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Introduction: Diabetic retinopathy (DR) is the leading cause of blindness in

adults. Early detection and treatment of DR has been shown to reduce the

risk of visual loss by as much as 90%. At present, there are no blood tests to

detect DR. Previous studies have demonstrated the presence of nucleic acids

in blood and raised levels of these markers have been reported in many

conditions. The aim of this study was to evaluate the circulating levels of

retina-specific mRNA in the assessment of DR.

Areas covered: Blood samples were taken into PAXgene� Blood RNA tubes

from 89 diabetic patients and 19 healthy individuals. A reverse-transcription

quantitative real-time PCR assay was used to measure circulating levels of

mRNA for rhodopsin (Rho), retinal amine oxidase (RAO) and phosphodiesterase

6C (PDE6C). The results were normalized against mRNA for b-actin and total

RNA. While mRNA for Rho, RAO and b-actin were detected in 100% of the sub-

jects, PDE6C mRNA was only found in 60% of the individuals and melanopsin

mRNA was not detected. When diabetic subjects were divided according to

their DR status, significant differences were observed for Rho and RAO-Rho

increased while RAO tended to decrease. The area under the curve ROC for

Rho and Rho/RAO ratio to differentiate mild or no DR from significant DR

(pre-proliferative and proliferative stages) were 0.756 and 0.823, respectively.

Expert opinion: These findings suggest that circulating mRNA may be useful

in assessing DR.

Keywords: blindness, diabetic retinopathy, phosphodiesterase 6C, retinal amine oxidase,

retina-specific mRNA, rhodopsin
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1. Introduction

Diabetes mellitus is major health problem throughout the world. According to
the World Health Organization, in 2000 there were at least 171 million people
with diabetes, or 2.8% of the population. It is estimated that by 2030, this
number will almost double [1]. Diabetics are at increased risk of developing micro-
vascular and macrovascular complications. These typically develop after many years
(10 -- 20), but may be the first symptom especially in those with type 2 diabetes
mellitus. One of the most distressing complications is diabetic retinopathy (DR),
which affects blood vessel formation in the retina of the eye, can lead to visual
symptoms, reduced vision and potentially blindness.

The occurrence of DR depends on both the duration and age of onset of diabetes;
while the prevalence of retinopathy is very low during the first 5 years in patients
below 30 years of age, the rate increases to over 95% after 15 years of diabetes [2].

DR is classified according to criteria set by The Diabetic Retinopathy Grading
and Disease Management Working Party [3] into four groups of varying severity:
no pathology, background, pre-proliferative and proliferative DR. Risk factors for
the development of DR include duration diabetes [2], blood glucose control [4,5],
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hypertension [4] and dyslipidemia [6]. Studies have shown that
controlling the modifiable risk factors can slow the progres-
sion of DR. Since there is no therapy for reversing lost vision,
early detection and treatment is crucial. Retinal photography
is the commonest technique for retinal screening. Fundus
photography is an effective screening tool [7]. It has, however,
several disadvantages. It is an expensive procedure, requiring
costly equipment and a team of healthcare professionals.
More importantly however, a quantitative, objective and reli-
able method of grading the severity of retinopathy is not
available. Although Harding et al. [8] provided national rec-
ommendations to standardize retinal grading, a substantial
subjective element remains with regards to classification of
disease severity. A blood test for DR may overcome some of
the limitations associated with the current screening protocol.
Such a test will be economical as specialist staff will not be
required. It may be performed anywhere and offer an objec-
tive and quantitative alternative for grading the severity of
DR. Difficulty in grading retinae occluded by media opacities
will also be overcome.
In the past few decades, measurement of nucleic acids in the

circulation has been shown to be useful in the diagnosis and
management of many conditions including malignancy [9],
pregnancy-associated conditions [10], transplantation [11] and
trauma [12,13]. In addition to circulating DNA, analysis of circu-
lating mRNA and microRNA has the potential to be organ-
specific biomarkers. Measurement of circulating mRNA has
been shown to have potential value in thyroid cancer [14], heart
failure [15] and hypertension [16]. In a previous study to investi-
gate retina-specific markers in circulation, the presence of
rhodopsin (Rho) mRNA was successfully demonstrated in the
peripheral blood of diabetic patients with and without
retinopathy and healthy controls. Diabetics showed signifi-
cantly higher levels of Rho mRNA compared with healthy sub-
jects [17]. A trend was also observed with Rho mRNA levels
increasing with severity of DR. This novel finding prompted
to look at further retina-specific markers. In a subsequent
study, retinoschisin, RPE65 and melanopsin [18] were measured
and it was found that circulating RPE65 mRNA concentration
was 63% higher in diabetic patients than in healthy individuals
(p = 0.019), whereas retinoschisin showed no change between
the two groups. In the present study, we have the author has
extended these to include mRNA for retinal amine oxidase
(RAO) and phosphodiesterase 6C (PDE6C), in addition to
Rho. Cyclic guanosine monophosphate (cGMP) PDE6C is a

