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PURPOSE. This study aims to reveal retinal abnormities in a spontaneous diabetic nonhu-
man primate model and explore the mechanism of featured injuries.

METHODS. Twenty-eight cynomolgus monkeys were identified to suffer from spontaneous
type 2 diabetes from a colony of more than eight-hundred aged monkeys, and twenty-
six age-matched ones were chosen as controls. Their blood biochemistry profiles were
determined and retinal changes were examined by multimodal imaging, hematoxylin and
eosin staining, and immunofluorescence. Retinal pigment epithelium (RPE) cells were
further investigated by RNA sequencing and computational analyses.

RESULTS. These diabetic monkeys were characterized by early retinal vascular and neural
damage and dyslipidemia. The typical acellular capillaries and pericyte ghost were found
in the diabetic retina, which also exhibited reduced retinal nerve fiber layer thickness
compared to controls (all P < 0.05). Of note, distinct sub-RPE drusenoid lesions were
extensively observed in these diabetic monkeys (46.43% vs. 7.69%), and complements
including C3 and C5b-9 were deposited in these lesions. RNA-seq analysis revealed
complement activation, AGE/RAGE activation and inflammatory response in diabetic RPE
cells. Consistently, the plasma C3 and C4 were particularly increased in the diabetic
monkeys with drusenoid lesions (P = 0.028 and 0.029).

CONCLUSIONS. The spontaneous type 2 diabetic monkeys featured with early-stage
retinopathy including not only typical vascular and neural damage but also a distinct sub-
RPE deposition. The complement activation of RPE cells in response to hyperglycemia
might contribute to the deposition, revealing an unrecognized role of RPE cells in the
early-stage pathological process of diabetic retinopathy.

Keywords: nonhuman primate (NHP), diabetic retinopathy (DR), retinal pigment epithe-
lium (RPE), complement deposition, multimodal imaging

Diabetic retinopathy (DR) is the leading cause of irre-
versible blindness in working-age adults worldwide.1

The extensive application of diabetic animal models facili-
tates us to get a comprehensive understanding of the patho-
genesis of DR. Most animal models of DR are induced by
chemicals or genetically modified.2,3 Particularly, nonhu-
man primates (NHPs) could spontaneously develop type 2
diabetes, and their characteristics might exactly mimic the
pathogenesis of clinical diabetes in humans.3–6 In addition,
NHP is considered to be a powerful model of ocular diseases
owing to its high structural resemblance to human.7,8 With
this appropriate model, we have observed some of the vascu-
lar complications that occur in DR patients.9–11

Recognition of early-stage DR characteristics and under-
standing of the mechanism underlying the initiation of
DR are essential for the prevention and control of this
disease.12,13 Previous reports on NHP model presented some
signs of nonproliferative DR in humans such as microa-
neurysms and hard exudate.10,11 This microvascular damage
is characterized by thickening of the capillary wall, loss

of pericytes, leukocyte adhesion, and progressive endothe-
lial cell loss.9–11,14 However, whether other retinal cells are
injured in early-stage DR remain unclear and need to be
clarified.

Here we first screened more than 800 cynomolgus
monkeys over 15 years old by random glucose testing. After
further examined by fasting glucose and HbA1c testing,
28 monkeys were diagnosed as having spontaneous type
2 diabetes. Twenty-six age-matched monkeys with normal
levels of fasting glucose and HbA1c were selected as nondi-
abetic controls. In this study, we detected the fundus changes
using multimodal imaging in these NHP models and found
the spontaneous diabetic monkeys featured as typical vascu-
lar and neural damage and a remarkable drusenoid sub-RPE
deposition. As we have known, drusen, the focal deposits
of extracellular debris located between the RPE and Bruch’s
membrane, occurs naturally with age and is considered as
a hallmark of age-related macular degeneration (AMD).15,16

During the formation and development of drusen, the RPE
cells recognized as injured cells would extrude unnecessary
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or injured proteins and lipids in response to certain insults.17

Here we would clarify the early damage of RPE cells at the
setting of diabetes in NHP models.

