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Jan Němčanský, and Hana Langrová
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Age-related macular degeneration (AMD) is the most common cause of irreversible visual loss in the western world and
constitutes one of the main socioeconomical health issues
worldwide. AMD is a complex multifactorial disease with an
uncertain etiology associated with genetic and environmental
risk factors. The majority of patients present with a slowly
developing “dry” atrophic form of AMD, but about 10% of
patients will develop a rapidly progressing “wet” form with
choroidal neovascular membrane.
This issue on AMD compiles 8 exciting manuscripts
that include meticulously performed reviews of the currently
available literature and original clinical and experimental
studies.
It is well-believed that the incidence of AMD and its
progression to advanced stages may be reduced by controlling
modifiable environmental risk factors. As a result, several
groups have studied the effects of several interventions in
clinical practice.
Among them, cigarette smoking is a proven risk factor for
AMD. The S. Velilla et al. review summarizes the epidemiological studies evaluating the association between smoking
and AMD, the mechanisms through which smoking induces
damage to the chorioretinal tissues, and the relevance of
advising patients to quit smoking for their visual health.
Micronutrient supplementation enhances antioxidant
defense and healthy eyes and might prevent or retard AMD.
The role of nutritional supplements on AMD prevention
is addressed in two manuscripts. M. D. Pinazo-Durán et

al. review the proposed pathogenic mechanisms of AMD,
as well as the role of antioxidants and omega 3 fatty acids
supplements in AMD prevention. This paper is accompanied
by X. Xu et al.’s paper that explores the protective effects
of Fructus lycii ethanol extract and its active components
lutein/zeaxanthin in vitro and in vivo AMD mice model.
P. Fernández-Robredo et al. review the evolution of AMD
treatment and the limitations of the current therapies as well
as the socioeconomic impact of AMD. There is currently
no cure available for AMD, and even palliative treatments
are rare. Treatment options show several side effects, are of
high cost, and only treat the consequence, not the cause of
the pathology. For this reason, many options involving cell
therapy mainly based on retinal and iris pigment epithelium
cells as well as stem cells are being tested. Moreover, tissue
engineering strategies to design and manufacture scaffolds to
mimic Bruch’s membrane are very diverse and under investigation. Both alternative therapies are aimed at preventing
and/or curing AMD and are reviewed herein.
The establishment of future retinal pigment epithelium
(RPE) replacement therapy is partly dependent on the
availability of tissue-engineered RPE cells, which may be
enhanced by the development of suitable storage methods
for RPE. L. Pasovic et al. show in their article that the
preservation of RPE cells is critically dependent on storage
temperature.
Rheopheresis is an apparently safe and effective form
of membrane differential filtration for the elimination of
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high molecular weight proteins. J. Studnička et al.’s paper
deals with those aspects showing that rheopheresis reduced
drusenoid pigment epithelium detachment, improved the
electroretinographic function of photoreceptors, and prevented the decline of visual acuity.
Treatment of neovascular AMD is further reviewed in
two papers. K. Fang et al. identify the predictors of visual
response to the bevacizumab treatment of neovascular AMD
in a multicenter trial including 144 participants from the
NATTB study. Baseline VA and genotype of rs10490924 were
both important predictors for visual response to bevacizumab
at 6 months. Finally, R. Casaroli-Marano et al. conducted
an observational retrospective multicenter study of the management of patients with neovascular AMD. Achieving the
visual outcomes reported in pivotal trials, early diagnosis, a
proactive approach (more treating than follow-up visits), and
close monitoring might be the key to successfully manage
neovascular AMD.
Alfredo Garcı́a-Layana
Gabriele Thumann
Jürgen Groll
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Purpose. To survey the management of patients with neovascular age-related macular degeneration (nvAMD) in Spain. Methods.
An observational retrospective multicenter study was conducted. The variables analyzed were sociodemographic characteristics,
foveal and macular thickness, visual acuity (VA), type of treatment, number of injections, and the initial administration of a loading
dose of an antiangiogenic drug. Results. 208 patients were followed up during 23.4 months in average. During the first and second
years, patients received a mean of 4.5±1.8 and 1.6±2.1 injections of antiangiogenic drugs, and 5.4±2.8 and 3.6±2.2 follow-up visits
were performed, respectively. The highest improvement in VA was observed at 3 months of follow-up, followed by a decrease in
the response that stabilized above baseline values until the end of the study. Patients who received an initial loading dose presented
greater VA gains than those without. Conclusions. Our results suggest the need for a more standardized approach in the management
and diagnosis of nvAMD receiving VEGF inhibitors. To achieve the visual outcomes reported in pivotal trials, an early diagnosis,
proactive approach (more treating than follow-up visits), and a close monitoring might be the key to successfully manage nvAMD.

1. Introduction
Age-related macular degeneration (AMD) is the main cause
of legal blindness (visual acuity lower than 20/200) in the
Western world in people aged over 55 years [1]. It is a degenerative and progressive macular disease that results in loss of

central vision with significant functional impairment. The
most severe vision loss occurs in the neovascular form
of AMD (nvAMD), involving choroidal neovascularization
associated with retinal edema [2]. Even when AMD does
not lead to blindness, there is a strong negative impact on
independence and quality of life [3]. Worldwide, 25 million
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to 30 million people have severe visual loss due to AMD. The
prevalence of AMD in Spain is estimated between 1.3% (65 to
74 years) and 5.7% (aged ≥75 years) of population, accounting
for approximately 485.000 potential patients [4]. Since nowadays life expectancy is growing the prevalence of AMD is
likely to increase [5], hence its diagnosis and treatment might
represent an important challenge.
Therapies currently approved for nvAMD include laser
photocoagulation, photodynamic therapy, and the new drugs
capable of inhibiting vascular growth. The vascular endothelial growth factor (VEGF) inhibitors demonstrated improved
visual outcomes compared with other therapies, becoming
the first-line therapy for nvAMD [6]. The Phase III MARINA
and ANCHOR trials with ranibizumab were designed with
fixed monthly injections over a period of two years [7, 8].
However, as this treatment strategy is difficult to undertake
in the regular clinical practice, other alternative approaches
have been proposed by some retina specialist societies from
several European countries, like the Spanish Society of Retina
and Vitreous (SERV), recommending an initial loading dose
followed by maintenance injections on an as-needed basis
(PRN: per re nata) according to visual acuity and optical coherence tomography (OCT) changes [9]. Likewise,
three German ophthalmologic societies [10] (der Retinologischen Gesellschaft, der Deutschen Ophthalmologischen
Gesellschaft und des Berufsverbands der Augenärzte Deutschlands e.V.) and the prescription guidelines in France [11]
recommend an initial 3-month upload phase of monthly
injections and retreatment to prevent disease progression if
there is evidence of disease activity or vision deterioration.
Monitoring visits are recommended at monthly intervals
following the upload phase in Germany [10] and in Spain [9].
Although some recent clinical practice studies have assessed
the compliance with these guidelines [11–15], nothing has
been published regarding the Spanish situation.
In order to face the future needs of nvAMD patients, it is
necessary to broaden our knowledge about the correct management of the disease. Therefore, the aim of the present study
was to survey the diagnosis and management of patients with
nvAMD treated with antiangiogenic intravitreal therapy in
terms of clinical practice in Spanish public health centers.

2. Methods
2.1. Patients. An observational retrospective study was conducted to assess the diagnostic management, therapeutic
approach, and use of resources in Spanish public health
centers for patients with nvAMD treated with ranibizumab
or bevacizumab as first line. The inclusion criteria considered
were (1) patients older than 18 years; (2) patients diagnosed
with nvAMD on the first or second eye between February and
June 2009; and (3) patients followed up since the diagnosis
of nvAMD in the same center. Twelve ophthalmologists specialized in nvAMD from different tertiary care public Spanish
hospitals participated in this study. Each one included the first
25 diagnosed cases that met the inclusion criteria. Patients
were selected consecutively to avoid selection bias and each
one was observed for a maximum period of two years. The
selected eye for the analysis was the first eye diagnosed of
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nvAMD within this period. Whenever both eyes were diagnosed at the same visit, the studied eye was the one with better
corrected visual acuity (VA). If VA was the same, the right eye
was then selected.
The study was approved by the Spanish Agency of Medicines and Medical Devices (Agencia Española de Medicamentos y Productos Sanitarios) and the Ethical Review Board
of each participating center.
2.2. Data. Patient characteristics were recorded at baseline.
Clinical variables concerning the study eye were collected
at baseline and at every follow-up visit, which could be
treatment-related or not treatment-related. Baseline visits
recorded the number of times that a diagnostic technique
(biomicroscopy, fluorescein angiography (FA), and OCT) was
used. The aim of each follow-up visit was to perform a clinical
assessment of the patient: symptoms, lesion size (number
of disc areas: <1, 1-2, >2), foveal thickness (measured in
microns), macular thickness (measured in microns), and VA
(measured with Snellen or ETDRS charts). The type of treatment and dose administered for nvAMD were also recorded,
as well as the number of annual injections. The administration of an initial loading dose was considered as the injection
of 3 doses in a period of maximum 60 ± 15 days between the
first and third doses of ranibizumab or bevacizumab.
2.3. Statistical Analysis. To assess the evolution of clinical
variables several temporal frames were defined: 3, 6, 12, and
24 months after the diagnosis of the study eye. The nearest
follow-up visits to each temporal frame (±1 month) were
included in the analysis of that frame.
Results were expressed as mean and standard deviation
(SD) for the continuous variables and as the number and
percentage of patients per category for categorical variables.
The evolution of clinical variables was assessed by 𝑡-student or
Cochran’s-𝑄 tests, depending on the variables characteristics
(continuous or categorical, resp.). Early Treatment Diabetic
Retinopathy Study (ETDRS) scores were converted to Snellen
scores using a transformation table by Patel et al. [16]. Thereafter, Snellen fractions were approximately converted to letter
count according to an equivalence table [17]. Data analysis
was made using SPSS (Version 19) and SAS software (Version
9.2).

3. Results
3.1. Patient Baseline Characteristics. A total of 221 patients
fulfilled the inclusion criteria and 208 were finally included
in the analysis. The mean follow-up period was of 23.4 ± 4.2
months. A summary of the sociodemographic characteristics
of the study population and the study eye is provided in
Table 1. Of the 208 patients studied, 133 (63.9%) had nvAMD
in only one eye and 75 (36.1%) in both. Smoking history was
observed in 19.7% of patients: current smoker (5.8%) and
former smoker (13.9%). The referral of patients was to general
ophthalmologists or other retina specialists in 68.3% of cases,
emergency services in 23.6% of cases and general practitioners or optometrists for the rest of the patients.
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Table 1: Sociodemographic description of patients.
Variable
Age (years)
𝑛
Average (SD)
Median
Age groups
Total
<65 years
65–75 years
>75 years
Gender
Total
Male
Female
Ethnic group
Total
Caucasian
Hispanic
Iris color
Total
Light colored
Dark
Unknown
Study eye
Total
1—left
Secondary eye
Total
1—diagnosed before the study period
2—diagnosed after the first study eye
3—both eyes diagnosed at same time

Total
208
76.72 (7.83)
77
208 (100%)
14 (6.7%)
72 (34.6%)
122 (58.7%)
208 (100%)
88 (42.3%)
120 (57.7%)
208 (100%)
183 (88.0%)
25 (12.0%)
208 (100%)
44 (21.2%)
78 (37.5%)
86 (41.3%)
208 (100%)
105 (50.5%)
75 (100%)
48 (64.0%)
15 (20.0%)
12 (16.0%)

All patients conducted at least one of the diagnostic techniques assessed. A total of 95.7%, 76.4%, and 93.8% of patients
underwent biomicroscopy, FA and OCT, respectively. Of
note, 67.8% of cases underwent all the three techniques to
establish the diagnosis of nvAMD.
Table 2 provides a description of the lesion and symptoms
at baseline. The mean time between the appearance of symptoms and the diagnosis of the study eye was 1.9 ± 2.3 months.
The administration of first-line treatment took place 14.9 ±
29.6 days after diagnosis in average.
3.2. Clinical Outcomes. Both foveal and macular thickness
decreased over the study period. This change was already
significant after 3 months of follow-up. The decrease of foveal
thickness was in average 87.80 ± 85.88 𝜇m, 85.29 ± 97.74 𝜇m,
82.24 ± 104.01 𝜇m, and 83.73 ± 126.52 𝜇m at 3, 6, 12, and
24 months after diagnosis. The decrease of macular thickness
was in average 34.81 ± 48.72 𝜇m, 37.16 ± 66.50 𝜇m, 35.26 ±
61.73 𝜇m, and 27.92 ± 56.44 𝜇m at 3, 6, 12, and 24 months
after diagnosis. Thus, at baseline, the mean of foveal and macular thickness was 368.55±125.14 𝜇m and 304.59±63.41 𝜇m,

Table 2: Description of the lesion and symptoms at diagnosis.
Variable
Lesion type
Total
Classic
Minimally classic
Occult
Other shapes
RAP
IPCV
Unknown
Lesion size
Total
<1 disk
1-2 disks
>2 disks
Unknown
Subretinal neovascular membrane location
Total
Yuxtapapillar
Extrafoveal
Yuxtafoveal
Subfoveal
Subfoveal + Yuxtapapillar
Presence of symptoms at diagnosis
Total
Yes
Symptoms at diagnosis
Sudden and progressive loss of VA
Central scotoma
Difficulty to read
Metamorphopsia
Photopsia
Other symptoms
Other symptoms
Total

Study eye—𝑛 (%)
208 (100%)
83 (39.9%)
23 (11.1%)
71 (34.1%)
12 (5.8%)
9 (4.3%)
3 (1.4%)
19 (9.1%)
208 (100%)
38 (18.3%)
90 (43.3%)
42 (20.2%)
38 (18.3%)
208 (100%)
3 (1.4%)
22 (10.6%)
78 (37.5%)
104 (50.0%)
1 (0.5%)
208 (100%)
208 (100%)
136 (65.4%)
88 (42.3%)
49 (23.6%)
99 (47.6%)
1 (0.5%)
2 (1.0%)
2 (100%)

RAP: retinal angiomatous proliferation; IPCV: idiopathic polypoidal
choroidal vasculopathy; VA: visual acuity.

respectively. And at the end of the study, mean foveal and
macular thicknesses were 267.12 ± 104.18 𝜇m and 265.71 ±
30.70 𝜇m, respectively.
Mean VA gains of +6.45 ± 12.93, +3.84 ± 15.17, +2.41 ±
16.59, and +3.13 ± 19.64 letters were observed at 3, 6, 12, and
24 months of follow-up compared with baseline, respectively
(Figure 1). The maximum improvement in VA was observed
3 months after diagnosis. Thereafter, the response decreased
until one year of follow-up, when stabilized above the baseline
values until the end of the study. Mean VA observed at baseline was of 47.93±18.57 letters (0.25 or 20/80 approximately),
and at the end of the study it was of 52.99 ± 22.24 letters (0.35
or 20/63 approximately).
Patients who were treated early after the diagnosis (less
than 7 days) gained VA (+6.37 letters in average), whereas

Letter count

9
8
7
6
5
4
3
2
1
0
−1

12
10
8
6
4
2
0
−2
−4

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
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Month
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Letter count

4

Month
Means with standard error bars from visual acuity

Means with standard error bars from visual acuity
Without an initial loading dose
With an initial loading dose

Figure 1: Changes in visual acuity over the follow-up period
compared with visual acuity at baseline.

Figure 2: Changes in visual acuity depending on the administration
of an initial loading dose.

patients treated later than 14 days after the diagnosis lost VA
(−4.41 letters in average) (𝑃 < 0.001).

One particular participating center stood out among the
others due to a more proactive treatment regimen, consisting
of more treatment-related visits instead of follow-up visits.
Over the study period this center performed a mean of 10.8
treatment-related visits per patient against 5.3 for the rest of
the centers. Patients recruited (𝑛 = 33) in this hospital obtained substantially greater VA gains compared with
patients of the rest of the centers.