cone-specific enzyme and its key role in phototransduction is
well defined [19]. The amine oxidases are a group of enzymes
that catalyze the conversion of biogenic amines to aldehydes
and four different classes have been identified. The RAO is a
member of the copper-binding amine oxidase class and it is
exclusively expressed in the retina, especially the retinal gan-
glion cells [20]. In this study, the diagnostic potential of
mRNA for Rho, RAO and PDE6C has been assessed. These
markers were chosen to represent the rods (Rho), cones
(PDE6C) and retinal ganglion cells (RAO).

2. Materials and methods

Diabetic subjects were recruited from the diabetes clinic at St.
Thomas’ Hospital, London, and comprised individuals with a
confirmed history of diabetes with or without retinopathy.
The protocol for this study was approved by St. Thomas’ Hos-
pital Local Research Ethics Committee. This allowed blood
sampling and access to the patients’ medical notes. The eye
status of recruits was determined from the medical notes, and
independent examination of fundoscopic photographs. All dia-
betic patients were allocated into one of four groups: i) diabetic
without retinopathy (diabetic controls); ii) diabetic with
background retinopathy; iii) diabetic with pre-proliferative
retinopathy and iv) diabetic with proliferative retinopathy.
Informed consent was obtained from each patient prior to
blood collection. Blood samples were also collected from
healthy volunteers (n = 20) with no known disease, after
obtaining informed consent. Peripheral vein blood (2.5 ml)
was drawn directly into PAXgene� Blood RNA Tubes specially
designed for the collection and stabilization of RNA from
whole blood (Becton Dickinson, Plymouth, UK). Whole blood
RNA was extracted using the PAXgene Blood RNA Kit,
including treatment with DNAse I to prevent genomic DNA
contamination, strictly following manufacturer’s instructions
(QIAgen, Crawley, UK). The GeneQuant RNA/DNA Calcu-
lator was used to estimate the total amount of extracted
RNA; 15 µl of extracted RNA was diluted in 385 µl of
RNase-free water and spectrophotometric analysis was then
performed using the detector. Extracted RNA was stored at
-80�C until required for cDNA synthesis. Reverse transcription
was carried out using SuperScript II� reverse transcriptase fol-
lowing the manufacturer’s instructions (Invitrogen Life
Sciences, Paisely, UK). The cDNA generated was stored at
-80�C until required for quantification. Separately, samples
were also subjected to the above procedure with the exception
that SuperScript II was replaced with water (negative control).
The ABI 7000 Sequence Detection System (PE Applied
Biosystems, Cheshire, UK) was used to amplify cDNA
and detect polymerase chain reaction (PCR) products using
sequence-specific oligonucleotide probes and intron-spanning
specific primers. b-actin cDNA was amplified using the prede-
veloped assay reagents Taqman assay reagents (Taqman assay,
PE Applied Biosystems). In the case of the Rho, RAO and
PDE6C Taqman assays, 900 nM forward and reverse primer,

Article highlights.

. There are no bio-markers for diabetic retinopathy (DR).

. Circualting mRNA for rhodopsin (Rho) is increased and
mRNA for retinal amine oxidae (RAO) is decreased in DR.

. The ratio of Rho to RAO showed good potential as a
biomarker for DR.

This box summarizes key points contained in the article.
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250 nM probe, X2 Taqman Universal Master Mix (25 µl) and
cDNA sample (10 µl) were present in each reaction. For all
assays, standards and samples were analyzed in duplicate in a
final reaction volume of 50 µl. Standard curves were prepared
from serial dilutions of cDNA (Clontech, Oxford, UK)
obtained from normal healthy human retina. A water blank
was also incorporated in each run for the respective assays. All
retina-specific marker assays were run simultaneously with b-
actin on 96-well optical reaction plates. The PCR amplification
included an initial phase of 2 min at 50�C, followed by 10 min
at 95�C, then 40 cycles of 15 s at 95�C and 1 min at 60�C.
The precision of RNA extraction from whole blood was evalu-
ated by collecting eight paired blood samples from the same
individual at the same time. These were later processed accord-
ing to the specified protocol and total RNA was quantified
using spectrophotometric analysis. The mean concentration of
extracted RNA was 10.8 ± 0.78 µg/ml with a CV of 9.3%.
The analytical precision of the entire protocol was also assessed
using these same samples by measuring the study markers and
b-actin. For each marker, raw cyclic threshold (Ct) values
were used to determine the coefficient of variations (CVs)
which were found to be between 2 and 3% in all cases.