MATERIALS AND METHODS

Animal Handling

All animal procedures were under an experimental proto-
col approved by Sun Yat-Sen University’s Standing Commit-
tee on Animals, as well as the tenets of the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. The
random glucose level of cynomolgus monkeys over 15 years
old was preliminarily screened in individuals within two
animal facilities in southern China. The spontaneous type
2 diabetes was diagnosed with positive fasting glucose and
HbA1c test results. Nondiabetic age-matched controls were
selected randomly from this colony. Animals with severe
ocular surface disease or cataracts were excluded from this
study. Age, diabetic history, and other abnormalities were
carefully evaluated using the historic and medical records
of each subject.

Multimodal Imaging

All of the multimodal imaging examinations were performed
as previously described.7 Briefly, the animals were sedated
with 10 mg/kg 1 ketamine hydrochloride and 20 mg/kg
1 thioethamyl intramuscularly in the morning after their
usual 12-hour light/12-hour dark cycle, followed by pupil-
lary dilation with tropicamide. The head and chin rests of
the imaging device (Heidelberg Engineering, Heidelberg,
Germany) were removed and replaced with a custom metal
bar to allow the animals’ heads to rest comfortably. The
ophthalmic examinations including slit-lamp biomicroscopy,
color fundus photography (CFP), simultaneous fluorescein
fundus angiography (FFA) and spectral domain optical
coherence tomography (OCT) were performed according
to the standard manufacture’s protocol. Particularly, high-
density (1536 A-scans/B-scan) modalities were used in spec-
tral domain optical coherence tomography. Up to 100 scans
(range, 50–100) were averaged for each B-scan, using the
Heidelberg eye tracking automatic real-time software. Near-
infrared fundus autofluorescence 30° images were acquired
with an excitation wavelength of 787 nm. Total retinal thick-
ness was measured at three point, the fovea pit, 2.5 mm nasal
to the fovea pit, and 2.5 mm temporal to the fovea pit, and
the retinal nerve fiber layer thickness was measured at the
latter two positions.

Retinal Trypsin Digest and Assessment of
Pericyte Loss

The retinal trypsin digest method was performed as previ-
ously described.18 Briefly, whole retinas were dissected and
fixed in 4% paraformaldehyde overnight. Then immersed in
3% trypsin (BD Bioscience, Franklin Lakes, NJ, USA) at 37°C
for three hours. The isolated retinal vascular network was
carefully mounted onto slides and stained with hematoxylin
and eosin. Pericytes and endothelial cells were detected
under the photomicroscope (Nikon, Melville, NY, USA) and
counted in random fields throughout the retina. Nuclei of
pericytes, which usually lie in the outer layer of the capillary
wall, were identified to be more darkly-stained and smaller

than endothelial cell nuclei, which were parallel to the long
axis of the blood vessels. The ratio of pericytes to endothelial
cells was then calculated.

Tissue Preparation and Immunofluorescence

Tissues were fixed in 4% paraformaldehyde overnight at 4°C.
Cryostat sections (7 μm) were cut and mounted on coated
microscopic slides. Slides were washed for 15 minutes in
0.2% potassium permanganate to eliminate autofluorescence
from RPE cells and neutralized with 1% oxalic acid until the
brown color was removed (30–35 seconds). Slides were put
in blocking buffer (1% BSA and 0.5% Triton X-100 in PBS)
for two hours at room temperature. The primary antibodies
were diluted in blocking buffer and included anti-CRYAB
(1:200, TA500583; Thermo Fisher Scientific, Waltham, MA,
USA), anti-APOE (1:200, 16H22L18; Thermo Fisher Scien-
tific), anti-RPE65 (1:100, ab13826; Abcam, Cambridge, MA,
USA), anti-C3 (1:100, ab11871; Abcam), anti-C5b-9 (1:100,
ab55811 Abcam), anti-Iba1 (1:100, 019-19741; Wako Chem-
icals USA, Richmond, VA, USA), anti-GFAP (1:100, ab5541;
Merck Millipore, Burlington, MA, USA), and anti-RBPMS
(1:100, GTX118619; GeneTex, Inc., Irvine, CA, USA). For
secondary detection, Alexa Fluor–coupled secondary anti-
bodies (1:500) were used. Cell nuclei were visualized with
DAPI (0.2 μg/ml, D9542 Sigma). Negative controls for
immunostaining were performed in parallel by omission of
primary antibodies. Fluorescent images were taken using a
confocal microscope (Olympus, Center Valley, PA, USA).