3.3. Treatment. A total of 2802 visits were recorded, of
which 1230 were treatment-related. At the end of the study,
patients had received on average 6.1 intravitreal injections of
antiangiogenic drugs: 4.5 ± 1.8 during the first year and 1.6 ±
2.1 during the second year. Overall, 14.7% of the visits were
performed following the recommendation of monthly visits
established by the SERV. During the first and second years of
the study a mean of 66.0 ± 57.6 and 82.5 ± 53.1 days between
consecutive follow-up visits was observed, respectively. A
mean of 5.4±2.8 and 3.6±2.2 follow-up visits were performed
per patient during the first and second year, respectively.
Most patients received ranibizumab (96.2%, 𝑛 = 200) as
antiangiogenic treatment, although an off-label use of bevacizumab was also reported (5.3%, 𝑛 = 11). During the second
year of follow-up about half of the patients (51.4%) received
antiangiogenic treatment (50%, 𝑛 = 104 with ranibizumab;
3.8%, 𝑛 = 8 with bevacizumab) for nvAMD.
A total of 105 patients (50.5%) did not receive a loading
dose. Those patients with a loading dose (49.5%, 𝑛 = 103)
showed better results regarding final VA and decrease in
foveal and macular thickness over the follow-up period. In
particular, mean VA gains at 3, 6, 12, and 24 months of followup among the group of patients who received a loading dose
were +9.06 ± 12.92, +6.69 ± 15.65, +5.75 ± 17.86, and +4.93 ±
20.31 letters, respectively; whereas the group without an
initial loading dose gained in average +4.58 ± 13.30, −0.65 ±
15.54, +2.64 ± 16.22, and +4.14 ± 17.84 letters at 3, 6, 12,
and 24 months of follow-up, respectively. Thus, at the end
of the study both groups showed similar VA improvements
(Figure 2). The difference reported at 6 months of followup between both groups was statistically significant (𝑃 =
0.0038).
Total injections received per patient were similar in both
groups: a mean of 4.3 ± 2.1 and 1.6 ± 2.1 injections were
recorded in the group without an initial loading dose during
the first and second years, respectively, and a mean of 4.7±1.8
and 1.6 ± 2.1 injections were recorded in the other group
during the first and second years, respectively.

4. Discussion
This observational retrospective study, performed in several
public health centers in Spain, identified that the management of patients with nvAMD treated with VEGF inhibitors
in routine clinical practice was variable and far away from
that recommended by the European specialist guidelines in
terms of treatment-related and not treatment-related visits.
Likewise, the Lumiere study reflected poor compliance with
treatment recommendations in France [11]. For example,
the SERV Guideline and three German ophthalmologic
societies recommend a loading treatment initiation followed
by monthly follow-up visits to detect early recurrences and
perform prompt retreatments to avoid as much as possible
the permanent anatomic and functional damage [9, 10].
The results previously described showed that, at the end
of the first year, patients gained in average only 2.4 letters
from baseline and slightly more than 3 letters at the end of
the study period. These gains are lower than those observed
in the pivotal trials with fixed monthly regimen or strict PRN
schemes with monthly visits [18, 19]. These differences can
be explained by the wide variability found, which was related
to time between first symptoms and diagnosis, time between
diagnosis and initiation of treatment, and large follow-up visits intervals. The delay in the nvAMD diagnosis is likely to be
caused by a lack of knowledge about the disease, but the
treatment delay could be due to the different regional health
systems and the accessibility to them. The large follow-up visit
intervals and the fall of the use of antiangiogenic treatment
observed during the second year of the study might be due to
the big clinical burden in the ophthalmology departments
of the public health system in Spain that makes a proper
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monitoring of the increasing nvAMD population more complicated.
The initial VA gain observed at the first 3 months was
mainly attributable to patients who received an initial loading
dose. Nevertheless, these patients gradually lost this greater
gain and ended the follow-up period close to the gain
achieved by the group of patients who did not receive the
loading dose. This can be explained with the fact that, at the
end of the study, both groups received a similar number of
injections. As reported by the CATT research group [19], the
effect of initial monthly doses disappears once the treatment
regimen is not strict and proactive. The maximum improvement observed in VA at 3 months of follow-up is in accordance with other recent clinical practice studies in Sweden
[12], Germany [13], Denmark [14], and France [11], where a
peak of VA gain occurred after 3 months of treatment followed by a decrease of the response.
Few treatment administrations have been recorded in this
study, and this fact could be explained by the low number
of follow-up visits performed. As it has been reported in the
CATT study [19], a PRN treatment approach for nvAMD
patients could offer similar results to fixed monthly injections
during the first year of treatment. Unfortunately, a monthly
fixed regimen or monthly follow-up visits are hardly feasible
in the current clinical practice due to the economic costs
and/or the clinical burden in ophthalmology departments of
the public health system in Spain. Therefore, further studies
assessing the benefits and the costs associated to a stricter
treatment regimen would be of interest.
It is worthy to mention the case of the public hospital
with the highest rate of treatment-related visits. This center
performs a more proactive treatment approach than the rest
of the centers as more treating than monitoring visits are
performed. In addition, VA outcomes obtained in this center
are substantially better than the overall gains obtained in this
study. Although one center out of 12 is not representative, the
results found in this hospital support the findings reported
in other studies, such us the MARINA [7] and ANCHOR
[8] clinical trials that demonstrated efficacy of ranibizumab
with monthly injections, and some recent studies, which
demonstrated a higher response as the number of injections
increases [20, 21]. In addition, this approach consisting in
lower number of follow-up visits but more treatment visits
could be affordable to obtain good VA results in overloaded
health systems where monthly monitoring is not possible and
the patient is exposed to large intervals between retreatment
with VEGF inhibitor drugs, thus increasing the chance of
disease reactivation and irreversible damage accumulation.
Postponing retreatment until there is evidence of ongoing
active disease might be leaving it too late [22].
Design limitations are those typically seen in retrospective studies, such as the lack of data in some medical records
or the fact that the information is not directly collected from
the patient. However, a retrospective design was the most
appropriate in order to achieve the objectives of the present
study. Another consideration is concerning the two scoring
systems (Snellen and ETDRS charts), which are known to
show differences, particularly in patients with nvAMD and
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poor VA [23]. Nevertheless, as values are shown in terms of
changes in the scores, there is no risk of bias in the results.
In conclusion, our results show the need for a more
standardized approach in the management and diagnosis
of nvAMD patients treated with VEGF inhibitors in Spain.
Other clinical practice studies [12, 13, 15] achieved the same
conclusion in other European countries. An early diagnosis, a
proactive approach, and close follow-up monitoring might be
the key to successfully manage this degenerative disease. Earlier treatment including an initial loading dose followed by a
stricter reinjection schedule could longer maintain VA gains
in better values. An effort should be made to increase the
adherence to the retina specialist guidelines in order to offer
the best VA outcomes to nvAMD patients, while new treatments or nvAMD management are explored and validated.
Avoiding reactivation of the disease should be considered as
an aim of the nvAMD treatment instead of retreating disease
reactivation, since a permanent damage is usually accumulated and never recovered, especially if the monitoring
surveillance is not as often as it should be. Due to treatment
cost and the significant impact that vision loss can have
on quality of life, economic evaluations comparing current
clinical practice and stricter reinjection regimens could bring
valuable information in order to help the decision making
process and to standardize a more appropriate treatment
schedules.
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Purpose. To review the proposed pathogenic mechanisms of age macular degeneration (AMD), as well as the role of antioxidants
(AOX) and omega-3 fatty acids (𝜔-3) supplements in AMD prevention. Materials and Methods. Current knowledge on the
cellular/molecular mechanisms of AMD and the epidemiologic/experimental studies on the effects of AOX and 𝜔-3 were addressed
all together with the scientific evidence and the personal opinion of professionals involved in the Retina Group of the OFTARED
(Spain). Results. High dietary intakes of 𝜔-3 and macular pigments lutein/zeaxanthin are associated with lower risk of prevalence
and incidence in AMD. The Age-Related Eye Disease study (AREDS) showed a beneficial effect of high doses of vitamins C, E,
beta-carotene, and zinc/copper in reducing the rate of progression to advanced AMD in patients with intermediate AMD or with
one-sided late AMD. The AREDS-2 study has shown that lutein and zeaxanthin may substitute beta-carotene because of its potential
relationship with increased lung cancer incidence. Conclusion. Research has proved that elder people with poor diets, especially
with low AOX and 𝜔-3 micronutrients intake and subsequently having low plasmatic levels, are more prone to developing AMD.
Micronutrient supplementation enhances antioxidant defense and healthy eyes and might prevent/retard/modify AMD.
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1. Introduction
Age-related macular degeneration (AMD) is the most common cause of blindness in the Western world. AMD has a
chronic progressive course and may require lifelong observation and therapy, becoming a socioeconomic problem as the
proportion of the aged population is continuously increasing
[1].
The evidence of extensive decline in quality of life and
increased need of daily living assistance after long follow-up
of patients with AMD substantiates the need to prevent vision
loss and progression to blindness.
Important advances in the understanding of AMD pathogenesis have been focused on the role of oxidative damage
into the retina [2]. It is clearly established that reactive oxygen
species (ROS) and oxidized lipoproteins are pivotal sources of
cell and tissue stress constructing adequate background for
parainflammation in the aging retina. This chronic situation
contributes to the development and/or progression of AMD
[3]. Angiogenesis and its downstream effects are important
milestones in AMD [4, 5]. Furthermore, increasing evidence
supports the fact that OS and apoptosis are closely linked processes and that both are implicated in the pathophysiologic
mechanisms of AMD [2, 4, 5].
All these were generating the foundation for further
epidemiological and interventional studies dealing with the
role of diet and nutritional supplements in the incidence and
progression of AMD [6]. The age-related macular degeneration study (AREDS) showed that high doses of zinc and
vitamins reduced the risk of vision loss and progression to
late AMD and recommended their use in patients with intermediate AMD or late AMD in one eye. AREDS2 study has
recently reported that the beta-carotene used in its first study
must be changed to lutein and zeaxanthin in order to improve
security without decreasing efficacy. However, AREDS2 was
not able to demonstrate that omega-3 in a nutritional supplement further reduces the risk when used in addition to
lutein and high doses of vitamins and zinc in a well-nourished
population [7].
In addition, there is no data of the effect of nutritional
supplements for AMD prevention when lower doses of
antioxidants, vitamins, and zinc are used, as it happens in
European countries. As a result, many ophthalmologists are
confused of whether or not to use these agents in everyday
clinical practice.
As a major cause of visual impairment-related qualityof-life in older adults, new clues on the redox status, angiogenesis, inflammation, as well as in the apoptosis versus cell
survival regulation in AMD are needed. In this setting, the
current review tries to arise data from epidemiological and
interventional studies about the role of antioxidants and the
omega-3 fatty acids in AMD prevention.

2. A Fresh Look at the Pathogenic
Mechanisms of AMD
2.1. Oxidative Stress. Oxidative stress (OS) results from the
imbalance between the prooxidants and the antioxidant
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Figure 1: Oxidative stress (OS) is widely accepted as a key player in
the initiation and progression of ocular diseases, including AMD.
The chain reactions of reactive oxygen species (ROS) include the
anion superoxide (O2 ∙− ), hydrogen peroxide (H2 O2 ), and hydroxyl
radical (∙ OH), all of them being able to importantly damage the
cells through oxidation of lipids, proteins, and nucleic acids. These
alterations lead to changes in protein function. Abbreviations: e:
electron, SOD: superoxide dysmutase, and Fe: iron.

defenses leading to cellular damage and death caused by ROS
[8]. The ROS are partially reduced metabolites of molecular oxygen formed through a variety of processes: normal
metabolic reactions, environmental agents, or transduction
pathways [9]. These ROS include oxygen free radicals, singlet
oxygen, hydrogen peroxide, and their respective metabolic by
products [10], as shown in Figure 1. The retina is especially
vulnerable to OS because of its high polyunsaturated fatty
acids (PUFAS) concentration [11–13], the elevated oxygen
consumption, its exposure to light, and a wide spectrum of
endogenous/exogenous injuries [14–19]. The OS role in
the pathogenic mechanisms of AMD has been extensively analyzed and diverse pathogenic AMD theories have
arisen. Zarbin suggested [18] that decreased oxygen delivery/metabolic “distress” may induce to the retinal pigment
epithelial (RPE) cells to synthesize substances leading to
choroidal neovascular growth. In this case, the RPE atrophy
(probably also followed by choriocapillaris and photoreceptor
atrophy), may be considered a response to decreased nutrients as well as the increased metabolic alterations in retinal
areas with excessive accumulation of extracellular debris.
Macular pigment protects the macula against oxidative damage. It is mainly constituted by two dihydroxycarotenoids, lutein, and zeaxanthin, acting as an optical filter
that absorbs short-wavelength visible light. Carotenoids also
demonstrate antioxidant activity [20]. Eyes with a predisposition to develop AMD or which already have developed the
disease have considerably less macular pigment and a greater
risk of oxidative damage compared with healthy eyes [21]. In
this context, clinical and experimental studies have demonstrated that photochemical macular injury is attributable
to OS [21–23]. Age-related accumulation of low-molecular
weight (phototoxic pro-oxidant) melanin oligomers within
RPE lysosomes may contribute to a reduced photoreceptor
discs phagocytosis [24]. Furthermore, the retinal pigment
epithelial cell exosomes had specific signaling phosphoproteins affected by OS [25].
In this scenario, the PUFAs oxidation leads to additional
ROS generation in the retina. These oxidized acids are not
correctly cleaved in the lysosomes of the RPE cells and
therefore are accumulated in the form of lipofuscin, which in
turn is stored in Bruch’s membrane as drusen. The latter can
stimulate a wide variety of immune responses, including
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phagocytosis. In fact there is cumulative data indicating to
lipofuscin as an important photoreactive agent and the result
of the specific oxidative injury to the photoreceptor outer segments [26]. Docosahexaenoic acid (DHA22:6𝜔3), the principal 𝜔3-PUFA in the retina, has also been reported to exert
noticeable antioxidant, anti-inflammatory, and antiangiogenic effects in both “in vivo” and “in vitro” experiments [27–
29].
Mitochondria are major sources of ROS, as by products
of the energy metabolism. Increased ROS damages lipids,
proteins, and nucleic acids. In several studies the increase in
mitochondrial DNA (mtDNA) damage and mutations and
the decrease in the efficacy of DNA repair have been correlated with the occurrence and the stage of AMD [30]. In fact,
these authors reported that lymphocytes exhibited a higher
amount of total endogenous basal and oxidative DNA damage in AMD patients. Furthermore, lymphocytes displayed an
increased sensitivity to hydrogen peroxide and UV radiation,
and when trying to repair these lesions they appeared to be
less effective than the same cell type from non-AMD patients,
suggesting that cellular response to mitochondrial and
nuclear DNA damage may be involved in AMD pathogenesis. This work also demonstrated that mitochondrial DNA
accumulates more DNA lesions than nuclear DNA in AMD.
Synowiec et al. [31] described the association between polymorphisms of the NQO1, NOS3, and NFE2L2 genes and
AMD. Other mitochondrial DNA H and J polymorphisms
associated with protection or risk for AMD have been
described by other authors [32] in a case control study.
It was found that mitochondrial DNA haplogroups confer
differences in risk for age-related macular degeneration.
Potential blood biomarkers of OS have extensively been
described through the literature, classically involving the
malondialdehyde (MDA) by product of lipid peroxidation and the 8-hydroxy-2 -deoxyguanosine, a metabolite of
nucleic acid oxidation [33]. Several molecules have also been
reported as probable biomarker candidates for the early diagnosis of OS in AMD [34, 35]. To explore the proteomic profile
of the aqueous humor from wet AMD patients Yao et al. [36]
analysed samples from wet AMD and non-AMD patients
describing a significantly different protein composition
between them. The specific proteins that were identified by
the authors, such as galectin 3 binding protein, fibronectin,
clusterin, matrix metalloproteinase-2, and pigment epithelium derived factor, may be considered as presumptive
markers of wet AMD development. ROS are also produced by
endoplasmic reticulum stress. Folding and secretion of proteins produce ROS and endoplasmic reticulum stress has also
been described as a primary pathogenic mechanism leading
to AMD [37].
It has also been shown that the iron overloaded retina
is a useful model for degeneration studies. In this context
Rodrı́guez Diez et al. [38] reported that the OS induced in the
retina in the presence of iron seems to be related to AMD by
means of cytosolic phospholipase A2 (cPLA2) and calciumindependent isoform (iPLA2) actions. Specifically the Group
V secretory PLA2 (sPLA2), a member of PLA2 family, has
several intracellular targets during iron-induced retinal
degeneration, and its role could be related to inflammatory
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responses by its participation in cyclooxygenase (COX)-2 and
nuclear factor kappa B (NF-𝜅B) regulation.
Further research with large clinical and epidemiological
studies as well as animal models and “in vitro” experiments
are urgently needed to better understand the relationship
between OS and AMD.
2.2. Angiogenesis. Angiogenesis is involved in many diseases,
including wet AMD [39, 40]. Key regulators of angiogenesis
are the vascular endothelial growth factor (VEGF), pigment epithelium-derived growth factor (PEDGF), fibroblast
growth factor 2 (FGF2), angiopoietins, and extracellular
matrix molecules (Figure 2). However, VEGF is really the
molecular switch for a wide variety of neovascular conditions
occurring in the eyes, through its actions on the proliferation
and survival of endothelial cells and vascular permeability
[41, 42].
Endothelial cells are particularly susceptible to exogenous
and circulatory agents. It is evident that the vasculature of
different organs responds differently to cytokines and growth
factors. Vascular endothelial growth factor (VEGF) activates
endothelial cell growth and induces angiogenesis [43–45].
Among the growth factors involved in the exudative AMD,
VEGF has been shown to be a major contributor to angiogenesis, by causing a massive signalling cascade in the capillaries
of the retina and choroid [46].
Bhutto et al. [47] examined the localization and levels of
the VEGF and PEDGF (an antiangiogenic factor) in aged
human choroid for determining if the localization or their
levels changed in AMD eyes. Data from this study suggest
a critical balance between PEDGF and VEGF. In addition,
PEDGF may counteract the angiogenic potential of VEGF.
The authors concluded that a decrease in PEDGF may disrupt
the balance by favouring the formation of choroidal neovascularization in AMD.
Stefater et al. [48] reported a new pathway through
myeloid cells that utilize the integration/Wingless (Wnt)
pathway to regulate expression of human receptor-type tyrosine kinase gene (Flt1) and angiogenesis (Figure 2). This
gene encodes a protein called VEGF receptor-1 that inhibits
vascular growth by binding VEGF. It seems that Flt1 expression can also be regulated so that when increasing it blocks
VEGF and vascular branching, or when lowering it permits
VEGF to increase neovascularization.
It is evident that through VEGF research it has been possible to design new therapeutic strategies for the angiogenic eye
disorders, as in AMD [49]. Anti-VEGF agents are currently
clinically available for ocular neovascularization treatment,
via intravitreal injections.
2.3. Apoptosis. Apoptosis is the programmed cell death, the
cellular suicide that is essential for the normal development
and survival of many organisms. Apoptosis can be classified
into three distinct functional steps: induction, effector, and
execution. At this moment, the affected cell undergoes an
irreversible degradation of all organelle and membranes
[50]. From a molecular viewpoint mitochondrial membrane
increases permeability and induces the release into the
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Growth factors
and its receptors
VEGF-A/VEGF.B/VEGF-C/VEGFD/
VEGFR1/VEGFR2/VEGFR3/
PEDGF/PEDGFR/FGF/FGFR/PIGF
Chemokines/chemokines receptors
Transcription factors