The patient characteristics were analyzed using one-way
ANOVA (analysis of variance) and a post hoc test was carried
out where necessary. Differences in the measured expression
of retina-specific mRNA between healthy individuals and dia-
betic patient groups were analyzed by Mann--Whitney U-test.
A p-value of less than 0.05 was considered statistically signifi-
cant. All calculations were performed using SPSS version
16.0 software for Windows (IBM Co., Armonk, NY, USA).

3. Results

A total of 108 individuals were recruited to the study of which
89 were diabetic patients and the remaining were healthy
controls. The subject characteristics are shown in Table 1.

No significant differences were observed in age, diastolic
blood pressure or white blood cell (WBC) count between
the groups. Increased severity of retinopathy positively corre-
lated with the duration of diabetes. Random blood glucose
(RBG) and hemoglobin A1c (HbA1c) were found to incre-
ase with the progression of retinopathy. Higher blood pres-
sure was seen in patients with retinopathy. Urinary albumin:
creatinine ratio (ACR) and plasma creatinine were also signifi-
cantly elevated in patients with retinopathy when compared
with controls. For example, ACR was higher in background
(p = 0.017) and pre-proliferative (p = 0.031) subjects as
compared with healthy individuals. Messenger RNA for Rho
and RAO were detected in the peripheral blood of all healthy
and diabetic subjects in this study. Messenger RNA for
PDE6C was detected in only 60% of the samples. Figure 1A
shows the mRNA for Rho in diabetic subjects with various
degrees of retinopathy. This confirmed our previous observa-
tions that mRNA for Rho increased with increasing severity
of DR. There was no significant difference observed in
PDE6C concentration between healthy controls and diabetic
patients when normalized against b-actin mRNA. Circulating
PDE6C mRNA levels were lower in background DR
compared with healthy (p = 0.053) and diabetic controls
(p = 0.015) as well as proliferative DR patients (p = 0.039).
Also, the marker concentration was significantly lower in
pre-proliferative DR with respect to healthy and diabetic con-
trols (p = 0.019 and 0.022, respectively). Furthermore, the
increase in PDE6C mRNA levels from pre-proliferative DR
to proliferative DR (Figure 1B) was statistically significant
(p = 0.026). When normalized against b-actin mRNA, no sta-
tistically significant difference in circulating RAO mRNA was
found between healthy controls and patients with diabetes.
Figure 1C shows the concentration of mRNA for RAO in
the four diabetic groups. The concentration of circulating
RAO mRNA was lower in individuals with pre-proliferative
DR as compared with diabetic controls (p = 0.035) and

Table 1. Subject demographics.

Healthy controlsa Diabetic controlsb Background DRc Pre-proliferative DRd Proliferative DRe

N 19 22 24 14 14
Age (y) 59.3 ± 11.5 59.3 ± 14.9 59.5 ± 12.3 55.6 ± 6.2 52.3 ± 14.9
Gender (M/F) 7/12 12/10 20/4 8/6 6/8
Duration of diabetes (years) - 11 ± 9.1e 15.5 ± 9.6 14.5 ± 5.7 21.3 ± 9.4b

BMI (kg/m2) 26.3 ± 5.6 30.8 ± 7.6 30.8 ± 6 32.8 ± 6.1 32.2 ± 10.7
RBG (%) - 9.1 ± 2.5 9.3 ± 4e 13.1 ± 6.8 19.6 ± 21.6c

HbA1c (%) - 7.4 ± 1.5d 7.5 ± 1.5d 9.1 ± 2.2b,c 8.7 ± 1.9
Systolic BP (mm Hg) - 128.4 ± 13.1c,d 142.2 ± 18.6b 143.9 ± 15.5b 130.8 ± 17.8
Diastolic BP (mm Hg) - 69.9 ± 13.3 77.7 ± 12.5 80.7 ± 14.3 74.1 ± 8.8
ACR (mg/mmol) 0.6 ± 0.1c,d 1 ± 1.1c 5.9 ± 7.9a,b 3.3 ± 3.2a 11.1 ± 18.4
Plasma creatinine (mmol) 66 ±10.1c,d,e,f 77.7 ± 21.3 95.6 ± 27.4a 100.7 ± 47a 150.4 ± 112.6a

WBC count (� 109/ml) 6.4 ± 1.8 7.5 ± 0.7 7.2 ± 2.2 7.2 ± 2.3 7.1 ± 0.8

Superscript letters indicate significant difference with the corresponding group where ahealthy controls; bdiabetic controls; cbackground DR; dpre-proliferative

DR; eproliferative DR.