RPE Cell Isolation, RNA Extraction, Library
Construction and Sequencing

RPE cells were isolated from three diabetic and three control
subjects by adopting a well-established protocol. In brief,
the anterior segment of monkey eyeball was cut off and
removed. Then the lens, vitreous, and the sensory retina
were carefully removed and the RPE cells were scraped
gently from the remaining eye cup without damaging the
choroid layer as far as possible. The isolated RPE cells
were immediately put into the Trizol (Thermo Fisher Scien-
tific) for RNA extraction. Total RNA was purified, and the
sample quality was confirmed by the Agilent 2100 Bioan-
alyzer (Agilent Technology, Tokyo, Japan). Libraries were
constructed using the TruSeq RNA-Seq kit (Illumina, San
Diego, CA, USA) following the manufacturer’s instructions.
After evaluating the quality by Agilent 2100 Bioanalyzer,
libraries were pooled and sequenced on Illumina Hiseq X10.

RNA-Sequencing Data Processing

The quality of all datasets was checked by FastQC (v
0.11.8), and low-quality reads were removed. Retained
reads were then aligned to Macaca fascicularis genome
(Macaca_fascicularis_5.0) using STAR (v 2.7.3a) in the pair-
end mode with default parameters. Reads number mapped
to each gene was counted using HTSeq (v 0.11.2). The
output matrix from HTSeq was input into the DESeq2 (v
1.26.0) for identification of differentially expressed genes
between diabetes group and control group. We deter-
mined differentially expressed genes with the criteria of
absolute fold change > 2 and false discovery rate (FDR)
adjusted P value< 0.05. In addition, log-fold change of
all genes between two groups were used to conduct
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TABLE 1. Characteristics of General and Blood Biochemistry Profile

Nondiabetic (n = 26) Diabetic (n = 28) P

Age (years) 17.73 ± 0.73 18.11 ± 0.53 0.68
Gender (male/female) 14/12 18/10 0.58
Weight (kg) 10.80 ± 0.50 7.73 ± 0.45 <0.01
Glu (mmol/L) 4.46 ± 0.14 19.40 ± 1.22 <0.01
HbA1c (%) 3.07 ± 0.08 7.55 ± 0.22 <0.01
Ins (pmol/L) 193.04 ± 21.30 218.16 ± 73.10 0.75
CP (nmol/L) 1.43 ± 0.08 1.23 ± 0.25 0.47
LDL (mmol/L) 1.22 ± 0.11 2.18 ± 0.25 <0.01
HDL (mmol/L) 1.42 ± 0.08 1.26 ± 0.08 0.16
TG (mmol/L) 0.67 ± 0.06 5.94 ± 0.96 <0.01
TC (mmol/L) 2.99 ± 0.16 4.47 ± 0.42 <0.01
TP (g/L) 74.50 ± 0.70 77.91 ± 0.92 <0.01

CP, C-peptide; TC, total cholesterol; TG, triglyceride; TP, total protein.
* Data are mean ± SEM, with the exception of gender.
† P < 0.05 was considered the level of significance.

Gene Set Enrichment Analysis (GSEA), of Kyoto Encyclope-
dia of Genes and Genomes (KEGG) terms using clusterPro-
filer (v 3.14.0). All plots were generated by ggplot2 (v 3.2.1),
RcolorBrewer (v 1.1-2) and clusterProfiler. Our sequencing
data are available at Gene Expression Omnibus under the
accession number GSE160617.