Molecules involved
in development
and maturation

HIF/PROX1/FOX/NF𝜅B/Hox
Angiogenesis

Angiopoietins/ephrins/netrins
semaphorins/collapsins
Wnt/fzd
Notch/DLL

Cell adhesion
molecules
Integrins/cadherins/IgSF1

Signalling molecules
Proteinases
MMP-9/MMP2

Extracellular
matrix proteins
Collagens/fibrin/
fibronectins/laminins

MAPK/Raf/Ras/PKA
Rac-1/CdC42/PKC
PKBB/COX2

Figure 2: Molecules involved in angiogenesis. There are many molecules that mediate-regulate angiogenesis. The seven classes enclosed in the
figure are (1) growth factors and its receptors, (2) transcription factors, (3) cell adhesion molecules, (4) signalling molecules, (5) extracellular
matrix proteins, (6) proteinases, and (7) molecules involved in development and maturation. Several of these molecules have been considered
for potential diagnosis or therapeutic approaches to control pathological angiogenesis.

cytosol of proapoptotic factors such as procaspases, caspase
activators, and other caspase-independent factors such as the
apoptosis-inducing factor, leading to cell death [51].
Experimental studies increasingly provide support that
OS and apoptosis are closely linked processes and that both
are implicated in the pathophysiologic mechanisms of a wide
spectrum of chronic and degenerative disorders. Evidence
suggests that ROS result in apoptosis of RGCs and progressive
vision loss in primary open-angle glaucoma [34], as well as in
AMD eyes [50–52]. Apoptosis has specifically been involved
in the early outgrowth of choroidal neovascular membranes,
as well as during development of fibrotic scars at later AMD
stages [39, 51].
Recent studies demonstrated a significant increase in
the terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL)-positive cells through the retinal layering
of postmortem human eyes with AMD. Moreover photoreceptors in these AMD eyes upregulate Fas, a potential
mediator of apoptosis, suggesting that Fas/FasL may trigger
the initiation of photoreceptor apoptosis in AMD [51].
In this scientific background it has been demonstrated
that antioxidants and free radical scavengers, as well as
the overexpression of the antioxidant enzyme manganese
superoxide dismutase, can inhibit or delay apoptosis [53–55].
Moreover, the B cell lymphoma 2 (Bcl-2) protein has been
proved to prevent cells from apoptotic death by means of an
antioxidant mechanism [56]. Therefore, it has been suggested
that ROS itself, and the resulting cellular redox change, can be

part of the signal transduction pathways involved in apoptosis
[57], as shown in Figure 3.
2.4. Inflammation. Immune-inflammatory response (IIR)
attempts to rescue the organism from the cell injury and its
related effects. IIR involves leukocytes/other innate immune
cells and lymphocytes T, B, and NK (adaptive immunity),
interacting among them by cytokines, chemokines, nitric
oxide (NO), and so on [58]. Tissue damage results from
uncontrolled chronic inflammation (Figure 4).
Increased inflammatory plasmatic markers such as the
tumor necrosis factor-alpha, TNF alpha, sVCAM-1, Eselectin, interleukins-6 and -18, and MCP-1 have been shown
to positively correlate with age, independently of any other
cardiovascular risk factors [59]. High levels of inflammatory/immune mediator molecules contribute to a proinflammatory environment that helps to develop vascular
dysfunction and promotes endothelial apoptosis in aging, as
suggested by Ungvari et al. in a recent review [57].
Drusen constitutes a characteristic change occurring in
the macula in relation to aging and is considered an early
sign of AMD. Although many authors have investigated the
composition and characteristics of human drusen, further
research is needed to elucidate its significance for AMD
prevention. A recent review by Parmeggiani et al. [60] indicated the pathogenic role of immunologic processes in AMD
occurrence, consisting of production of inflammatory related
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Figure 3: ROS-mediated apoptosis. In order to transmit physiological ROS-mediated signals and to accommodate to the OS,
the cells have a wide spectrum of intracellular signal transduction systems, including protein kinase cascades. Much of
these pathways are engaged in the route to apoptosis, including
MAP kinases/ASK1 upstream regulator, PKB/Akt-ERK. MKP/1 and
glutamate-induced cell death. Abbreviations: Akt protein kinase
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kinase, Glu glutamate, JNK c-Jun NH2-terminal kinase, MAPK
mitogen-activated protein kinase, MKP-1 MAPK phosphatase-1,
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protein kinase B, PKC protein kinase C, PKD protein kinase D, ROK
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molecules, recruitment of macrophages, complement activation, microglial activation, and accumulation within the macula. This report and other similar reports also emphasized
that proteins associated with inflammation and immune
response are prevalent among drusen constituents [61–63].
The authors especially focused on the importance of these
new findings to improve managing of AMD patients and to
prevent severe vision loss.
Altered cytokine profiles of human retinal pigment epithelium have also been related to the aging eye and AMD
[34, 64]. Moreover, oxidant injury and replicative senescence
infiltration of proinflammatory m1 macrophages have been
detected in the outer retina and precede damage in a mouse
model of age-related macular degeneration [63].
Pathogenic mechanisms of AMD related to inflammation
include variations in complement factor, a mayor risk factor
to photo-oxidative stress and inflammation, as well as matrix
metalloproteinases activity (recently described in relation to
wet AMD and pro-angiogenic environment). In fact, the
administration of soluble complement inhibitor Crry-Ig
reduces inflammation [65].
Further research in the topic of inflammation and
immune response is needed to better understand AMD and
to prevent AMD-related visual disability.

(1) Antioxidants. Several randomized clinical trials (RCTs)
evaluated the effects of antioxidant supplements in patients
with Categories 2 to 4 AMD [6, 66–70]. Some of them examined a mixture of antioxidant nutrients, including vitamin
C, vitamin E, and some carotenoids such as beta-carotene or
quercetin [67–70]. Other studies used zinc alone in the form
of zinc sulfate (200 mg/d) [66, 68] or as zinc monocysteine
(50 mg/d) [69].
By far, the largest study was the multicenter AREDS
trial which randomized 3640 patients with Categories 2, 3,
and 4 AMD into four treatment groups: antioxidants with
carotenoids, zinc alone, antioxidants with carotenoids + zinc,
or placebo [6]. The primary outcome was progression to
advanced AMD (central geographic atrophy or choroidal
neovascularization) and at least moderate functional visual
loss, defined as the loss of ≥15 letters on the ETDRS logMAR
chart. A secondary visual outcome was a decrease in the best
corrected visual acuity score from baseline of 30 or more
letters in a study eye (six lines or a quadrupling of the initial
visual angle) and progression of disease to a visual acuity
score worse than 20/100 in one or both eyes. Overall, in
analyses limited to only those with Category 3 or 4 AMD,
a reduction in functional visual loss was noted with either
supplement alone or in combination. Specifically, after five
years of follow-up, the zinc/antioxidant combination significantly decreased the degree of functional vision loss (OR 0.63;
99% CI 0.44–0.92). A similar but smaller effect was noted
with either supplement alone (zinc alone OR 0.75; 99% CI
0.53–1.07; antioxidants alone OR 0.79; 99% CI 0.55–1.13). On
the other hand, antioxidants were not associated with benefit
in the large subgroup of patients with Category 2 AMD (𝑛 =
1063) over seven years of follow-up. Of note, there was a
very low rate of progression from Category 2 AMD to more
advanced disease. Of patients with Category 2 AMD at baseline, 13 progressed to advanced AMD and 316 progressed to
Category 3 or 4 AMD during the study. No significant differences in demographics, socioeconomic status, smoking status, or comorbidities were noted between Category 2, 3, or 4
participants.
One additional trial found benefit from supplement use
[66]. In this small trial, 90 patients with Category 3 or 4
AMD were randomized to either zinc sulfate supplements
(200 mg/day) or placebo. Seventy-one subjects in the placebo
and 80 subjects in the zinc group completed the two-year
follow-up. Most patients had Category 3 or 4 AMD at
baseline, and half the participants had baseline evidence of
geographic atrophy. The placebo group was twice as likely
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Figure 4: Inflammation and immune response (IIR). The primary defense mechanism of the immune system needs the activation of different
cell phenotypes and intercellular signals to orchestrate all actions. Among the cytokines, the interleukines (IL) IL-1 and IL-6 and the TNFa are
inducers of the IIR through the regulation of the monocytes. Immunocompetent cells are essential for an adequate immune system function,
such as the macrophages, neutrophils, fibroblasts, and endothelial cells.

Table 1: Publications on the effects of antioxidants and/or omega 3 polyunsaturated fatty acids supplements for AMD.
Evaluation

With positive effects

Without effects

With negative effects

Antioxidants
AREDS report 8; Arch Ophthalmol 2001 (see [6])
AREDS2 RCT. JAMA 2005 (see [7])
Newsome et al., Arch Ophthalmol 1988 (see [66])
Richer et al., Optometry 2004 (see [67])
Stur et al., IOVS 1996 (see [68])
Newsome DA. Current Eye Res 2008 (see [69])
Richer S. J Am Optom Assoc 1996 (see [70])
AREDS2 RCT. JAMA 2005 (see [7])
Leeuwen et al., JAMA 2005 (see [74])
Flood et al., Ophthalmology 2002 (see [75])
Chow et al., Arch Ophthalmol 2004 (see [76])
Van den Langenberg et al., Am J Epidemiol 1998 (see [77])
Taylor et al., BMJ 2002 (see [79])
Moeller et al., Arch Ophthalmol 2006 (see [78])
Teikari et al., Acta Ophthalmol Scand. 1998 (see [83])
Omenn et al., N Engl J Med 1996 (see [86])
AREDS report 8; Arch Ophthalmol 2001 (see [6])
AREDS2 RCT. JAMA. 2013 (see [7])
The ATBC Cancer Prevention Study Group. Ann
Epidemiol 1994 (see [84])
Goodman GE et al., Cancer Epidemiol Biomarkers Prev
1993 (see [85])
Omenn et al., N Engl J Med 1996 (see [86])

Omega 3 fatty acids
Feher et al., Ophthalmologica 2005 (see [71])
Chong et al., Arch Ophthalmol 2008 (see [72])
Christen et al., Arch Ophthalmol 2011 (see [73])

AREDS2 RCT. JAMA 2005 (see [7])
Hodge et al., Ophthalmol 2006 (see [80])
Chong et al., BMJ 2007 (see [81])
Soused et al., Ophthalmology 2013 (see [82])
Heinonen et al., Annals of Epidemiology 2004
(see [84])
Tan et al., Ophthalmology 2008 (see [87])
Olson et al., Semin Ophthalmol 2011 (see [88])

AREDS2 RCT. JAMA 2005 (see [7])
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as the zinc- supplemented group to demonstrate clinically
significant vision loss (15.5% versus 7.5%).
Other studies were small (𝑛 = 56 or less), of relatively
short duration (6 to 24 months), and did not report a clinically significant reduction in visual loss from supplement use.
[67–69]. Two of these trials were conducted in VA settings.
One randomized trial reported the effects of a supplemental carotenoid, lutein (10 mg/d), among subjects with
AMD [67]. Subjects were randomized to lutein alone (𝑛 =
29), lutein + antioxidants (OcuPower; 𝑛 = 30), or placebo
(𝑛 = 31) for 12 months. The authors report very small
increases in visual acuity in the lutein and lutein + antioxidants groups, but these changes were not clinically significant
(<15 letters) after a one-year follow-up.
Another small, multicenter VA trial evaluated the effects
of a tablet containing a number of antioxidants and, similarly,
found nonclinically significant improvement in visual acuity
[70].
(2) Omega-3 Fatty Acids. One study examined the effects of
supplemental omega-3 fatty acids, L-carnitine, and coenzyme
Q10 among subjects with AMD [71]. Most (93.6%) subjects
in this study had “early” AMD at baseline; only 6.4 percent
had Category 3 or 4 AMD. The study randomized subjects to
omega-3 fatty acid supplement (𝑛 = 52) or placebo (𝑛 = 55).
The change in visual acuity was measured after 12 months of
supplementation. The report noted that omega-3 fatty acids
slowed visual acuity loss but not to a clinically significant
degree (0.5 line change in Snellen acuity). Other studies
analysed the role of dietary omega-3 PUFAS and fish intake
in the primary prevention of AMD [72]. Christen et al. [73]
in a large cohort of female health professionals who were free
of a diagnosis of AMD at baseline, examined the relation of
dietary intake of DHA/EPA and fish with visually significant
AMD during 10 years of follow-up. Results from this study
demonstrated that regular consumption of DHA and EPA
and fish was associated with a significantly decreased risk of
incident AMD. Authors suggested that this intervention may
benefit primary prevention of AMD.
AREDS2. The National Institute of Health (NIH) commissioned the National Eye Institute to conduct the Age-Related
Eye Disease Study 2 (AREDS2) [7]. It was a multicentered,
randomized, double-masked, placebo-controlled phase 3
study with a 2 × 2 factorial design, conducted in 2006 to 2012
and enrolling 4203 participants aged 50 to 85 years at risk of
progression to advanced AMD with bilateral large drusen or
large drusen in one eye and advanced AMD in the fellow eye.
The purpose of the study was to determine whether adding
lutein + zeaxanthin, DHA + EPA, or both to the AREDS
formulation decreases the risk of developing advanced AMD.
Additionally, the treatment arms evaluated the effects of eliminating beta-carotene from the original AREDS formulation
of antioxidants (500 mg vitamin C; 400 IU vitamin E; and
15 mg beta-carotene) and/or lowering the zinc component
of the supplement (previously 80 mg zinc as zinc oxide, and
2 mg copper as cupric oxide). Participants were randomized
to receive lutein (10 mg) + zeaxanthin (2 mg), DHA (350 mg)
+ EPA (650 mg), lutein + zeaxanthin and DHA + EPA,
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or placebo. All participants were also asked to take the
original AREDS formulation or accept a secondary randomization to 4 variations of the AREDS formulation, including elimination of beta-carotene, lowering of zinc dose, or
both. After a median follow-up of 5 years, 1940 study eyes
(1608 participants) progressed to advanced AMD. KaplanMeier probabilities of progression to advanced AMD by 5
years were 31% for placebo, 29% for lutein + zeaxanthin,
31% for DHA + EPA, and 30% for lutein + zeaxanthin and
DHA + EPA. Comparison with placebo in the primary analyses demonstrated no statistically significant reduction in
the progression to advanced AMD (hazard ratio [HR], 0.90
[98.7% CI, 0.76–1.07]; 𝑃 = .12 for lutein + zeaxanthin; 0.97
[98.7% CI, 0.82–1.16]; 𝑃 = .70 for DHA + EPA; 0.89 [98.7%
CI, 0.75–1.06]; 𝑃 = .10 for lutein + zeaxanthin and DHA +
EPA). There was no apparent effect of beta-carotene elimination or lower-dose zinc on progression to advanced AMD.
More lung cancers were noted in the beta-carotene versus no
beta-carotene group [2.0%] versus 11 [0.9%], 𝑃 = .04, mostly
in former smokers.
The study concluded that addition of lutein + zeaxanthin,
DHA + EPA, or both to the original AREDS formulation in
primary analyses did not further reduce risk of progression
to advanced AMD. However, because of potential increased
incidence of lung cancer in former smokers, lutein + zeaxanthin could be an appropriate carotenoid substitute in the
AREDS formulation.
3.1.2. Without Effects
(1) Antioxidants. Antioxidants have been hypothesised to
reduce oxidative damage to the retina, but the effectiveness
of dietary oxidants in the primary prevention of AMD is
unclear.
Previous studies and reviews have largely focused on
the role of dietary antioxidants and supplements in the
prevention of early AMD or progression to late AMD in
people with signs of early disease. Among all the clinical
trials done, most of them are prospective cohort studies. Only
four are randomized clinical trials (including the AREDS2,
recently released).
All the studies dealing with the role of antioxidants and
supplements found that there is little or no effect of vitamins
(A, C, and E) zinc, lutein, zeaxanthin, other carotenoids, and
omega-3 fatty acids [73] to prevent AMD.
Dietary Antioxidants and Early AMD. Vitamin A: the studies
that contributed to the pooled analysis reported null associations between intake of vitamin A and prevention of AMD
[74–76].
Vitamin C: due to the heterogeneity of the studies, there
are reported positive associations [77] as well as inverse [76]
or null effect in preventing AMD [74–76].
Vitamin E: most of the cohort and randomized studies
published have reported null or inverse association between
intake and preventing AMD [74, 77, 78]. In randomized trials,
no protective effect was seen for vitamin E.
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Table 2: RCTs: Beta-carotene and risk of lung cancer in smokers.