ACR: Albumin:creatinine ratio; BP: Blood pressure; BMI: Body mass index; DR: Diabetic retinopathy; HbA1c: Hemoglobin A1c; RBG: Random blood glucose;

WBC: White blood cell.
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proliferative retinopathy patients (p = 0.038). The ability of
the mRNA to differentiate mild (background retinopathy
and no retinopathy) from severe retinopathy (pre-proliferative
and proliferative retinopathy) was examined by receiver oper-
ator characteristics (ROC) using mRNA for Rho. As shown
in Figure 2, the area under the curve for this marker was
0.756. In order to improve the diagnostic efficiency, Rho
was combined with RAO by calculating the ratio of Rho:
RAO values. As Rho values increased with increasing DR
while RAO decreased, calculating the ratio will improve the
diagnostic performance. The area under the ROC curve for
the ratio was higher at 0.823. The results were similar when
the mRNA levels were expressed in relation to total RNA.

4. Discussion

The present study was the first of its kind to assess levels of a
cone-specific marker (PDE6C) and RAO in circulation.

PDE6C mRNA was detected in about 60% of the patients,
a result that is surprising given the small number of cone
cells in the retina, especially when compared with the
average volume of the blood compartment. The findings
are reflective of the high metabolic activity of the cones in
the retina that are constantly exposed to visual insult during
the day. Since PDE6C is directly involved in the phototrans-
duction reaction, there is perhaps a constant need to replace
the enzyme and this can be achieved through transcription
of large amounts of protein mRNA. Some mRNA can then
be released into the circulation and may be detected.
Moreover, rapid turnover of the photoreceptors may lead
to shedding of PDE6C mRNA into the circulation on cell
death, which might also explain the detection of PDE6C
in healthy individuals.

The PAXgene Blood RNA system was used for the
collection of whole blood. These tubes contain a stabilizing
additive to preserve RNA and a buffer that induces lysis of
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Figure 1. (A) Rhodopsin, (B) RAO and (C) PED6C mRNA levels in diabetic patients without retinopathy and diabetic patients

with different degrees of retinopathy (0 = no retinopathy, 1 = background retinopathy, 2 = pre-proliferative retinopathy and

3 = proliferative retinopathy).

A. Butt et al.

S82 Expert Opin. Biol. Ther. (2012) 12(Suppl.1)

E
xp

er
t O

pi
n.

 B
io

l. 
T

he
r.

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Q
ue

en
's

 U
ni

ve
rs

ity
 o

n 
08

/1
3/

13
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



all cells, hence causing the release of intracellular RNA as well.
This technique has several advantages over the conventional
method of RNA extraction using ethylenediaminetetraacetic
acid (EDTA) tubes. For instance, previous studies have shown
that both total RNA and mRNA were more susceptible to
degradation in unpreserved blood [21,22]. Moreover, gene
expression was also induced following blood collection in
the EDTA tubes.

This study had some limitations. Several different
healthcare professionals diagnosed the patients included
in the study. The qualitative assessment of DR status var-
ied between different examiners and the extent of misdiag-
nosis within the patient groups was not known. Also, in
the PAXgene method, differentiation between potential
sources of RNA was not possible because of lysing of all
cells in the solution. Additionally, a low level of transcrip-
tion of some tissue-specific genes has been shown to occur
outside of the tissues in which they are usually active [23].
While such illegitimate transcription is probably occurring
at a small scale, it is unlikely to explain the detection of
PDE6C and RAO mRNA in circulation. The results

discussed thus far have all been normalized against
b-actin mRNA. However, the expression of this house-
keeping gene varies in different tissues or cell types and
is affected by different treatments and processes [24,25].
Another limitation to the study was the low number of
patients with more severe forms of DR. The findings of
the present study add to the growing panel of markers
that may be useful in assessing the function of the retina
in diabetic patients. However, much further research is
required to confirm any association between the concen-
trations of circulating PDE6C and RAO mRNA and DR.

The concentrations of both markers were raised in diabetic
controls as compared with healthy subjects and previous
studies have also reported similar findings. Hence, it may be
interesting to carry out a long-term longitudinal study to
determine if diabetic controls with very high levels of the
markers are at a higher risk of developing retinopathy in
the future.

Previous investigations have evaluated mRNA from dif-
ferent anatomical locations within the retina, including
the retinal pigment epithelium and rods. The present study
investigated two further segments of the light sensitive
layer, namely the cones and retinal ganglion cells. It is
hoped that a wide range of markers can eventually be devel-
oped, which will allow for evaluation of different parts of
the diabetic retina.

5. Conclusion

Circulating mRNA for Rho and RAO can be detected in all
diabetic patients, while PDE6C mRNA was detected in
60% of the subjects. The concentrations of PDE6C and
RAO mRNA in circulation decreased with the progression
of DR until the pre-proliferative stage. Of the markers tested
so far, Rho showed the greatest difference between groups and
had good area under the curve in ROC analysis. Combining
Rho and RAO further improved the diagnostic ability. It is
concluded that retinal-specific mRNA markers are potential
biomarkers for DR.
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