Statistical Analysis

All quantitative data are presented as means ± SEM and
analyzed by a two-tailed unpaired Student’s t-test (two
groups) or one-way ANOVA (>2 groups) with a Turkey’s
post hoc comparisons test. P≤ 0.05 was considered as statis-
tically significant.

RESULTS

Hyperglycemia and Dyslipidemia in Cynomolgus
Monkeys With Spontaneous Type 2 Diabetes

A total of 28 diabetic cynomolgus monkeys (mean age 18.11
± 0.53 y) with a recorded diabetes duration of three to five
years and 26 age-matched nondiabetic monkeys (mean age
17.73 ± 0.73 y) were studied. The characteristics of general
and blood biochemistry profile of both groups were listed
in Table 1. As expected, the mean fasting glucose (Glu)
was 19.40 ± 1.22 mmol/L in diabetes group versus 4.46 ±
0.14 mmol/L in control group (P < 0.01), and the mean
glycated hemoglobin (HbA1c) was 7.55% ± 0.22% in the
diabetic group versus 3.07% ± 0.08 in the control group (P
< 0.01). These diabetic cynomolgus monkeys suffered from
loss of body weight and dyslipidemia with increased LDL,
total cholesterol, triglyceride, and total protein, and reduced
HDL (Table 1). However, the level of fasting insulin (Ins) and
fasting C-peptide showed no difference between two groups
(P = 0.75 and 0.47, respectively) (Table 1).

Retinal Vascular and Neural Degeneration in
Diabetic Cynomolgus Monkeys

To comprehensively identify the diabetic damages to retina,
multimodal imaging including CFP, FFA and OCT were
applied on all 28 diabetic cynomolgus monkeys and 26
controls. Figures 1A to 1E showed the model examined
in this study. None of these diabetic cynomolgus monkeys

showed any advanced DR signs in patients such as angio-
genesis or macular edema. Given the classical early-stage
signs, the microaneurysms, microhemorrhages, and vascular
leakage were not detected either in these diabetic monkeys
(Figs. 1A–1D). However, when assessed histopathologically,
the mean number of pericytes per 1000 endothelial cells
in diabetic retina was significantly decreased than that in
non-diabetic retinas (755.64 [range, 733.32–795.59] versus
923.74 [range, 866.71–934.87], P = 0.018; Fig. 2A). The
microangiopathy with remarkable acellular capillaries and
pericyte ghost was observed in all three trypsin-digested
retinae from diabetic monkeys but not from any nondiabetic
controls (Fig. 2B). These changes indicated that the diabetic
cynomolgus monkeys suffered from early vascular injuries
at the histopathological level that were not visible in clinical
imaging.

In OCT, no remarkable retinal structural distortion was
detected in both groups. At all three points, the total retinal
thickness showed no difference between two groups (P =
0.37, 0.83 and 0.28; Table 2, Figs. 1E and 1F). However, the
thickness of the retinal nerve fiber layer decreased signif-
icantly in diabetic monkeys (P = 0.008 and 0.04; Table
2, Figs. 1E and 1G). Histologically, the RNA-binding protein
with multiple splicing (RBPMS)-positive retinal ganglion cell
(RGC) cells were also reduced in diabetic retina compared
with nondiabetic controls (Fig. 2E). Consistently, both Müller
cells and microglia were activated in response to diabetes
insult with strong staining of glial fibrillary acidic protein
(GFAP) and Iba1 in the diabetic retinae (Figs. 2C, 2D). Taken
together, evidence obtained from multimodal imaging and
histological study identified early retinal vascular and neural
damages in the diabetic cynomolgus monkeys.