Randomized clinical trials
(RCTs)

N

Treatment groups

Follow-up

Lung cancer risk (smokers)

P value

The Alpha-Tocopherol,
Beta-Carotene (ATBC) Lung
Cancer Prevention
Study—1985–1993 (see [84])

29133 smokers
(men)

Group 1: 𝛼-tocoferol
Group 2: 𝛽-carotene
Group 3: Placebo

5–8 years

Beta-Carotene
supplementation was
associated with increased
lung cancer risk (RR = 1.16;
95% CI = 1.02–1.33)

𝑃 = .02

18314 smokers
(men and
women) or
asbestos
exposed

The carotene and retinol efficacy
trial (CARET)-1993 (see [85])

Group 1: 𝛽-carotene and
retinyl palmitate
Group 2: Placebo

Stopped 21
months
earlier

There were 28% more lung
cancers and 17% more
deaths in the active
intervention group

𝑃 = .01

Zinc: results are contradictory. Most of them reported
positive associations except one null [77] and other inverse
association [74].
Lutein and zeaxanthin: none of the findings in the studies
were statistically significant, most of them showed null [78,
79] or even inverse correlation between their supplementation and prevention of progression of AMD [76]. The
AREDS2 [7] found no benefit in the addition of lutein plus
zeaxanthin to the AREDS formulation to reduce risk of AMD
progression.
Omega-3 fatty acids: although few prospective studies
and meta-analysis suggest that the consumption of fish and
foods rich in omega-3 fatty acids may be associated with low
risk of AMD, there is insufficient evidence to support their
routine consumption for AMD prevention [80–82]. Only one
randomized clinical trial (AREDS2) concluded that DHA
plus EPA added to the AREDS formulation did not further
reduce the risk of progression to advanced AMD [78].
Dietary Antioxidants and Late AMD. Only few published
cohort studies provided data for risk of late AMD. Each of
them evaluated different antioxidants. There is insufficient
evidence that antioxidants at the studied doses prevent the
progression to late AMD [83, 84].
3.1.3. With Adverse Effects. Treatment options for nonneovascular Age Macular Degeneration (AMD) are limited and no
prophylaxis is still available. Several randomized clinical trials
(RCTs) have been done during the last two decades based on
the beneficial effects of antioxidants, vitamins, and zinc. The
benefits of these micronutrients have been demonstrated but
although generally reported as safe, vitamin supplements may
also have harmful effects.
More than thirty large RCTs with more than one year
of follow-up have been registered to study the efficacy and
safety of oral supplements. The evidence for harms has been
driven by two trials, the Alpha-Tocopherol, Beta-Carotene
(ATBC) Lung Cancer Prevention Study, and the Carotene
and Retinol Efficacy Trial (CARET) [84–87]. Vitamin E at
high doses seemed to be associated with increased risk of
mortality, congestive heart failure, prostate cancer, and betacarotene with an increased risk of lung cancer among active
smokers (Table 2).

The Age-Related Eye Disease Study (AREDS) [6], a
multicentered, prospective, randomized trial sponsored by
the National Eye Institute of Health, was designed to assess
the clinical course of AMD and to evaluate the effect of high
doses of vitamin C, vitamin E, beta-carotene, and zinc on the
progression of this disease. In 2001 the results were published
[6]. From the efficacy point of view a reduced risk of advanced
age-related macular degeneration and vision loss for study
participants with some degree of AMD who were assigned
to high-dose supplementation with antioxidants plus zinc
was reported. Regarding safety, circulatory adverse effects
were more frequently found in the zinc groups (𝑃 = .01)
as well as genitourinary hospitalizations (𝑃 = .001) and
hospitalizations for mild/moderate symptoms (𝑃 = .04). Skin
and subcutaneous tissue conditions (yellow skin) were more
frequent in the antioxidant arms (𝑃 = .003). Although the
risk of lung cancer among smokers was not established in
this study, the data and safety monitoring committee recommended that smokers should discontinue study medications
containing beta-carotene based on the results from the RTCs
that had suggested increased risk of mortality among smokers
supplemented with beta-carotene [84–86].
Beta-carotene intake also seems to predict neovascular
AMD in both smoker and nonsmokers and higher intakes of
total vitamin E predict late AMD as it was shown in the Blue
Mountain study [87]. On the other side, several studies with
lutein, zeaxanthin, vitamins, and omega-3 fatty acids have
been reported to decrease AMD progression [88] Omega3 long-chain polyunsaturated fatty acids have been recently
mentioned to have a potential benefit in patients with AMD
or those at risk of AMD, and although several studies have
demonstrated that high dietary intake of omega-3 fatty acids
is associated with a 38% decreased risk for late AMD, there
are not many RCTs with this micronutrient [71–73].
The AREDS 2 [7], a multicentered, randomized, controlled phase 3 clinical trial with a 2 × 2 factorial design,
conducted between 2006 and 2012 and enrolling 4203 participants aged 50 to 85 years at risk of progression to advanced
AMD was designed to determine whether adding lutein +
zeaxanthin, DHA + EPA, or both to the initial AREDS formulation decreases the risk of developing advanced AMD. The
results have been recently published. The addition of lutein +
zeaxanthin, DHA + EPA, or both to the AREDS formulation
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Table 3: Summary of different animal models studied in relation to dietary omega-3 PUFA.
Authors

Animal model

Koto T et al., 2007 (see [92])

C57BL/6 mice

Chan et al., 2008 (see [94])

Cx3cr1 and Ccl2-deficient mice

Tuo et al., 2009 (see [93])

Cx3cr1 and Ccl2-deficient mice

Neuringer et al., 2010 (see [100])
Renner et al., 2013 (see [102])

Macaque monkeys

do not reduce risk of progression to advanced AMD and
regarding safety, more lung cancers were noted in the betacarotene versus no beta-carotene group (2.0% versus 11 0.9%,
𝑃 = .04), mostly in former smokers [7]. It is known that the
elevated zinc concentration used in AREDS causes minor side
effects, such as stomach problems. Copper, as cupric oxide,
was added to avoid anemia induced by high zinc intake.
Moreover, it was stated from ARED2 results that while zinc
is an important component of the formulation, it is now
unclear how much zinc is necessary for the purpose of the
study.
With the megadoses of vitamins and minerals that have
been utilized by different studies, it has to be taken into consideration that secondary effects can appear. In fact, vitamin
E appropriate dosage can be confusing. However, current
guidelines [89] instructed about dietary allowances (RDA)
and upper tolerable threshold for vitamins. But, it is usually
seen that most commercial products remain labeled in
International Units (IUs), instead of mg, as recommended.
Vitamin E supplementation may potentiate the effects of Warfarin (Coumadin). Therefore, taking vitamin E along with
the latter can increase the chances of bleeding. Vitamin E
supplementation has been associated with increased risk of
heart failure. Taking into account all the above information,
summarized in Table 1, and although valuable clinical effects
of nutritional supplements have been reported, more information about safety in the general population is needed.
3.2. Animal Models for AMD and the Effects of Antioxidants
Omega-3 PUFA. As shown above some clinical trials have
suggested that omega-3 polyunsaturated fatty acids (omega3 PUFA) decrease the likelihood of developing AMD. Some
animal models have also been developed in order to check
this hypothesis, mainly in rodents and primates (Table 3).
Mammals depend on dietary intake of omega-3 PUFA,
because mammalian cells lack enzymes necessary to synthesize the precursor of omega-3 PUFA and to convert omega6 to omega-3 PUFA [86, 90]. Sufficient omega-3 PUFA are
principally derived from fish and seafood and are difficult to
obtain from purely vegetarian sources. The animal models
have been tested with high or low dietary intake of omega3 PUFA.

Results
Supplementation with EPA prevented choroidal
neovascularization induced after laser photocoagulation
Smaller number of retinal lesions when diet high in omega-3
PUFA
Mice that ingested a high omega-3 PUFA diet showed a
slower progression of retinal lesions compared with the low
omega-3 PUFA group
Diets lacking carotenoids and omega-3 PUFAs developed
patches of RPE atrophy and increased incidence of drusen.
SD-OCT showed RPE disruption

On the one hand, the use of murine models can provide
basic physiology and pathology relevant to human AMD,
because they are relatively cheap and easily reproduced and
manipulated. However, rodents have no macula and their
retinal photoreceptor cells are predominantly rods, rather
than the cone cells that predominate in the human macula.
What cones the rats do have are dispersed throughout the
retina, rather than concentrated around the fovea as they are
in humans [91].
In one study, four-week supplementation with 5% EPA
was shown to prevent choroidal neovascularization induced
after laser photocoagulation in 6-week-old C57BL/6 mice
[92]. EPA also exerted anti-inflammatory action locally in
the eye, as well as systemically in the circulation by means
of significant reduction in the expression and production of
inflammatory and angiogenic markers in the RPE, endothelial cells, and macrophages, and lower serum CRP and IL-6.
Cx3cr1 and Ccl2-deficient mice (double-knockout) have
been shown to present a synergistic effect resulting in a phenotype displaying typical AMD features with early onset and
high penetrance [93, 94]. A diet enriched in DHA and EPA
for 12 weeks in 9-week-old Ccl2/Cx3cr1 deficient mice can
ameliorate the progression of retinal lesions such as retinal
and subretinal spots, chorioretinal scars, focal loss of photoreceptors, and focal hypopigmentation of the RPE cells. The
authors proposed the increase of anti-inflammatory derivatives such as PGD2 and the decrease of proinflammatory
derivatives such as PGE2, LTB2, TNF-alpha, and IL-6 as
the mechanisms underlying the lower disease progression
[94, 95].
On the other hand, nonhuman primates offer the closest
anatomy to humans, but are quite difficult to manipulate
genetically, costly to maintain, have a slow time course of
disease progression, and some researchers are also loath to
conduct research in primates for ethical reasons [90, 91].
Macaque monkeys have a macula and commonly develop
age-related maculopathy that shares common features and
risk factors with human AMD. Monkeys rarely show spontaneous development of either the wet or dry form of
advanced AMD, but it has been documented the signs of
early to intermediate AMD in older rhesus macaque monkeys
(Macaca mulatta) [96, 97].
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However, there is one monkey model of cynomolgus
macques (Macaca fascicularis) that presents an early-onset
macular degeneration syndrome [98, 99]. Besides, a similar
syndrome has been identified in the Japanese macaque
(Macaca fuscata) [100].
Human and monkey drusen has been shown to be
histopathologically similar [101]. Furthermore, it appears
that both species present similar key nutritional risk factors
for AMD development. Monkey-fed-diets lacking luteinzeaxanthin and omega-3 PUFA showed an increased incidence of drusen at early ages, by 15 years of age (equivalent to
45 human years), and atrophic macular disease [99, 101, 102].
Moreover, adequate intake of omega-3 PUFA reduces the
blue-light-induced damage in the parafovea of rhesus monkeys [103]. A summary of these data is enclosed in Table 2.
All these findings provide support for the role of omega-3
PUFA as an important factor in the development of AMD in
animal models.
3.3. In Vitro Models for AMD and Evaluation of Antioxidants
and Omega-3 Fatty Acids. Due to its high complexity it is
not easy to find in vitro models that mimic AMD, mainly for
three reasons: the first one and the most important is due to
the unawareness of the etiology and physiology of AMD; the
second one is as a matter of the complexity of the disease
involving a variety of cell types; and the last one but not
the least refers to the variety of disease types and findings
(exudative AMD, atrophy, drusen, and pigment abnormalities).
3.3.1. In Vitro Models of Angiogenesis. Choroidal neovascularization and VEGF play an essential role on exudative
AMD.
Endothelial primary cultures are the most useful cell
types used for this purpose, as they are the main constituent of
blood vessels and its proliferation and migration induced by
VEGF play an essential role in the pathologic angiogenesis.
Studies using bovine carotid endothelial cells are
described [103], in which the effects of EPA on VEGFinduced MAP kinase activation are tested, as well as the
expression of VEGF receptors. The use of primary culture
of human umbilical vein endothelial cells (HUVECs) is also
considered as a good model for the understanding of the
pathology [104]. A study evaluating the antiangiogenic
properties of EPA on proliferation, migration, and tube
formation of HUVEC cultures has been published with
promising results [105]. The use of human aortic endothelial
cells [105] is another alternative. Finally, the most useful cell
type for the study and the understanding of proliferative eye
pathologies might be the retinal microvascular endothelial
cells, mostly extracted from bovine [106] or porcine [107]
eyes, although PUFAs antiangiogenic properties have not
been tested yet on it.
3.3.2. In Vitro Models of Oxidative Stress. Although the mechanisms involved in AMD are still not completely understood,
it is well known that oxidative stress plays a major role in
the evolution of this pathology. Cells undergoing oxidative
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stress produce proinflammatory and proangiogenic factors
and they are more susceptible to apoptosis.
The classical way to produce oxidative stress is the
reduction of the oxygen concentration in the environment.
The hypoxia/reoxygenation model in HUVEC cultures [108]
shows an increased production of reactive oxygen species and
a dysfunction in gap junctions, which is reversed by EPA
pretreatment.
Another good approach to mimic the oxidative stress
produced in the retina is the use of oxidant agents. One
of the most extended methods is the addition of H2 O2 in
the cultures. This approach has been used to demonstrate
the protective effect of DHA derivative neuroprotectin D1 in
ARPE-19 cells (a spontaneously transformed human RPE cell
line), showing DNA fragmentation reduction, caspase cleavage reduction, and upregulation of antiapoptotic proteins
[109]. The difficulty of this technique lies in conveniently
diluting H2 O2 to generate stress without causing widespread
cell death. Other oxidant agents can also be used to generate
stress, for example, paraquad [110]. In this study they isolate
neuronal cultures from rat retinas and expose them to the oxidant, testing the protective properties of DHA and macular
carotenoids. The cell viability, apoptosis, and the mitochondrial membrane potential are evaluated. Finally, tert-butyl
hydroperoxide (tBH) has also been demonstrated to cause an
oxidative stress in vitro in ARPE-19 cultures [111], and it has
been used in the study of the efficacy of various antioxidants
protecting the retinal pigment epithelium from oxidative
stress [112–114], although PUFAs protection has not been
tested in this model yet.
The last model of oxidative stress is the light stress model
[115] based on in vitro liposomal membranes reproduction
mimicking the macular membranes of human retina, and
posterior UV radiation to produce oxidative damage. This
model has only been used to test the effect of lutein and
zeaxanthin on lipid oxidation, but this might be also a
promising tool for the research of antioxidant properties of
PUFAs.

