceptors. The STZ mouse retina (STZ) also has a significantly decreased MCU expression compared to the melatonin (STZ
+MEL) group in the photoreceptors and inner retina. BF =Bright field. DAPI stained nuclei. Scale bar = 50 μm. OS: photoreceptor outer
segments; IS: photoreceptor inner segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner
plexiform layer; GL: ganglion cell layer. ∗p < 0 05.
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which are similar to our results. However, treatment with
melatonin alone for 3 months significantly enhanced ERG
a- and b-wave amplitudes in mice (Figures 4 and 5) but not
in rats [33]. There are two possible explanations for the dis-
crepancy between our results and previous reports on the
effects of melatonin on retinal light responses. First, the reti-
nal sensitivity to melatonin treatments is species-dependent.
As such, rats might be more responsive to melatonin than the
mouse strain (C57BL/6J) that was used in our study. The
C57BL/6J is the most used mouse strain to study retinal func-
tion since it does not carry genes that cause retinal degener-
ation. However, C57BL/6J is melatonin-deficient, since this
mouse strain lacks serotonin-N-acetyltransferase and hydro-
xyindole-O-methyl-transferase, two enzymes needed for the
synthesis of melatonin from serotonin [78], and it is not clear
whether the retinal expression of melatonin receptors in
C57BL6J is similar to that of other melatonin-proficient ani-
mals [79]. It is possible that the retina of melatonin-
proficient animals (such as rats) might respond to exogenous
melatonin more effectively compared to that of melatonin-
deficient animals. Second, the routes of treatments and the
dosages between our current study (oral) and previous
reports (i.p. [61] or subcutaneous implantation [33]) are dif-
ferent. We strived to mimic the most common route of
human intakes of melatonin (orally, once a day) at a compa-
rable dosage. Thus, it is possible that our overall melatonin
dosage absorbed by the animals was not as much compared
to those in previous reports.

We also found that melatonin had a protective effect on
the retinal microvasculature. We used FA to chronologically
monitor the vascular changes, and increases in average vessel
length were observed in mice at 3 months post STZ injec-
tions. Even though we did not specifically perform vascular
permeability assays, changes in FA could indicate vascular
permeability in the eye [67]. Venous beading was observed
in 50% of the STZ-diabetic mice, but STZ mice treated with
melatonin (STZ+MEL) did not have venous beading despite
their diabetic status. Melatonin treatments also dampened
STZ-induced increases in average vessel length, which indi-
cates that melatonin treatments might prevent vascular
permeability in diabetic animals. This indicates that at our
dosage via oral gavage, melatonin might have direct effects
on the microvasculature, in which the molecular action of
melatonin on the microvasculature requires further
investigation.

The ATP level is critical in regulating mitochondrial
dynamics [45]. In cultured retinal cells, treatment with HG
elevates the extracellular ATP, where the release of ATP is
involved in the inflammation process [80]. We found that
treatments with HG elevated DRP1 and dampened MFN2
in cultured 661W photoreceptors, and the level of MFN2
was also decreased in the STZ-diabetic retina. Mitochondrial
fission and fusion play a crucial role in regulating energy
expenditure and oxidative metabolism. Tissue-specific abla-
tion of MFN2 in the liver impairs insulin signaling and
increases hepatic gluconeogenesis and endoplasmic reticu-
lum (ER) stress [81]. We found that melatonin treatments
were able to prevent the STZ-induced decrease of MFN2 in
the retina and the HG-caused elevation of DRP1 in cultured

661W cells. These data imply that melatonin is able to avert
diabetes-induced decreases in mitochondrial fusion and
HG-caused increases of mitochondrial fission. One possible
mechanism is that melatonin blocks the translocation of
DRP1 into mitochondria to prevent their fission [82]. Hence,
melatonin could alleviate hyperglycemia-induced changes in
mitochondrial dynamics.

In diabetic pancreases [83] and hearts [84], mitochondria
function is disturbed due to the downregulation of MCU.
Our data confirmed that the expression of MCU was
decreased in HG-treated 661W cells and STZ-diabetic ret-
inas. Further, hyperglycemia decreased the mitochondrial
calcium buffering capability in these cells. Treatment with
melatonin prevented HG-caused decreases in mitochondrial
Ca2+ in part through increasing the MCU expression. The
decrease of retinal mitochondrial Ca2+ buffering ability
affects the mitochondrial dynamics [85] and potentially
worsens the progression of DR [86]. Thus, our data provide
evidence that melatonin is able to recover hyperglycemia-
induced decrease of mitochondrial Ca2+ pools by increasing
the expression of MCU. However, melatonin treatments did
not dampen the HG-induced increase of cytosolic Ca2+. Since
the overall cytosolic Ca2+ depends on the calcium influx
through various calcium channels in the plasma membrane,
the calcium ATPase in the plasma membrane to extrude
intracellular Ca2+, the mitochondrial Ca2+ pool, and the ER
Ca2+ storage, we postulate that melatonin is not able to
recover all of the components regulating intracellular cal-
cium homeostasis.

Whether the effect of melatonin on mitochondria is
through its antioxidant property or through its receptors
remains to be determined, since the interaction between
melatonin and its receptors depends on the exposure dos-
age, duration, and cell types. Treatment with melatonin
(100-1000nM) prevents H2O2-induced photoreceptor
death in part through melatonin receptors [87]. When an
ovary cell line is exposed to a lower concentration of mel-
atonin (400 pM) for 8 hours, an increase in type 1 melato-
nin (MT1) receptor binding sites occurs [88]. However,
treating the same ovary cells at a higher concentration of
melatonin (1μM) for 5 hours desensitizes the MT1 recep-
tors and inhibits phosphoinositide hydrolysis and the sub-
sequent signal transduction cascade [89]. Intraperitoneal
injections with 10mg/kg melatonin cause melatonin to
accumulate in the mitochondria much more than in the
cytosol, which is not mediated by the MT1 or MT2 recep-
tors on the plasma membrane [90]. This result implies
that melatonin at higher concentrations could act directly
in the mitochondria, in which we showed that melatonin
alone affected MCU and MFN2. Melatonin might also
directly act inside the cells as a scavenger of reactive oxy-
gen species or to rescue mitochondria when cells are
under oxidative stress. However, MT1 receptors appear
to be expressed in the mitochondria isolated from brain
lysates [91], and mitochondria also have the ability to syn-
thesize melatonin in brain neurons [92]. Thus, whether
the action of melatonin on mitochondria in photorecep-
tors is mediated by the mitochondrial MT1 receptors
remains to be determined.
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Taken together, we showed that melatonin is able to avert
hyperglycemia-induced changes in mitochondrial dynamics
and Ca2+ storage in cultured 661W cells. We demonstrated
that neural retinal dysfunction might precede any detectable
microvascular complications in type 1 diabetes. While the
efficacy of melatonin in treating human diabetes still requires
more in-depth studies, using an equivalent daily dosage of
melatonin (0.7mg/kg b.w.) taken orally might have a protec-
tive effect against diabetes-induced retinal dysfunction and
prevent diabetic microvascular complications.
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