Distinct Sub-RPE Drusenoid Lesions in Diabetic
Cynomolgus Monkeys

Apart from those typical early diabetic injuries to the vascu-
lar and neural retina, interestingly, spheroid and white dot
lesions scattered along the retinal vascular arcade were
observed in about half of the diabetic subjects (13 out of
28), whereas only two of 26 controls presented with simi-
lar lesions (46.43% vs. 7.69%; Figs. 3A–3G). Most the dot
lesions were around the vessels but not extended to the
macular area, and they appear to be not confluent. In OCT,
the white dot lesion showed a distinct small hard drusenoid
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FIGURE 1. The retinal changes of diabetic monkey determined by multimodal imaging. (A–D) Multimodal imaging including color fundus
photography, FFA, near-infrared, and optical coherence tomography were applied, and no obvious microaneurysms, microhemorrhages, and
vascular leakage were observed in these monkeys (n = 28 diabetic monkeys, 26 controls). (E) Total thickness of retina was measured at three
points, which is the fovea pit, 2.5 mm nasal to the fovea pit, and 2.5 mm temporal to the fovea pit (F, N and T, red arrowheads). In addition,
the RNFL thickness was also measured at N and T locations (red arrowheads). (F, G) The total retinal thickness at all three points showed
no difference between diabetic monkeys and controls (P = 0.366, 0.830 and 0.277), whereas the thickness of RNFL decreased significantly
in diabetic monkeys (P = 0.008 and 0.041). n = 28 diabetic monkeys, 26 controls.
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FIGURE 2. The vascular and neural retina were impaired histologically in the diabetic monkeys. (A) Mean number of pericytes per 1000
endothelial cells in diabetic retina was significantly decreased than that in nondiabetic retinas. n = 3 diabetic monkeys, 3 controls, P = 0.018.
(B) Representative images of trypsin digested retinal capillary network after hematoxylin and eosin staining in both control and diabetic
retina. Acellular capillaries (AC, arrow) and pericyte ghost (G, arrow) could be observed in diabetic retinae but not in controls. Scale bar:
20 μm. (C) The activation of Müller cell was detected by immunostaining of GFAP. The diabetic retina presented high expression and wide
distribution of GFAP. (D) The microglia were also activated in response to diabetic insult with increased expression of Iba-1 in diabetic
monkey. (E) The RBPMS-positive RGC cells were significantly decreased in the diabetic retina compared with controls, P = 0.014.

TABLE 2. Measurement and Comparison of Retinal Thickness by Optical Coherence Tomography

Non-Diabetic (n = 26) Diabetic (n = 28) P

Total Retina Thickness (μm, 95% CI)
Nasal 304.33 (287.36–321.30) 290.60 (256.03–325.17) 0.37
Temporal 255.83 (238.29–273.37) 257.80 (242.06–273.54) 0.83
Foveal 180.50 (161.88–199.12) 191.2 (175.31–207.09) 0.28

RNFL thickness (μm, 95% CI)
Nasal 36.17 (33.74–38.60) 29.20 (24.78–33.62) <0.01
Temporal 12.67 (9.65–15.68) 9.40 (7.73–11.07) 0.04

RNFL, retinal nerve fiber layer.
* P < 0.05 was considered the level of significance.

appearance, which was featured with RPE layer deforma-
tion and thickening (Figs. 3E and 3F). Thus these diabetic
cynomolgus monkeys were featured as the presence of
drusenoid changes in the retina.

RNA-Seq Revealed Complement Activation in
Diabetic RPE Cells

As the drusen, focal deposits of extracellular debris, are
usually associated with RPE abnormalities, we isolated RPE
cells from three diabetic cynomolgus monkeys and three
controls and then performed RNA-seq. Authentication of