4. Conclusions and Future Directions
The AMD is a leading promoter of visual disability in people
over their sixties, with an exponentially growing prevalence
that continues to rise. The AMD pathogenesis involves a
complex interaction of cellular and molecular factors, which
may be induced by light damage, OS, angiogenesis, apoptosis,
and/or inflammation. In this context, it is evident that nutrients and other dietary components may contribute to AMD.
Although new treatments for AMD have appeared in the
past years, which have notably improved visual outcomes and
quality of life, disappointing clinical results are still present in
the clinical practice. Therefore, knowledge on the pathogenic
mechanisms of AMD remains far from complete. With a
simple view to reduce OS, apoptosis, inflammation, and/or
angiogenesis, the role of nutritional antioxidant supplements
and omega-3 PUFAs on the initiation and progression of
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AMD are currently unresolved. However, wide circumstantial evidences from epidemiological studies and preclinical
“in vivo” and “in vitro” research are strongly supportive.
Many observational studies have suggested a benefit from
high dietary intakes of omega-3 and macular pigments like
lutein and zeaxanthin which are associated with a lower risk
of prevalence and incidence in AMD. However, in the case of
omega-3 more clinical trials are required for concrete recommendations on their use. The Age-Related Eye Disease study
(AREDS) showed a beneficial effect of high doses of vitamins
C, E, beta-carotene, and zinc with copper in reducing the
risk of progression to advanced AMD in patients with intermediate AMD or in patients with one-sided late AMD. The
AREDS-2 study has shown that lutein and zeaxanthin may
substitute beta-carotene because of potential increased incidence of lung cancer. For summarizing the effects of antioxidants and w-3 fatty acids see Table 1.
In Europe, the doses of vitamins and minerals used in
addition to lutein and omega-3 are typically lower than the
doses used in the two AREDS studies and in other larger
observational studies. In addition, dietary habits, environmental factors, medical conditions, lifestyles, and genetic
background are different in the European countries from the
population involved in the AREDS. In that scenario, there are
no data about the protective effect of these nutritional supplements on the secondary prevention of AMD. So, Europeanbased study would be very helpful to determine the effect of
nutritional supplements in AMD prevention.
In the near future new devices and new designs will
improve the diagnostic and therapeutic options for AMD at
different stages with the challenge of personalizing the patient
management and standards of care.
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Age-related macular degeneration (AMD) is the leading cause of blindness in the Western world. With an ageing population, it
is anticipated that the number of AMD cases will increase dramatically, making a solution to this debilitating disease an urgent
requirement for the socioeconomic future of the European Union and worldwide. The present paper reviews the limitations of
the current therapies as well as the socioeconomic impact of the AMD. There is currently no cure available for AMD, and even
palliative treatments are rare. Treatment options show several side effects, are of high cost, and only treat the consequence, not the
cause of the pathology. For that reason, many options involving cell therapy mainly based on retinal and iris pigment epithelium
cells as well as stem cells are being tested. Moreover, tissue engineering strategies to design and manufacture scaffolds to mimic
Bruch’s membrane are very diverse and under investigation. Both alternative therapies are aimed to prevent and/or cure AMD and
are reviewed herein.

1. Age-Related Macular Degeneration:
Socioeconomic Burden and Limitations
of Current Therapies
1.1. General Introduction. Age-related macular degeneration
(AMD) is one of the leading causes of vision loss and the
most common cause (almost epidemic) of blindness in industrialized countries. It is the first source of legal blindness
(visual acuity < 20/200) in Europe and mainly affects people over the age of 50 affecting about 30 million people
worldwide. The dramatic loss of autonomy and life quality

associated with AMD [1, 2] leads to increased costs for healthcare and long-term care. AMD is multifactorial but clearly
age-related pathology. The number of affected people is expected to double by the year 2020 as a result of ageing of the
world’s population. Even, in developed countries, AMD is
gaining attention due to increased life expectancy and improved visual care facilities [3].
AMD is an inflammatory chronic progressive eye disease
with damage to retinal pigment epithelium (RPE) cells in
its early stage, while late stage has two distinct forms: the
slowly progressing “nonvascular” and the rapidly progressing
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“neovascular” AMD [4]. However, both forms eventually lead
to blindness [5] through degeneration of retinal pigment
epithelium (RPE) and posterior photoreceptor (PR) cells.
Moreover, with age, the metabolic activities of RPE cells
decrease leading to deposition of debris on and in BM
and decreased turnover and degradation of the extracellular
matrix (ECM) resulting in altered filtration of nutrients and
metabolic wastes which affects attachment of RPE cells to the
BM. The resulting altered metabolism and death of the RPE
cells cause the hypopigmentation observed in early AMD [6].
Probably, the presence of debris triggers a local inflammatory
response that activates the immune system, causing a chronic
and excessive immune response with further damage to the
retina [7]. Moreover, patient and in vitro studies reveal that
cells do not attach to old or damaged BM and do not form
a monolayer over the area of degenerated RPE cells [8]. In
AMD patients, BM no longer supports the normal functions
of RPE cells, and the RPE cells are no longer able to maintain
a normal BM [8, 9].
1.2. Limitations of Current Therapies in Clinical Use. Traditional therapeutic products targeting degenerative diseases
have largely focused on palliative forms of treatment that
mainly ameliorate or control the symptoms of a disease
without addressing the underlying biological cause. There
is currently no cure available for AMD, and even palliative
treatments are rare. Treatment options span a broad range of
therapeutic approaches, including thermal laser photocoagulation, surgical approaches (excision, displacement, or transplantation), and new treatments targeting the choroidal
neovascularization (CNV) component and its pathogenic
cascade, such as verteporfin with photodynamic therapy
(vPDT) and more recently antivascular endothelial growth
factor (VEGF) therapies [10].
1.2.1. Intermediate and Advanced AMD Prevention. In addition to the intake of vitamin and minerals supplements
described by the two AREDS studies, stopping smoking and
a healthy diet are strongly recommended.
1.2.2. Wet/Vascular AMD Treatments
Laser Photocoagulation and Photodynamic Therapy. Treatment strategies for the neovascular form of AMD had been
focused several years ago on the prevention of further
progress of the CNV either with laser photocoagulation
for extrafoveal CNV [11–13] or with photodynamic therapy
(PDT) [14]. Although PDT has become increasingly prevalent, its effect on the patients’ vision is limited; there is a large
number of CNV recurrences reported after PDT and the
unpredictable repetition of treatments in 3-month intervals in PDT treatment [14–16]. Thermal laser successfully
prevented the proliferation of CNV; however, visual loss
and recurrences impaired the treatment benefit. Using nonthermal laser energy through vPDT appeared as a healthy
alternative, but again, it was unsatisfying given the inability
to improve vision in a majority of patients [10].
Anti-VEGF Therapy. Vascular endothelial growth factor
(VEGF-A) is the most potent promoter of angiogenesis and
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its role in the pathogenesis of neovascular AMD is well
recognized [17, 18]. The advent of intravitreous VEGF inhibitors has revolutionized the management of neovascular
AMD. A portion of patients with neovascular AMD can be
symptomatically treated with VEGF inhibitors that are effective in preventing the progression of vascular AMD with
some vision recovery in only 30% of patients. Monthly
injections of Ranibizumab or Bevacizumab (off label) are the
current, gold standard therapy in the management of neovascular AMD. Individualized treatment regimens, including
traditional PRN (pro-re-nata) and “treat and extend,” may
yield visual outcomes comparable with monthly dosing,
although close followup and frequent treatments are still
needed. However, inhibition of vascularization only maintains temporarily the status quo in the majority of patients
indicating that neovascularization is a late event in the development of AMD and certainly not the causative event. In
addition, as VEGF is an essential factor for cell survival, it has
been demonstrated that the sustained blocking of VEGF can
lead to undesirable adverse effects, such as chorioretinal
atrophy [19, 20]. Recent preclinical studies in monkeys clearly
show that anti-VEGF therapy has a strong reducing effect on
the diameter of the choriocapillaris [21]. These findings
offer an explanation why RPE cells and retinal atrophy may
develop.
In minimally classic/occult trial of the anti-VEGF antibody ranibizumab in the treatment of neovascular agerelated macular degeneration (MARINA) study, patients
receiving the 0.5 mg dose of ranibizumab experienced a 21.4
letter improvement compared with sham injections, and in
ANCHOR, they demonstrated a 20.5 letter improvement
compared with those receiving photodynamic therapy [22].
Data from the CATT study showed that patients who were
scrutinized monthly experienced similar outcomes at years
1 and 2 whether treated monthly or PRN with ranibizumab
or Bevacizumab. These results suggest that either a PRN or
a treat-and-extend regimen provides a reasonable approach
to the monthly injection protocol, although the two have not
been compared directly with each other in prospective trials
[23].
Although anti-VEGF injections have largely improve
the visual outcomes of late neovascular AMD, the risk of
visual decline and disease activity persists, and the need for
anti-VEGF treatment continues in a substantial portion of
patients. The long-time results observed after seven years in
the SEVEN-UP cohort may reflect the inexorable nature of
this chronic disease even in the face of treatment. In this
study, 98% of the study eyes were detected to have macular
atrophy which mainly involved the fovea, as indicated by definite decreased autofluorescence. Decreased visual acuity in
late neovascular AMD may be associated with macular atrophy and the presence of intraretinal or subretinal fluid [20].
Anti-VEGF agents with a higher affinity for VEGF molecule, such as aflibercept (Eylea), offer another option [22].
Aflibercept is a promising new agent recently approved by
FDA that may lessen the treatment burden, given the encouraging 1-year (after three initial monthly injections) results
from the 2 mg bimonthly maintenance dosing arm of the
phase 3 VIEW studies compared to the monthly regimen [19].
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Preapproval clinical trials showed benefits and side effects
that were similar to those of Ranibizumab. Similar to
Ranibizumab, aflibercept binds to all VEGF isoforms (A, B,
and C) with a 10-fold higher affinity than Ranibizumab for
VEGF [24, 25].
Combined Therapy. PDT in combination with anti-VEGF and
steroids is currently used as a second-line therapy in patients
not responding to monotherapy with anti-VEGF agents or
in whom the treatment burden of monthly injections is too
great.
Combination therapy with anti-VEGF therapy and ionizing radiation offers another option to reduce treatment
frequency. Radiation was never widely adopted because it did
not provide a significant, reproducible effect on visual acuity,
while difficulty delivering targeted doses led to complications
in some patients [26–29]. New options, however, such as
epimacular brachytherapy and robotic stereotactic radiotherapy, enable safer, targeted delivery of the most appropriate
dosage, minimizing damage to surrounding structures and
improving outcomes [30–33].
Results of the phase 3 choroidal neovascularization secondary to AMD treated with beta radiation epiretinal therapy trial, which compared epiretinal brachytherapy plus ranibizumab with ranibizumab alone, found that the combination
was not noninferior to monotherapy with ranibizumab [34].
Ranibizumab efficacy as sole therapy and in combination
with PDT has been evaluated in several trials and 6-month
results indicate visual acuity improved by 12.8 letters with few
drug-related side effects like transient inflammation ([35],
Genentech press release: phase III study shows that Lucentis
improved vision compared to Visudyne in patients with wet
age-related macular degeneration).
1.2.3. Nonvascular AMD. Currently, there are no treatments
available for nonvascular AMD [36–38]. Transplantation of
RPE cells alone has failed to supply a sustainably functional
monolayer RPE cells, and delivery of autologous RPE cells
into the subretinal space results in insufficient cell survival
[39, 40]. Although there is evidence that the combination
of specific vitamins might slow progression of nonexudative
AMD, this involves a rather small risk group of patients.
In addition, the long-term tolerability and side effects of
high dose vitamin treatments must be carefully evaluated
[41]. Other treatment options currently evaluated in studies
are rheopheresis for extracorporeal blood filtration, which
has been undertaken in patients with early stages of AMD,
namely, drusen and small RPE atrophies [42–44]. Grid and
focal laser application and also subthreshold laser application
in patients with drusen have shown no vision recovery and an
increase in the number of neovascularizations in the treated
groups [15, 45, 46].
Surgery. Proof-of-principle for the replacement of RPE cells
has been provided by several experimental surgical procedures for treating AMD [15, 47]. Macular translocation
surgery is achieved by the detachment and rotation of the
neural retina of the patient, to reposition the macula from the
diseased macular RPE to an area of healthy RPE cells [48–50].
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However, it yields only temporary recovery of vision; the
large retinotomies associated with this procedure have high
complication rates [51] and require further surgery to reposition extraocular muscles. Yet the procedure demonstrates
two important points: (1) replacing the degenerated RPE cells
does restore vision and (2) BM at the macular region is
defective and cannot support normal RPE functions since,
with time, the translocated RPE cells degenerate again. As
translocated cells survive in their original position, RPE cells
do not degenerate because of an “endogenous” defect; rather,
it appears that the substratum (BM) is not appropriate for survival. The alternative was “autologous RPE transplantation,”
which is accomplished by removing a small area of healthy
peripheral RPE and transplanting it beneath the macula to
replace the diseased RPE [52–57]. This technique carries less
risk than macular translocation, but the surgical procedure
is longer and showed postsurgery complications, such as
retinal detachment. Retinal rotation techniques may be an
alternative in a very large CNV in nonresponders to new
therapies or when it is associated with large hematomas [58].
1.3. Socioeconomic Burden. The emotional and economic
burden of AMD is often underrecognized. The prevalence
of neovascular AMD (NV-AMD), which accounts for 90%
of AMD-related severe visual impairment, increases exponentially with age [59, 60]. Patients with visual impairment
such as AMD are more likely to have falls and fall-related
injuries, lose driving privileges, experience depression, and
anxiety, use special vision aids, and need assistance with dayto-day functioning [61–63], all of which are associated with
higher resource utilization than the general population [64].
Moreover, the aging population will create a drain on our
available healthcare resources—a burden that will continue
to grow in magnitude over the next decades.
In contrast to other age-related eye diseases like cataracts
that are largely solved by current therapies, the visual prognosis for most patients with AMD is poor and the late stages
of both wet and dry AMD are usually associated with severe
visual loss, which has profound effects on overall quality
of life. The shortages in executing ordinary tasks are also
extended to their psychological functioning, as evidenced by
patients with AMD reporting greater emotional distress than
visually intact peers [65].
Without treatment, the neovascular form of AMD often
leads not only to severe loss of vision but also to considerable
associated economic burden [66–68]. Despite their benefits,
frequent, indefinite injections of VEGF blocking agents
introduce a significant treatment burden for patients with
neovascular AMD. Sequential intraocular injections of antiVEGF agents are very expensive (1,200 euros per injection, in
addition to monthly medical visits) and require its application
over long periods of time (12–20 months in most cases and
subsequent retreatments). This means a high cost to the
National System of Health. Improvement obtained in
MARINA was sustained over 2 years, remarkably, but relied
on monthly injections to achieve this. This regimen is difficult for patients to maintain, particularly older patients who
may not drive, and spurs investigation of other treatment
options [69]. Some studies have been aimed to investigate

4
the cost effectiveness of Ranibizumab versus Bevacizumab,
given the low cost of the last one. The average 1 year cost
of Bevacizumab was 50 times reduced versus Ranibizumab:
US$595 in the Bevacizumab versus US$23 400 in the Ranibizumab monthly group and US$385 in the Bevacizumab
versus US$13 800 in the Ranibizumab as-needed dosing
group. The results of the CATT study support the use of
Bevacizumab in the treatment of neovascular AMD and highlight the significant economic benefit of Bevacizumab over
Ranibizumab. A recent large, multicenter, randomized prospective study (ABC Trial) which demonstrated MARINA/
ANCHOR-like results lends further support for Bevacizumab
use in neovascular AMD [70]. Although bimonthly injections
certainly are less burdensome on patients than monthly injections, development of new pharmacologic agents and treatment modalities such as regenerative medicine are ongoing
in an attempt to mitigate this burden. Interventions that
improve the morbidity caused by AMD have the potential
to greatly benefit the quality of life of individual patients, as
well as the overall economic well-being.
The economic impact of AMD on society is expected to
increase in the near future as population age and the prevalence of AMD increase. With new AMD therapies, healthcare
decision makers will require reliable quantitative data on
AMD-related resource utilization to evaluate alternatives, as
the ones suggested in the present review.
The mean annual direct vision-related medical cost was
reviewed by Cruess et al. and estimated to range from 2153C
per patient in the UK to 4390C per patient in Canada. The
mean direct nonvision related medical cost was estimated to
range from 597C (11% of the total cost) in the UK to 1657C
(21% of the total cost) in Canada. The annual societal costs
estimated in 2004 for bilateral NV-AMD were C1.3 billion
in Germany, C624 million in France, C511 million in the
UK, C311 million in Canada, and C268 million in Spain.
The mean annual cost per bilateral NV-AMD patient ranged
from C5300 to 12 445, of which direct vision-related medical
costs accounted for 23–63% of the total cost. These estimates
are higher than those of two previous prospective studies
[64]. Sharma and Oliver-Fernandez estimated the NV-AMD
patient annual cost to be $Can3865 (year 2004 values,
equivalent to C2715) in North America, with 90% attributable
to direct medical costs (photodynamic therapy, 77%) and
the remainder to nonmedical costs (home support, 6%) [71].
Similarly, a study involving two French referral centres [72]
estimated a C3660 (year 2000 value) mean annual per NVAMD patient cost, with medical costs accounting for 51% of
the total.
There are extensive data that emphasize the need for new
treatments for AMD that will prevent vision loss and progression to blindness in order to lessen the ensuing economic
burden [73]. Overall, on the basis of current policies, agerelated public expenditure is projected to increase in average
by about 4.75 percentage points of GDP by 2060 in the EU and
by more than 5 percentage points in the euro area—especially
through pension, healthcare, and long-term care spending;
all of the above concepts succeed in this pathology, and it is
necessary to solve these problems in order to avoid negative
effects on general European economy. Inactive people in
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active period of life generate an increase in pensions. Many
AMD sufferers are below 65 years old and they are in active
life period and they are obligated to ask for pensions. AMD is
a disease related to ageing and is associated with decreased
functional abilities and quality of life, which result in an
increase in healthcare resource utilization.

2. Cell Therapy in AMD:
Perspectives and Limitations
It has now been almost 40 years since Gouras and colleagues [74] showed that, using a pars plana approach, rabbit
RPE cells transplanted subretinally in rabbits survived and
phagocytized photoreceptor outer segments. Since Gouras’
work, a number of investigators have transplanted RPE cells,
iris pigment epithelial (IPE) cells, human stem cells, and
genetically modified cells in a number of animal models;
cell transplantation did prevent photoreceptor degradation
and improved vision [39, 75–82]. The positive results of cell
transplantation in animals, especially the results in the Royal
College of Surgeon (RCS) rats in which RPE degeneration is
followed by photoreceptor degeneration similar to AMD, led
to the transplantation of cell to the subretinal space of AMD
patients.
In 1997, Algvere and colleagues transplanted patches of
human fetal RPE into patient with neovascular AMD as well
as in patients with nonexudative AMD and concluded that
“it is technically feasible to transplant human RPE into the
submacular space without adversely affecting visual function
in nonexudative AMD over relatively long periods of time”
[83]. Since 1997, a number of investigators have transplanted
RPE cells, choroid-Bruch’s-RPE explants [9, 52, 53, 56, 84],
and IPE cells [85–87], and recently human embryonic stem
cells have been transplanted in one patient with geographic
atrophy [88] and a phase I/II, open-label study to determine
safety of subretinal transplantation of human embryonic stem
cell [NCT01344993] in geographic atrophy (GA) patients
is planned. Janssen Research and Development, LLC, plans
a clinical trial (NCT01226628) that will transplant human
umbilical tissue-derived cells to the subretinal space of
patients with visual impairment resulting from GA.
Since the harvesting of autologous RPE cells for transplantation requires an elaborate surgical procedure, a number
of investigators have transplanted IPE cells as a substitute for
RPE cells since autologous IPE cells can be easily harvested
[89]; in vitro studies have shown that RPE and IPE share
many morphologic and functional similarities [85, 90, 91],
and transplantation of IPE cells to the subretinal space of RCS
rats prevented photoreceptor degeneration [39, 81, 92, 93].
The results of these studies have not fulfilled the promise that
cell transplantation would be the solution to the treatment
of AMD; cell transplantation has failed to show significant
improvement in vision in AMD patients.
Even though cell transplantation has failed in the past,
the successful transplantation in animal models suggests
that theoretically cell transplantation has the potential to
be a significant treatment for AMD. The failure of cell
transplantation to improve vision in AMD patients is part
of the result of the lack of knowledge of the factors that
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underlay development and progression of AMD. However,
there is enough knowledge about AMD to be able to construct
a theoretical framework necessary to eventually achieve
restoration of vision by cell transplantation. In general, the
approach has been to transplant autologous or homologous
cell suspensions or autologous peripheral retina choroid-BMRPE explants without taking into account the status of the
patient’s retina. In considering the status of the retina, two
characteristics of the disease must be taken into account,
namely, the severity and the factors underlying the disease.
For this discussion, we will assume that the severity of the
disease and loss of vision does not follow a gradient but
instead is segregated into three independent phases. Specifically, initially, phase 1: RPE cells in the macular region are
intact or reversibly damaged and vision loss is the result of the
reversible loss of some function(s) by RPE cells and/or loss of
communication between RPE cells and photoreceptors. Later,
phase 2: RPE cells in the macular region are degenerated
or irreversibly damaged but the photoreceptors are intact
or reversibly damaged and loss of vision is the result of
nonfunctional RPE cells in the macular region. Finally, phase
3: both RPE cells in the macular region and photoreceptors
are degenerated or irreversibly damaged and loss of vision
is due to lack of both RPE cells and photoreceptors. As for
the factors underlying the disease, numerous studies have
indicated that the CNV associated with neovascular AMD
results from the lack of the proper balance between angiogenic (VEGF) and antiangiogenic factors (pigment epithelial
derived factor, PEDF) [94, 95]. The demonstration that the
overexpression of VEGF in the retina is the driving force for
pathological neovascularization [96, 97] and overexpression
of VEGF in the retina is responsible for neovascular AMD
[98, 99] led to the development of antiangiogenic therapies
for neovascular AMD. Factors underlying geographic atrophy
are unknown; however, from studies on the viability and
rescue of photoreceptors, it appears that factors produced by
RPE cells, including basic fibroblast growth factor (bFGF),
brain-derived neurotrophic factor (BDNF), and ciliary neurotrophic factor (CNTF), are responsible for normal functioning of the retina and photoreceptors’ viability [100–102].
In fact, the intravitreal injection of CNTF in a feline model
of hereditary retinal degeneration leads to the long-term
survival of photoreceptors [103].
In the eye, RPE cells are the principal source of PEDF,
a neuroprotective and cytoprotective factor and a potent
inhibitor of VEGF [104, 105] that is essential in maintaining
the macula avascular [106, 107]. In neovascular AMD, there
is an overexpression of VEGF [18] and decreased levels of
antiangiogenic factors [108–112]. Here it is interesting to note
that smoking, a risk factor for neovascular AMD, is associated
with poor visual improvement after anti-VEGF treatment and
that nicotine increases the VEGF/PEDF ratio in RPE [113, 114]
indicating that VEGF is the driving force for neovascular
AMD development.
Based on the overexpression of VEGF, intravitreal administration of anti-VEGF monoclonal antibodies (Avastin or
Lucentis) has become standard therapy for neovascular AMD
with approximately 30% of patients gaining 3 or more lines
of visual acuity and stabilization in 90% of patients [37, 115,
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116]. However, the short half life of the antibodies in vivo
requires repetitive, mostly monthly injections to maintain
the therapeutic effect. In addition to the difficulty and cost
of monthly treatment for elderly patients, the repetitive
intravitreal injections carry substantial risks for the patient,
for example, endophthalmitis, ocular hypertension, submacular haemorrhage, and retinal detachment [117, 118]. The
difficulties associated with anti-VEGFs necessitate better and
more lasting treatments for neovascular AMD.
It was thought that transplantation of RPE cells to the
subretinal space would be a better and more permanent
treatment for AMD. However, transplantation of RPE or IPE
cell suspensions could not be an effective treatment for AMD
since normal RPE cells would not supply the increased levels
of PEDF necessary to inhibit the augmented VEGF and
possibly necessary levels of growth factors required to protect
photoreceptors from degenerations. An appropriate treatment for phase 1 neovascular AMD, in which RPE cells and
photoreceptors are intact or reversibly damaged, would be the
transplantation of genetically modified, autologous pigment
epithelial (RPE or IPE) cells that would produce increased
levels of VEGF inhibitor, such as PEDF and/or endostatin.
In addition, the gene for the inhibitor of VEGF should be
integrated into the host cell genome, such that the synthesis
and secretion of the augmented PEDF would be for the life of
the patient.
Cell transplantation for the treatment of phase 2 neovascular AMD, in which RPE cells are degenerated but the
photoreceptors are functional, will require genetically modified, autologous, PEDF and/or endostatin-transfected pigment epithelial cells transplanted as a monolayer on a biocompatible substratum that supports RPE cell functions. A
biocompatible substratum is necessary since cell suspensions
transplanted to the subretinal space of AMD patients do not
attach and form a monolayer [87] because the aged BM,
especially neovascular AMD BM, is altered and does not
appear to support good attachment and survival of pigment
cells [119–123]. A number of biocompatible substrates have
been investigated and have been found to support attachment, growth, and functionality of RPE cells [40, 124–126];
however, these have not been transplanted in patients. The
transplanted cell monolayer would replace the degenerated
cells and rejuvenate BM by synthesizing a new basal lamina.
Phase 3 of the disease, in which both RPE cells and photoreceptors are degenerated or nonfunctional, will require the
manufacture and transplantation of a complex structure that
encompasses a biocompatible substratum upon which autologous, PEDF, and/or endostatin transfected pigment epithelial cells are allowed to form a monolayer; the monolayer is
then overlaid with photoreceptor precursor cells. In animal
models of retinal degeneration, transplanted photoreceptors
integrate into the host retina and improve function [127–129].
Photoreceptor precursor can be selected from iPS cells
derived from the patient’s fibroblasts. A number of methods
have been devised to reprogram fibroblasts and induce iPS
cells [130, 131]. In the case in which both RPE cells and
photoreceptors are degenerated or nonfunctional, it may be
necessary to transplant stem cells or iPS-derived RPE cells
that may have a wider complement of factors that may be
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essential to reconstruct a BM-RPE photoreceptor complex
[58, 132–135]. iPS derived RPE cells have been shown to form
pigmented patches of typical cobble-stone cells that express
the tight junction protein ZO-1, RPE65, and bestrophin and
showed phagocytic activity by the uptake of fluorescent latex
beads [136]. Photoreceptors have been generated from iPS
cells, have been transplanted in animal models, and have
been shown to integrate into the host retina and express
photoreceptor markers [137, 138].
The essential goal of cell transplantation in neovascular
AMD, when the RPE and photoreceptors are intact or
reversibly damaged, is the effective inhibition of blood vessel
invasion of the subretinal space and restoration of RPE and
photoreceptor functions. For such purpose, the addition of
the PEDF gene to the transplanted cells should affect blood
vessel inhibition and restore RPE and photoreceptor functionality. It will be critical that the PEDF gene be integrated
into the host genome so that its activity will last for the life of
the patient. For such purpose, the Sleeping Beauty (SB100X)
transposon system is ideal as the gene delivery system since
it is highly efficient, similar to retroviral vectors, but without
the associated side effects. The SB100X system delivers genetic
material into a target cell genome resulting in robust and
stable expression of the transgene [139–142].
For later stages of neovascular AMD and GA, it may be
necessary to introduce into the cells to be transplanted not
only the PEDF gene, but also other neuroprotective genes,
such as CNTF and IGF1 to engender a neurogenic supportive
environment. Before cell transplantation can become a routine procedure, it will be necessary to develop methodologies
to identify the stage of degeneration of RPE cells and
photoreceptors in AMD patients and transplant cell in an
appropriate genetically modified and proper architecture.

3. Tissue Engineering in AMD: Materials,
Scaffolds, and Material-Cell Interactions
Another challenge of cell therapy is the lack of cell engraftment and survival in the host tissue after implantation.
Therefore, the need arises where this is assisted by artificial
supports, known as scaffolds, which are structured biocompatible materials that mimic the host tissue. As described
above, different cell types have been tested for treating AMD,
including RPE, IPE, retinal progenitor cells (RPC), photoreceptor, and stem cells [143]. Previous works highlight the
crucial role of cell adhesion onto BM, the despaired engraftment derived from the deterioration of this membrane, and
they show that the best adhesion occurs on the RPE basal
lamina [144]. Therefore, tissue engineering approaches for
AMD treatment are mainly focused on the transplantation of
artificial constructs that ensure cell engraftment and activity,
overcoming the limitations of classical cell therapy and
empowering the promises of gene therapy.
3.1. Material and Fabrication. The approaches from tissue
engineering for the design and manufacturing of scaffolds
are very diverse. Decellularized matrices are the most natural
scaffolding form. The strategy consists in removing every
cell from an organ or tissue and reusing it for in vitro
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recellularization and subsequent in vivo implantation. In the
particular case of retina regeneration, different natural tissues
have been tested to be used as recellularized scaffolds. In early
experiments, RPE and IPE cells have been transplanted in
vitro onto human BM from cadaveric origin [145], Descemet’s
membranes [146], lens capsules [147], and amniotic membranes (AM) [148, 149]. Furthermore, cell growth has been
modulated by performing microcontact printing on the
surface of lens capsules [150]. More recently, trabecular
meshwork mesenchymal stem cells and AM have been combined, showing that differentiation towards photoreceptorlike cells is induced [151]. Despite these advances, the access
to natural scaffolds is limited to donors; thus, artificial
scaffolds are also being developed to elude this restriction.
In soft tissues, polymeric materials are preferred for scaffold
manufacture due to their tunable capacity and similarity
with the host tissue in terms of mechanical properties. In
the case of retina, the most used polymeric material from
natural origin is collagen. Recently, in vitro and in vivo studies
have been performed where RPE cells were cultured on
ultrathin collagen membranes. They have proven to form cell
monolayers amenable in a way that permits transplantation
into subretinal space [40]. Nevertheless, the tunable capacity
of the natural polymers is limited and, in some cases, they
cannot provide the scaffold with the required properties;
therefore, synthetic polymeric materials are chosen as a
highly adjustable alternative. Some of the materials already
tested for retinal regeneration are Poly(Lactic-co-Glycolic)
Acid (PLGA), [152, 153], Poly(glycerol Sebacate) (PGS), [154],
Polycaprolactone (PCL) [155], and Poly(methyl methacrylate) (PMMA) [156]. A detailed review of the materials
investigated for retinal regeneration has been published by
Hynes and Lavik [124].
Among the vast variety of techniques for the fabrication
of polymeric scaffolds [157], particle leaching, phase separation, and freeze-drying are the preferred ones for porous
structures. However, pointing towards mimicry of the natural
ECM assembly, fibrous structures reproduce in a greater
extent the microscopic morphology of the native ECM.
Consequently, electrospinning has become a remarkably
advantageous technique for fibrous scaffolds. With this technique, randomly oriented polymeric fibers in the range of
1 𝜇m in diameter can be deposited; yet, up to date, no precise
deposition of the single fibers is possible and only the final
macroscopic arrangement can be customized [158, 159]. A
new technique for direct writing known as melt electrospinning has recently entered the field of polymeric scaffolds,
which allows a precise control of the localization and orientation of every single electrospun fiber [160]. Nonetheless, the
dimensions are still too large for a subretinal implantation
and further scaling down of the features is necessary [161].
This technique, although still under development, offers new
alternatives for tunable structure of polymeric scaffolds in
the micrometric range. Additionally, traditional microfabrication techniques, which were originally employed in the
silicon industry, are lately being explored and applied in the
field of tissue engineering for the fabrication of scaffolds.
Photolithography, thin film deposition, and polymer casting
etcetera allow the production of well-defined microscopic
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topographical features on the scaffolds and enhanced cell
activity [162, 163].
3.2. Improved Biomaterial Surfaces. Control over surface
chemistry is essential to regulate the interaction between cells
and scaffolds. A traditional strategy to improve cell adhesion
on biomaterials has been the immobilization of proteins
on the surface via incubation. Thus, collagen, fibronectin,
vitronectin, laminin, and other ECM proteins were directly
bound to the surface, allowing cells to anchor onto them
[164]. An alternative to protein immobilization is peptide
immobilization, which avoids wettability and orientation
effects, and allows a tailored design of the aminoacid
sequence and precise control towards cell-scaffold interaction. Peptides consist of cell recognition motifs that are found
in the proteins, which integrins bind to. The best known motif
is the RGD (arginine, glycine, and aspartic acid) sequence,
which is prevalently present in fibronectin, although other
proteins do contain varied forms of the sequence as well, such
as RGDV in vitronectin or RGDT in collagen. It has been
shown that cyclic RGDfK-type peptides with different conformations show enhanced integrin binding affinity and
especially selectivity [165]. One of the most recent works of
scaffolding as substitutes for BM is presented by Treharne
et al. where they develop methacrylate-based copolymers.
The copolymers are chemically modified by succinimidyl
carbonate groups; thus, the hydrophilicity altered favoring
peptide adhesion [166]. Results show enhanced peptide and
RPE cell adhesion on succinimidyl carbonate functionalized
scaffolds. Although initially surface modification was performed in synthetic scaffolds, in the last years, same strategies
have started to be translated into natural origin scaffolds.
An example of that is provided by Sistiabudi and colleagues
where they modify the inner collagenous layer of Bruch’s
membrane with a collagen binding motif, where bioactive
molecules are anchored [167].
Recent strategies in biomaterials development aim at
the combination of increased hydrophilicity and minimized
unspecific protein adsorption and cell adhesion, with the ability to permit selective cell binding by the incorporation of cell
adhesion motifs. Such techniques have been developed for
flat model substrates but remain challenging for biomaterials
and three-dimensional structures. One promising one-step
technique for the generation of nonwoven textile sheets with
basal-membrane like structure and functionalization, with
large potential as artificial BM, has recently been introduced
[168]. The method relies on the use of an amphiphilic macromolecular additive based on star-shaped PEO to clinically
used biodegradable polyesters during fibre generation by
electrospinning. This way, hydrophilic fibres are obtained, on
which protein adsorption and cell adhesion are minimized.
However, cell adhesion peptides can be immobilized on the
surface of these fibres, so that specific adhesion of cells onto
the fibrous sheets results. With this method, scaffolds could
be produced that influence the reaction of immune cells [169]
and that mimic the basal membrane in skin [170]. Hence, such
strategies bear great potential for TE approaches in AMD,
where materials that mimic the BM are one key factor for
success.
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Purpose. Determining long-term effects of rheohaemapheresis on the dry form of age-related macular degeneration. Methods. This
study evaluates 19 patients, average age of 67.6 years, treated with rheohaemapheresis and 18 patients, average age of 72.8 years,
comprising the control group. Minimum follow up period was 3.5 years. Each treated patient received a series of 8 sessions of
rheohaemapheresis of 1.5 plasma volumes within 10 weeks. We measured the drusenoid pigment epithelium detachment (DPED),
best-corrected visual acuity (BCVA), electroretinography (ERG), and rheological parameters. Results. In the treatment group, the
baseline BCVA was 0.74 (0.36–1.0) 95% CI and BCVA after 3.5 years was 0.79 (0.41–1.0) 95% CI (𝑃 = 0.726). In the control group,
the baseline BCVA was 0.71 (0.15–1.0) 95% CI and BCVA after 3.5 years decreased to 0.7 (0.32–0.87) 95% CI (𝑃 = 0.031). Baseline
DPED was 6.78 ± 3.79 mm2 ; after 3.5 years, it decreased to 4.13 ± 3.84 mm2 (𝑃 < 0.001). In the control group, the baseline DPED
was 4.09 ± 3.48 mm2 ; after 3.5 years, it increased to 6.69 ± 4.2 mm2 (𝑃 = 0.001). We noted increasing levels of positive wave peaking
at 50 milliseconds (P50) after treatment (𝑃 = 0.022) and a stable amplitude of photopic responses of treated patients. Conclusion.
Over the long term, rheohaemapheresis reduced the DPED, improved the function of photoreceptors, and prevented the decline
of BCVA.