RPE cells was showed in the Supplementary Figure S1.
In total, 2744 differentially expressed genes were found
between the diabetic group and control. Among these differ-
entially expressed genes, 1694 (62%) genes were upregu-
lated in the diabetic group, and 1050 (38%) were down-
regulated (Fig. 4A). The top 50 upregulated and downreg-
ulated genes were listed in the Supplementary Table S1.
As expected, the pathway genes involved in AGE-RAGE
signaling were upregulated in diabetic RPE cells, including
BCL2, BAX, ICAM1, MAPK3, and COL1A1 (Fig. 4B). Of note,
we found diabetic RPE cells presented with high expres-
sion of genes involved in complement activation such as
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FIGURE 3. Diabetic monkey developed a characterized drusenoid-like deposition. (A–C) Color fundus photography and OCT of a nondiabetic
monkey showed no abnormal appearance around the retinal vessels. (D–G) In over 46% of diabetic monkeys, remarkable white dot lesions
could be found around the retinal vessels, whereas only 7.69% of nondiabetic monkeys present similar dot lesions. The white dot lesion in
CFP (D, red circle) showed a typical drusenoid appearance beneath the retinal pigment epithelium layer in OCT (E and F, red circle).

FIGURE 4. The transcriptional changes of RPE cells by RNA-sequencing analysis. Differential gene expression analysis for diabetic RPE
versus nondiabetic control. Volcano plot of dysregulated genes at limma P < 0.05 (A). Significantly enriched gene sets (adjusted P value <

0.05), including complement activation (B), regulation of complement activation (C), neuroinflammatory response (D), cytokine production
involved in inflammatory response (E), positive regulation of lipid metabolic process (F), lipid storage (G), AGE-RAGE signaling pathway in
diabetic complications (H), and apoptosis (I) found by GSEA.

C3, C4BPA, C8G, CR1 and CFD, indicating both classic and
alternative pathway may be activated in RPE in response
to hyperglycemia insults (Fig. 4C). Furthermore, because
C3a/C3aR activation could induce suppression of cAMP
signaling pathway, a potent negative modulator of inflamma-
tion, we analyzed the top downregulated genes in diabetic
RPE cells and found low expression of several genes in cAMP
signaling like CREB3L3, HCN4, ROCK1, MAPK8 and CNGB1,
indicating uncontrolled complement activation occurred in
diabetic RPE cells. Besides, GSEA also revealed 85 signif-
icantly enriched gene sets including cytokine production,
lipid storage, neuroinflammatory responses, and more (Figs.
4D–4I). Taken together, these findings suggested that at the

setting of diabetes, RPE cells are active and possibly incline
to induce inflammation via complement activation.

Sub-RPE Complement Deposition in Diabetic
Retina

To further clarify the structure and composition of
these drusenoid lesions, microscopic examination, hema-
toxylin and eosin staining and immunofluorescence were
performed. The drusenoid lesions could be observed
as white dots in the range of around 150 microns
down to several microns in size under light microscope
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FIGURE 5. The histological changes of drusenoid-like deposition in diabetic monkey. (A) Fundus of a diabetic monkey after removing the
retina, extensive white dot lesions in various sizes (arrows) could be observed. OH, optic head; M, macula; Scale bar: 500 μm. (B–D)
Hematoxylin and eosin staining showed that the white dot lesions were pink dome-shaped and laminal sub-RPE deposits (B, C, and D,
dotted line) around 150 μm down to several micrometers in size. Scale bar: 50 μm. (E) Histologic sections of retinas immunolabeled showed
alpha-crystallin B chain (CRYAB) protein were expressed underneath RPE65-positive cells and above the deposits (dotted line) in diabetic
retina. Although ApoE (green) could be observed in both control and diabetic retina, its expression and accumulation across the RPE layer
significantly improved in diabetic retina. (F) Complement C3 (red) and C5b-9 (red) were mainly distributed within the deposits (dotted line
area) in the diabetic retina, but not in controls. Scale bar: 50 μm.