1. Introduction
Age-related macular degeneration (AMD) is a degenerative
retinal disease which causes significant structural changes
in the macular region. It is the most common cause of
practical blindness in people over 65 years of age in developed
countries [1]. The majority of patients present with a slowly
developing “dry” atrophic form of AMD, but about 10% of
patients will develop a rapidly progressing “wet” form with
choroidal neovascular membrane (CNV), which is responsible for loss of vision in most patients [2]. AMD usually starts
as a dry form with soft drusen/distinct soft drusen >63 𝜇m,
indistinct soft drusen >125 𝜇m, or reticular drusen >250 𝜇m,

which are more dangerous [3]. Eyes diagnosed with the latestage high-risk preangiogenic AMD, if left untreated, appear
to have a significant risk for continual visual loss over the
ensuing 12-month period [4].
Rheopheresis is an apparently safe and effective form
of membrane differential filtration for the elimination of
high molecular weight (HMW) proteins (i.e., fibrinogen,
𝛼2 -macroglobulin, immunoglobulin M (IgM), thrombomodulin, and low-density lipoprotein (LDL) cholesterol) [5]. This
method can normalise rheological parameters (the viscosity
of blood and plasma as well as erythrocyte aggregability), can
improve erythrocyte flexibility, and could lead to substantial
improvement of visual functions in people suffering from
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AMD [6]. Consequently, this could improve blood flow in the
choroid, which is reduced in the dry form of AMD [7].
The aim of our study was to determine the long-term
effects of rheohaemapheresis on visual functions in advanced
dry AMD and the development of drusenoid pigment epithelium detachment (DPED). The rheological effect of the
therapy was monitored by a change in the levels of highmolecular substances in the blood (𝛼2 -macroglobulin, IgM,
fibrinogen, and lipoprotein).

2. Group of Patiens and Controls
To date, we have treated 56 patients. In this study, we
evaluated the long-term outcomes of patients with at least a
3.5-year follow up period. The group treated with rheohaemapheresis included 19 patients (4 men, 15 women) with the dry
form of AMD, average age of 67.6 years (range 55–76 years).
Patients were included in the study between March 2005 and
November 2009, and follow up period was 42–84 months. At
baseline, all patients had bilateral soft drusen in the macula
while one patient had neovascular form of AMD in one eye at
the time of entry into the study. Seventeen patients (30 eyes)
also had DPED. During the follow up, neovascular AMD
developed in two patients in one eye. Overall, we evaluated
35 eyes of 19 patients in the treatment group. In the control
group, we evaluated results from 18 patients (2 males, 16
females) with the dry form of AMD and an average age of
72.8 years (range 64–81 years). Patients were enrolled in the
study between June 2005 and November 2009, and follow up
period was 42–84 months. At the start of the follow up, three
patients had neovascular AMD in one eye. Seventeen patients
(20 eyes) had DPED. During the follow up, neovascular AMD
developed in six eyes of six patients. Overall, we evaluated
27 eyes of 18 patients in the control group. Eyes that suffered
from neovascular AMD and/or developed neovascular AMD
occurring during the follow up were not included in the
subsequent evaluation. Exclusion criteria were retinal or
choroidal disorders other than AMD, optic nerve disorders,
glaucoma, conditions limiting the examination of the fundus,
and acute bleeding in the studied eye. General exclusion
criteria for rheohaemapheresis treatment were the usual
exclusion criteria of extracorporeal circulation or therapeutic
haemapheresis and the absence of peripheral veins suitable
to establish an extracorporeal circuit. Patients with the latestage, high-risk, preangiogenic form of AMD with soft
drusen, confluent soft drusen, and DPED were recruited so
that one patient was always assigned to rheohaemapheresis
therapy and the second one joined the control group. This
was repeated until the number of patients reached the target
(limited by our technical and economic capabilities).

3. Methods
The cascade method of rheopheresis was used in the study
group. Our modification of the cascade method (named rheohaemapheresis) was used for plasma separation. After plasma
separation (blood cell separator, Cobe Spectra, Denver, CO,
USA), the separated plasma was pumped through a rheofilter
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(Evaflux 4A, Kuraray, Osaka, Japan) to remove lipoproteins
and other HMW rheologic factors (such as fibrinogen). We
treated 1.5 volumes of plasma in one session. Every patient
received the series of 8 procedures over 10 weeks.
An ophthalmological examination was performed in
both groups at baseline and then every six months. In the
treatment group, examination was also performed midcycle
(after 4 weeks) and at the end of treatment (after 3 months).
The reason for this was to check the immediate effect of
treatment on retinal changes.
We examined the best-corrected visual acuity (BCVA) on
Early Treatment Diabetic Retinopathy Study (ETDRS) charts
under controlled illumination conditions. The examination
distance was 2 m. The number of correct answers was noted
and BCVA was considered as the row in which the patient
detected at least three letters. The BCVA was converted into
Snellen lines.
Fundus photography was performed using the digital
fundus camera (Zeiss FF 450+IR; Zeiss, Jena, Germany). In
our earlier study, we used the Reconstruct Programme for
the geometric comparison of the DPED area [8]. However,
the programme has some disadvantages. It is quite timeconsuming and the data for evaluating the measured area are in
specially defined units that are not part of the SI system [9]. In
this study, we used a Visupac system (Zeiss, Jena, Germany)
in which the areas can be measured in mm2 . The Visupac
system was used to follow up the patients for 3.5-years from
the start of rheohaemapheresis therapy. The acquired data
were compared with the data from the untreated controls.
Fluorescein angiography (FA) was performed using the
same digital fundus camera (Zeiss FF 450+IR) before evaluation and was repeated after 8 weeks and 1 year. Optical
coherence tomography (OCT) was performed on the OCT
Stratus (Zeiss, Jena, Germany) before evaluation to rule out
cases of wet AMD and to confirm DPED. During the follow
up, it was repeated every six months and whenever the
occurrence of neovascular AMD or DPED was suspected.
OCT and FA results were already partially published [8].
Electroretinography (ERG) was measured from the
cornea with DTL fibre electrodes (Unimed Electrode Supplies, Surrey, UK). Reference and ground skin electrodes
(gold cup electrodes) were attached to the ipsilateral temples
and forehead, respectively. The pupils were fully dilated with
0.5% tropicamide and 10% phenylephrine for conventional
photopic ERG and multifocal ERG (mfERG). The eyes were
refracted for pattern (pERG) and mfERG. The examinations
were performed before and up to 42 months after rheohaemapheresis in the treated patients and at the same time
in the controls. We used the RETI-port plus mfERG system
(Roland Consult GmbH, Brandenburg, Germany) for all
types of ERG. Cone response and 30 Hz flicker and pattern
ERG were registered under recording conditions according to
the International Standard for Clinical Electroretinography
(ISCEV) [10]. We analysed the amplitudes and implicit times
of the a- and b-waves of the cone responses, the 30 Hz flicker
responses, and P50 and N95 waves of pattern ERG [11].
The multifocal electroretinography (mfERG) stimulus
was generated on a 20 inch ViewSonic monitor with a frame

4. Results
4.1. BCVA. In the group of patients who underwent rheohaemapheresis treatment, the average baseline BCVA of 0.74
(0.36–1.0) 95% CI was found. After 3.5 years of follow up,
the average BCVA was 0.79 (0.41–1.0) 95% CI (𝑃 = 0.726).
In the control group, the average baseline BCVA was 0.71
(0.15–1.0) 95% CI. After 3.5 years of follow up, the average
BCVA decreased to 0.7 (0.32–0.87) 95% CI (𝑃 = 0.031).
Development of BCVA during the follow up period in
patients treated with rheohaemapheresis versus the control
group is shown in Figure 1. Comparison of the final BCVA
between the two groups was statistically significant at two
years of follow up in favour of the treatment group (𝑃 =
0.028). Over the course of ongoing follow up, the difference
in BCVA between the groups decreases and is no longer
statistically significant 3.5 years after the beginning of the
follow up (𝑃 = 0.125). However, it appears that BCVA tends
to slightly improve over time in the treatment group, whereas
it demonstrates a statistically significant decline in the control
group.
4.2. DPED. The average DPED value at baseline in patients
treated with rheohaemapheresis was 6.78±3.79 mm2 ; after 3.5
years of follow up, it decreased to 4.13±3.84 mm2 (𝑃 < 0.001).
Patients in the control group had the average baseline DPED
of 4.09 ± 3.48 mm2 ; after 3.5 years of follow up it increased
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Figure 1: Development of BCVA during the follow up period in
patients treated with rheohaemapheresis versus the control group.
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rate of 75 Hz and viewed at a distance of 30 cm. Sixty-one
scaled hexagons stimulated the central 60∘ of the retina
according to the ISCEV guidelines [10, 12]. Each element
alternated between 160 cd/m2 (white flashes) and 1.4 cd/m2
(black flashes). The surrounding screen area was set to
80 cd/m2 . A red cross was presented for fixation. Recordings
were sampled at 1033 Hz, amplified by 200 K, and filtered
with a frequency bandpass of 10–100 Hz. We evaluated the
amplitudes and implicit times of the positive peak component
(P1) of the first-order kernel analysis for five concentric rings
centred on the fovea. Central element represented foveolar
response (0∘ –1.8∘ ), (1) ring (1.8∘ –7.0∘ ), (2) ring (5∘ –13∘ ), (3)
ring (11∘ –22∘ ), and (4) ring (17∘ –30∘ ).
Important markers of the rheological efficacy of the
procedures were evaluated 3 times (before the first, after
the 4th, and after the last rheohaemapheresis). If necessary,
further laboratory examinations were performed (e.g., after
viral infections). Decreases of fibrinogen to under 0.7 g/L
were considered critical. In these cases, the amount of filtered
plasma was also decreased (from 1.5 body volumes to 1
volume).
The statistical comparison used nonparametric statistical
tests (Kruskal-Wallis test, Mann-Whitney 𝑈 test, and the chisquare approximation) and regression analysis.
The Institutional Ethics Committee approved the study
protocol and the reported investigations were in accordance
with the principles of the current version of the Declaration of
Helsinki. An experienced eye specialist evaluated all eye findings of the study without knowing if the patient belonged to
the control group or had been treated by rheohaemapheresis.
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Figure 2: Changes in DPED areas between the two groups at the
beginning and end of the follow up. The difference in DPED areas
was statistically significant at the beginning and 3.5 years after the
beginning of the follow up (𝑃 = 0.012 and 𝑃 = 0.015, resp.).

to 6.69 ± 4.2 mm2 (𝑃 = 0.001). A graphical comparison
of changes in DPED areas between the two groups at the
beginning and end of the follow up is shown in Figure 2.
4.3. ERG Pattern. Regression analysis confirmed a gradual,
statistically significant (𝑃 = 0.022) increase in values of
positive wave P50 in treated patients. After 3.5 years, the
amplitude of their P50 waves increased by approximately
16%. In contrast, the amplitude of the P50 wave in the
control group only insignificantly varied throughout the
whole follow up period and at the end of follow up and it was
significantly lower in comparison with that in treated patients
(𝑃 = 0.024). Changes in the amplitude of negative wave
N95 and latency of both P50 and N95 waves did not reach
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Table 1: The incidence of CNV during the follow up.

Rheohaemapheresis
Sham

6 months
—
I

1 year
—
I

2 years
I
I

3 years
I
I

4 years
—
I

5 years
—
—

6 years
—
I

I: one eye.

Table 2: The blood biochemical results before the procedures and immediately after the procedures.
Blood biochemical markers
Glycemia
Sodium
Potassium
Chloride
Calcium
Urea
Creatinine
Uric acid

Before rheohaemapheresis
Mean
SD
5,76
1,50
139,33
10,03
3,96
0,26
103,72
3,39
2,22
0,12
5,66
1,57
76,62
16,32
323,72
97,84

After rheohaemapheresis
Mean
SD
6,35
1,55
141,52
3,54
3,83
0,30
105,39
3,79
2,13
0,23
5,09
1,46
67,25
15,70
293,22
94,15

Relative change in value %

𝑃

10,24
1,57
−3,28
1,61
−4,05
−10,07
−12,23
−9,42

<0,001
<0,001
<0,001
<0,001
<0,001
0,002
<0,001
0,002

SD: standard deviation.

statistical significance over time in either group of patients
and mutually differed insignificantly. Despite the above, the
N95 wave also appeared to have a tendency to slightly increase
in amplitude in the group of RHF-treated patients (𝑃 =
0.055).
4.4. Electroretinography (ERG). Using regression analysis, we
found relatively stable amplitudes of photopic responses of
treated patients; in contrast, there was a trend towards a
significant (𝑃 = 0.039 for b-wave response of cone and 𝑃 =
0.019 for 30 Hz flicker) decrease of photopic activity in the
control group of approximately about 11% for cone response
and 13% for 30 Hz flicker after 3.5 years. The differences in the
amplitudes were insignificant between the groups of patients.
The implicit times of the majority of responses increased
significantly in both groups (𝑃 < 0.001); moreover, they were
significantly longer in the controls (𝑃 < 0.001).
4.5. Multifocal Electroretinography (mfERG). Regression
analysis confirmed an insignificant fluctuation of foveal
activity amplitudes and responses in the most peripheral
area of the retina in both groups of patients. In the parafoveal
and paramacular regions in eccentricity between 1.8∘ and 13∘ ,
we found a trend of a gradual, albeit insignificant, increase
in the activity up to 2.5 years in treated patients, and then
the activity in this area remained almost unchanged. In the
control group, the activity in the same region was originally
only slightly increased for the first six months but then
started to gradually decrease. In terms of examination, the
differences were statistically insignificant for a majority of
patients between the two groups. However, the activity in the
region at eccentricities of 5∘ and 13∘ was significantly higher
in treated patients (𝑃 = 0.04 and 𝑃 = 0.01, resp.) at follow
ups at 1.5 and 2.5 years. The implicit times of the majority
of responses increased during 3.5 years in all patients. At
the baseline, they were significantly longer in the controls

(𝑃 values ranging from < 0.05 to < 0.01), with the exception
of the foveolar response. At 3.5 years, the foveolar response
was significantly longer in the control group (𝑃 = 0.035).
Central retinal activity (mainly parafoveal activity
between 1.8∘ and 7∘ of eccentricity or even paramacular
activity between 5∘ and 13∘ ) increased in the treated patients
with an early decrease or complete disappearance of the
DPED area. In contrast with patients with long lasting or
persistent DPED, retinal activity and visual acuity do not
improve or may have even reduced.
4.6. The Incidence of CNV. During the follow up, we determined the occurrence of CNV in two eyes in the group treated
with rheohaemapheresis and six eyes in the control group
(Table 1). Comparison between both groups was statistically
insignificant.
4.7. Rheological Markers. Evaluation of blood biochemical
results before the procedures and immediately after the
procedures showed statistically significant changes (Table 2).
These changes were, however, not clinically significant and
did not put patients at risk. Basic haematological parameters
were also monitored, including blood count and platelet
parameters. Results showed that basic blood count parameters (haemoglobin, hematocrit, and leukocytes) are not
significantly affected by the therapeutic procedures from
the clinical point of view, although statistical significance
can be determined (Table 3). We also monitored markers
of rheohaemapheresis efficacy (𝛼2 -macroglobulin, IgM, fibrinogen, and lipoproteins and the resulting effect on the
viscosity of blood and plasma). The effect of therapy was
to reduce the defined range of high-molecular substances.
Results are illustrated in Table 4; it is apparent that the
therapeutic procedures are very effective and result in a
reduction of 𝛼2 -macroglobulin by 58%, fibrinogen by 66%,
IgM by approximately 65%, LDL cholesterol by 70%, and
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Table 3: Haematological parameters before and after rheohaemapheresis.