(Fig. 5A, arrows). They were pink doom-shaped and lami-
nal sub-RPE deposits with varied sizes (Figs. 5B–5D, dotted
line). Above the druseniond lesions, the counterpart RPE
cells were hyperpigmented and hypertropy, indicating the
possibly concomitant damage to the RPE cells. Moreover,
ApoE, alpha-crystallin B chain (CRYAB), C3 and C5b-9, the
critical components found in human drusen, were detected
in diabetic monkeys and controls by immunofluorescence
(Figs. 5E and 5F). While the RPE65+ RPE cells in controls
were continuous and regular, the RPE cells in diabetic
monkeys exhibited discrete and dotted shape. Remarkably,
extensive C5b-9 and C3 were found within the deposits
in diabetic retina but not in controls (Fig. 5F). It is worth
noting that, CRYAB was specifically detected in the RPE
cells overlying the deposits, indicating that the RPE cells

were under oxidative stress (Fig. 5E). ApoE, enriched in
RPE cells and a common component of deposits, accu-
mulated in the diabetic RPE cells whereas not located
within the deposits (Fig. 5E). Furthermore, the expression
level of main complement components like C3 and C4 in
plasma was detected. The plasma level of C3 and C4 was
increased significantly in diabetic monkeys with drusen
compared with nondiabetic controls (P = 0.028 and P =
0.029, respectively) (Fig. 6). In addition, the lipid profile
including LDL, triglyceride, and total cholesterol were found
to be slightly increased but with no statistically signifi-
cant difference in the Drusen-positive subgroup of diabetic
monkeys in comparison to Drusen-negative ones (Supple-
mentary Fig. S2). The blood glucose and HbA1c had no
statistically significant differences between these subgroups
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FIGURE 6. Systemic complement level was particularly increased in
diabetic monkey with drusen lesions. Although the plasma level of
C3 was not increased in diabetic monkeys without drusen compared
with nondiabetic controls (P = 0.337), C3 expression has a signifi-
cant elevation in diabetic monkeys with drusen lesions (P = 0.028).
Similarly, plasma C4 expression was increased in diabetic monkeys,
particularly in those with drusen lesions (P = 0.029). n = 26
controls, n=15 diabetic monkeys without drusen, n = 13 diabetic
monkeys with drusen.

in the diabetic monkeys, indicating that the glycemic control
was less likely to be involved in drusen development.
These results suggested that local and systemic complement
activation might be involved in diabetic drusenoid lesion
formation.

DISCUSSION

In this study, we conducted a research in a large group
of 54 cynomolgus monkeys after screening more than 800
monkeys and described a distinctive landscape of early
diabetic retinopathy in NHP models. We found the typi-
cal neural injury and histopathological change of retinal
vasculature in these NHP diabetic models. Particularly, a
featured druseniod sign was also recognized, establishing a
distinctive pathological spectrum of early-stage DR in NHP
models. These sub-RPE drusen-like lesions were identified
as complement deposition, which possibly derived from
diabetic RPE cells and circulation. Our results broaden the
phenotype understanding of early-stage DR in NHP models
and provided evidence that RPE may contribute to the patho-
logical change of DR.

To the best of our knowledge, this is the first report of
early-stage retinopathy spectrum in spontaneous diabetes
NHP model with a large sample size (28 DM and 26
controls). Buchi et al. observed vascular leakage, intrareti-
nal exudates and hemorrhage, and cystoid degeneration in
six diabetic monkeys (two spontaneous and four induced
by streptozocin).9 Kim et al. reported signs of DR such as
capillary dropout, large-vessel pruning, cotton-wool spots,
and microaneurysms in 16 spontaneous diabetic monkeys,
in spite of no CFP, FFA, or OCT images from this publi-
cation.10 Here we applied multimodal imaging to examine
the retinopathy of 28 diabetic monkeys. Although our DR
NHP models did not present any of the above-described
signs maybe due to shorter diabetes duration (medical
record of 3-5 years), we provided a limited early-stage
DR model with neural and vascular damage. As far as
we known, except from genetically modified rodents, only
NHP could develop spontaneous type 2 diabetes, associ-
ated with age and body weight increase.2–4 Compared with

diet-induced diabetic NHP models, which were reported to
exhibit pericyte loss and abnormal retinal vascular perme-
ability within two years,19 this spontaneous NHP usually
developed retinopathy after a longer follow-up. Further
investigation with longer follow-up is extremely impor-
tant. Since retinal angiogenesis, the hallmark of prolifera-
tive DR in humans, has never been reported in diabetic NHP
models,9–11,19 the discrepancy of NHP and humans still need
to be concerned when using NHP models. In addition, since
only three monkeys per group were used for histological
and molecular analysis, more samples are needed for further
investigation.

Normal aged monkeys may develop drusenoid deposits
sporadically.20–22 In humans, drusen progressively appears
as aging and associates with AMD. It is reported that the
development of drusen increases a person’s risk for devel-
opment of AMD, although it not be the cause of AMD.23,24

Considering the association between diabetes with AMD,
some studies have suggested an increased risk for advanced
AMD in diabetes patients.25–28 Consistently in this study,
diabetic NHP presented a higher incidence of drusenoid
deposition compared to age-matched ones. Here we found
the diabetic RPE cells highly expressed genes of complement
activation, inflammatory signaling and cytokines, which
inclined to influence the adjacent Bruch’s membrane and
chroidal circulation, may predispose to the development of
AMD. The increased blood glucose levels, impaired glucose
tolerance, and more advanced glycation end products facil-
itated the emergence of macular RPE abnormalities. So the
changes in the structure and function of RPE cells are prob-
ably the early features of both DR and AMD.

DR is generally considered to mainly involve the inner
retina, where the inner blood-retinal barrier is located.29

Consistent with previous study, our data showed that both
Müller cells and microglia were activated in response to
diabetes insult with strong staining of GFAP and Iba1 in
the diabetic retinae, indicating glia activation in the inner
retina involved in the DR and featured DR as neurodegen-
erative process. Here, the RPE cell, the critical component
of outer blood-retinal barrier, was also found to be injured
during DR development.30–33 The RPE cell is one of the major
sources of local complement in the retina.34 We found sub-
RPE drusenoid lesion in the diabetic NHP required comple-
ment activation, which may establish a chronic inflamma-
tory circumstance. In this study, we also found that some
chemokines, including Ccl26, ccl13, ccl18, and ccl17, were
enriched and ranked as top 50 upregulated genes in diabetic
RPE cells, indicating that inflammation was involved and
recruitment of the immune cells might play an important
role. Other upregulated genes included those involved in cell
death, such as ripk3, Gsdma, Birc7, suggesting the impor-
tant links of cell death. In addition, the breaking down of
the blood retinal barrier in DR has been reported to facil-
itate the leakage of circulating complement proteins into
retina, inducing a cascade response of complement activa-
tion. Consistently, the elevation of systemic C3 and C4 was
observed in diabetic monkeys with drusenoid lesions but not
in the diabetic ones without drusenoid lesions. Nevertheless,
no statistical significance was observed between diabetic
animals with and without drusenoid lesions, which might be
due to the limited animal numbers. Furthermore, the patho-
genesis of diabetes has been known to be extremely compli-
cated. More pathological factors should be investigated to
strengthen the hypothesis and uncover potential mechanism
beyond complement system in future study.
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Previous studies showed the deposition of C5b-9 in the
wall of retinal vessels of human eye donors with type 2
diabetes,35 and the complement factors C3, C4b, C9 and
factor B were found to be highly produced in the vitre-
ous humor of DR patients.36 So it is speculated that the
complement abnormality and RPE damage comprise a
vicious circle during the pathological process of DR.

In conclusion, this study provided a panorama of early-
stage DR in NHP models and featured it with char-
acterized vascular and neural damage and a distinctive
drusenoid lesion. Although it could not mimic the entire
DR process, this diabetic NHP model exhibited special early-
stage histopathological abnormality of DR, indicating it as an
available and appropriate model for limited early-stage DR.
We also demonstrated complement abnormality in RPE cells
and in systems contributed to the development of early-stage
DR, providing evidence of an unrecognized role of RPE cells,
which might be helpful to better understand the molecular
basis of early-stage DR.
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