Parameters
Leucocytes (×109 /L)
Haemoglobin (g/L)
Hematocrit
MCV (fl)
Thrombocytes (×109 /L)
MPV (fl)
PDW (%)

Before rheohaemapheresis
Mean
SD
6,68
2,16
134,77
13,50
0,40
0,04
89,61
9,51
225,44
49,61
10,60
1,03
13,85
2,44

After rheohaemapheresis
Mean
SD
7,35
2,17
128,98
15,17
0,38
0,04
90,39
4,72
216,08
42,93
10,50
0,89
13,04
2,20

% of difference

𝑃

10,03
−4,30
−5,00
0,87
−4,15
−0,94
−5,85

<0,001
<0,001
<0,001
0,786
0,032
0,421
<0,001

% of difference
−64,50
−58,16
−59,28
−69,85
−58,92
−72,09
−65,68
−14,89
−11,96

𝑃
<0,001
<0,001
<0,001
<0,001
<0,001
<0,001
<0,001
<0,001
<0,001

SD: standard deviation.
MCV: mean cell volume.
MPV: mean platelet volume.
PDW: platelet distribution width.

Table 4: Indicators of rheological effectivity.
Followed parameter
Immunoglobulin M (g/L)
𝛼2 -macroglobulin (mg/dL)
Total cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Lipoprotein (a) (g/L)
Apolipoprotein B (g/L)
Fibrinogen (g/L)
Blood viscosity (mPa⋅s)
Plasma viscosity (mPa⋅s)

Mean
0,85
136,19
4,33
2,45
0,23
0,71
2,96
6,24
2,06

SD
0,59
56,18
1,25
1,02
0,31
0,26
0,68
1,29
0,35

Mean
0,30
56,99
1,76
0,74
0,10
0,20
1,02
5,31
1,81

SD
0,35
35,36
0,49
0,37
0,19
0,15
0,29
0,92
0,42

SD: standard deviation.
LDL: low-density lipoprotein.

apolipoprotein B by 72%; an additional risk factor decreased
as well—lipoprotein(a) by approximately 59%. The decrease
of the above factors ultimately affected the rheological
conditions: whole blood viscosity decreased by 15% and
plasma viscosity by 12%. Furthermore, we monitored specific
markers which might indicate an effect on the inflammatory activity (interleukin-(IL-) 10), atherosclerotic activity
(soluble form of CD30 (sCD30), high sensitivity C-reactive
protein (hsCRP)), an effect on the markers of cellular immunity (monocyte chemotactic peptide-(MCP-) 1, sCD30), and
adhesion molecules (such as selectins) (Table 5).

5. Discussion
In order to maintain the best BCVA and reduce the risk of
migration into the terminal stages of the disease in the form
of geographic atrophy or even wet AMD, which are associated
with a significant decrease of visual acuity, patients with dry
AMD and soft drusen were indicated for rheohaemapheresis
treatment. During the long-term follow up, we demonstrated
BCVA improvement in patients with advanced dry AMD,
similarly to authors of the MAC-I study from the University
of Cologne, MAC-II study from the University of Frankfurt,
and MAC-III study from the University of Hamburg [5]. In
comparison with the results of a multicentre, randomised,
double-blind MIRA-1 study, we demonstrated improved

BCVA in the group of treated patients and statistically
significant deterioration in the control group of patients in
the long term. Complex assessment of the MIRA-1 study
was, however, impacted by incompliance with the criteria for
inclusion into the treatment group and subsequent analysis
after excluding patients who did not meet the inclusion
criteria and confirmed the effects of rheohaemapheresis after
one-year follow up [13, 14]. Unlike the MIRA-1 study, our
study was not double blind, because our ethics committee
would not allow extracorporeal circulation in a double-blind
study setup and because rheohaemapheresis can, in general,
have serious side effects (although these were not observed in
our study).
In our previous study, BCVA was stable in treated patients
up to 18 months after the initiation of RH, whereas BCVA
decreased significantly at 18 months of follow up in controls
[8]. Our long term results confirmed this observation and
showed a tendency for the visual acuity of patients to
improve in the long term, although this was not statistically
significant. The decrease of BCVA in the treatment group can
be explained by delayed improvement of microcirculation in
the retina that demonstrably occurs after rheohaemapheresis.
The gradual deterioration of BCVA in the control group
corresponds to the natural progression of the disease which
was expressed also by the higher share of newly developed
neovascular AMD in the control group.
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Table 5: Specific haematological markers.

Followed parameter
hsCRP
IgM
IL-10
MCP-1
sCD30
sCD40L
sP-selectin
Endoglin

Mean
3,56
0,816
59,01
275,1
46,1
5453
150,6
6,34

Before procedure
SD
Median
5,89
2,5
0,554
0,674
25,65
56,4
78,31
256,4
21,86
43,6
2182
5007
54,61
147,3
1,57
6,5

Mean
2,74
0,3
53,82
265,7
37,51
5018
133,1
5,43

SD
4,21
0,354
23,85
275,4
19,39
2202
55,74
1,58

Median
2,09
0,18
54,65
241,2
33,2
457,6
125,3
5,2

After procedure
Statistical significance
<0,001
<0,001
0,001
<0,001
<0,001
<0,001
<0,001
<0,001

% of difference
16,40
73,29
3,10
5,93
23,85
90,86
14,94
20,00

SD: standard deviation.
hsCRP: high sensitivity C-reactive protein.
IgM: immunoglobulin M.
IL-10: interleukin-10.
MCP-1: monocyte chemotactic peptide-1.
sCD30: soluble CD30.
sCD40L: soluble CD40L.
sP-selectin: soluble P-selectin.

Our findings of increased amplitudes of pERG responses,
significant for the P50 waves and insignificant for the N95
waves, indicated the positive effect of rheohaemapheresis
treatment on the central regions of the retina and ganglion
cells in patients after rheohaemapheresis. We did not find
any assessment of pERG in patients with AMD treated with
rheohaemapheresis in the literature. In this study, we found
a stable photopic activity of treated patients compared to
its significant decrease in the control group. The evaluation of the electrical activity of the retina in patients with
AMD treated with rheohaemapheresis is provided by only
a few authors. They describe either insignificant changes of
photopic responses [8] or increased cone response after 2.5
years [15]. Rencová et al. found significantly increased central
retinal activity in the paramacular region in eccentricity
between 5∘ and 13∘ after rheohaemapheresis [8]. Blaha et
al. found improvement of responses in the boundary region
between 11∘ and 22∘ of eccentricity in the treated patients
[15]. In our study, the central retinal activity and BCVA
increased in the treated patients with an early decrease or
complete disappearance of the DPED area. In contrast in the
patients with long lasting or persistent DPED, retinal activity
and visual acuity may be even paradoxically reduced due
to degenerative changes of the outer neuroretinal layers, as
demonstrated by OCT [16].
One goal of rheohaemapheresis is to achieve resorption
of soft drusen. Initial results were presented in our previous
study [8] in which we also demonstrated the influence of
rheohaemapheresis on the reduction of size or disappearance
of DPED. If the soft drusen progress into the DPED, which is
the normal development of AMD, this pathological change
gradually increases and shows no tendency for resorption.
If resorption occurs after few years, it is usually replaced
by atrophy of the retinal pigment epithelium (RPE), most
often in the form of geographic atrophy. This terminal
stage of dry AMD is obviously associated with a significant
decrease in BCVA [17]. Our results show that the DPED

area decreases after rheohaemapheresis and, in the long
term, large geographic atrophy of RPE does not develop.
Khanifar et al. mention the risk of transformation of drusen
merging in the DPED as well as individual high drusen
into the wet form of AMD [18]. Sikorski et al. use spectral
OCT with high resolution power and point to the possibility
of fluid accumulation under the junction of internal and
external segments of photoreceptors (IS/OS) in the recesses
between adjacent, already partially confluent drusen. This
fluid increases the distance between the RPE and the thin
IS/OS photoreceptor junction. The local presence of fluid
under the neuroepithelial layer of retina surprisingly does not
yet indicate the presence of submacular neovascularization
and thus the wet form of AMD [16]. This is how we explain
the statistically insignificant decrease in visual acuity and
insignificant reduction of multifocal ERG values in cases
where the treatment results in the reattachment of DPED
without development of RPE atrophy. RPE atrophy following
reattachment of DPED after rheohaemapheresis may occur,
but due to its small size it was not associated with a significant
decrease in BCVA of the treated patients. According to
Sikorski et al., defect in the thin IS/OS layer adjacent to the
RPE can occur on top of a particularly prominent druse or
DPED and can be associated with penetration of fluid, which
is a sign of transformation into the wet form of AMD [16].
This occurred in two eyes of our treated patients several years
after the rheohaemapheresis. Compared to that in the control
group, the frequency of transformation into the neovascular
AMD is lower, although not statistically significant due to
this small size of the group. Unlike in the control group,
where we observed the transformation into the neovascular
AMD in one eye as early as six months after the start of
follow up, rheohaemapheresis delays disease progression.
This finding leads us to the assumption that in order to
achieve maximum effect it will probably be necessary to
repeat rheohaemapheresis 1.5–2 years after the last cycle.
This assumption is also supported by the results of mfERG,
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which remain unchanged between the 30th and 42nd months
despite their original slight improvement.
Evaluation of biochemical and haematological parameters before and immediately after rheohaemapheresis showed
values which, although statistically important, were clinically
insignificant. As far as the decrease in values is considered,
it could be partially attributed to dilution changes (after
the procedure, there is a small, approximately 5–10%, blood
dilution). A certain increase in the number of leukocytes,
although entirely within normal range, is generally observed
after these procedures are performed in any clinical indication. As is common for any other haemapheresis procedure,
the number of haemoglobin and platelets decreases slightly,
but the decrease is lower when using current advanced separators (as in this study) compared to that when using the older
separator types. Procedures are therefore safe as far as their
impact on the blood count is considered. The decrease of 𝛼2 macroglobulin, IgM, fibrinogen, and lipoprotein influences
rheological conditions: whole blood viscosity decreased by
15% and plasma viscosity by 12%. The result is undoubtedly
an improved microcirculation flow, which is also a basic
prerequisite for increased flow in the choroid and improved
retinal metabolism.
We have demonstrated that some of the above evaluated indicators suggest a decline in the activity of vascular
endothelium or inflammatory changes in our patients after
rheohaemapheresis treatment. Improved tissue perfusion
after rheohaemapheresis may be also associated with the
decrease in the levels of soluble forms of selectin adhesion
molecules E-selectin and P-selectin in the peripheral blood
[19]. These molecules, which regulate the initial stages of
leukocyte and platelet adhesion, are stored in intracellular
granules from which they are rapidly transported to the
surface after activation. E-selectin is located exclusively in
the Weibel-Palade bodies of endothelial cells, and P-selectin
is stored in both the alpha-granules of platelets and the
Weibel-Palade bodies of endothelial cells. It was, however,
demonstrated that the soluble P-selectin (sP-selectin) in
peripheral blood is almost exclusively released from the
alpha-granules of platelets [20]. Measurements of sP-selectin
and soluble E-selectin (sE-selectin) can be probably used to
evaluate the effect of procedures on the endothelial lining of
blood vessels. In our group, sP-selectin as well as endoglin
levels decreased after treatment. Levels of sE-selectin were
monitored in early stages of the study, but we did not obtain
any positive results, because its levels did not change and
this parameter was therefore no longer monitored during the
ongoing study.
We previously evaluated MCP-1 during our earlier
research of rheohaemapheresis use due to the significant
importance of macrophages in the microcirculation and
we found a significant decrease in patients with familial
hypercholesterolemia [19, 21]. This study demonstrated its
decrease in patients with AMD. As stated in the literature,
this may be a significant factor, indicating efficacy of the
impact on activity of the inflammatory process or atherosclerosis [5, 19]. The mechanism of the inflammatory process
modulation by rheohaemapheresis in the pathogenesis of
AMD could also be documented by a significant decrease in
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inflammatory markers IL-10, IgM, or CD30 and sCD40L in
case of atherosclerotic mechanism, respectively.

6. Conclusion
In our study, we demonstrated the long-term effects of
rheohaemapheresis on the dry form of AMD at the stage
of soft confluent drusen and DPED. During our 3.5-year
follow up, BCVA deteriorated in the control group of patients
without treatment and this deterioration was statistically
significant. BCVA in patients treated with rheohaemapheresis
improved. BCVA improvement in the treatment group was
accompanied by improvement in the function of photoreceptors in the central region of retina and ganglion cells which
could be demonstrated on pERG and mfERG. Functional
changes were accompanied by structural changes such as
reduction of the DPED area after rheohaemapheresis and
progression of findings in patients in the control group.
The effects of rheohaemapheresis could be explained by
improved blood flow to the retina and choroid due to
the reduced viscosity of whole blood and plasma. Further
research, motivated by our findings of the decrease in some
markers of endothelial activity, inflammatory markers, and
atherosclerotic markers, could help us explain the additional
effects of rheohaemapheresis and contribute to the improved
knowledge of AMD etiopathogenesis.
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Age-related macular degeneration (AMD) is one of the main socioeconomical health issues worldwide. AMD has a multifactorial
etiology with a variety of risk factors. Smoking is the most important modifiable risk factor for AMD development and progression.
The present review summarizes the epidemiological studies evaluating the association between smoking and AMD, the mechanisms
through which smoking induces damage to the chorioretinal tissues, and the relevance of advising patients to quit smoking for their
visual health.

1. Introduction
Age-related macular degeneration (AMD) is a macular neurodegenerative disease that nowadays constitutes one of the
main socioeconomical health issues worldwide, afflicting the
elderly population. The exponentially increasing prevalence
of AMD is linked to progressive aging of the population, and
it is the leading cause of legal blindness in the developed
world [1–6]. It is traditionally divided into three categories:
early AMD, characterized by the presence of pigmentary

changes of the retinal pigment epithelium (RPE) and/or
hard small drusen; intermediate AMD, characterized by the
presence of soft large drusen and/or geographic atrophy (GA)
of the RPE with foveal sparing; and late AMD, characterized
by GA with foveal involvement and/or choroidal neovascularization (CNV) [7, 8].
On the other hand, the presence or absence of CNV
makes the distinction between neovascular AMD (presence
of macular fluid and/or hemorrhage secondary to CNV) and
atrophic or nonneovascular AMD (presence of any other
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Table 1: Summary of the nonmodifiable and the modifiable risk
factors for age-related macular degeneration∗ .
Nonmodifiable risk factors
Age
Gender
Iris color
Ethnicity
Hyperopia
Nuclear sclerosis
Family history of AMD
Complement factor H polymorphism
HTRA1 polymorphism
CX3CR1 polymorphism
Complement factors 2, 3 and B polymorphism
Modifiable risk factors
Smoking
Body mass index
Hypertension
Diabetes
Cholesterol
HDL-cholesterol
Acute myocardial infarction
Stroke
Angina
High alcohol intake
Dietary antioxidants and omega-3 fatty acids
Chronic renal failure
Hormone replacement therapy
Chlamydia pneumonie infection
Physical activity
Sunlight exposure
Cataract surgery
∗

AMD: age-related macular degeneration; HTRA1: HtrA serine peptidase 1;
CX3CR1: CX3C chemokine receptor 1; HDL: high-density lipoprotein.

AMD sign except for CNV). Neovascular AMD accounts for
the most cases of severe vision loss, although the atrophic
form is the most frequent presentation of the disease [7–10].
A variety of risk factors for AMD have been described.
However, the evidence and strength of such associations are
widely variable, probably due to the difficulty of measuring
some of these factors in clinical practice [11, 12]. Advanced
age, Caucasian race, certain genetic polymorphisms, higher
body mass index, excessive alcohol consumption, and a
history of smoking are proven risk factors in the development
of AMD and progression to late AMD [13–19].
Risk factors may be classified as modifiable and nonmodifiable (Table 1). They can also be divided depending on the
grade of evidence showed in the literature. Age showed the
highest evidence, as the odds ratio (OR) increases from 1 at
55–69 years to 4.42–8.70 at 70–79 years and 18.8–32.3 in ages
between 80 and 86 years [20–22]. Smoking (OR range: 2.39–
4.22) is the second most consistent risk factor related with
AMD [11, 23]. Race and ethnicity may also play an important
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role, as the whites are the racial group with a higher risk
of AMD compared with the blacks or the Hispanic whites
[20–22]. Other significant risk factors are family history of
AMD (OR range: 3.95–6.98), previous cataract surgery (OR:
1.59), high body mass index (OR range: 1.06–1.35), and
hypertension (OR range: 1.02–1.48) [11, 23].
The purpose of this review is to analyze the current scientific evidence of smoking as an independent risk factor in
AMD and the relevance of advising patients to quit smoking
for their visual health.

2. Material and Methods
A systematic review of all of the peer-reviewed articles
indexed in PubMed about smoking and age-related macular
degeneration was performed. The analyzed data were summarized classifying them into four main headings: reported
epidemiological association between smoking and AMD;
studied mechanisms for toxic damage to the retina and
choroid induced by smoking; smoking and biomarkers in
AMD; and treatment considerations for AMD and smoking.

3. Results and Discussion
3.1. Epidemiological Association between Smoking and AMD.
Smoking is a major modifiable risk factor for AMD. The
association between smoking and AMD has been consistently
demonstrated in many epidemiological studies carried out
within different populations in the last decades confirming
previous clinical impressions. Cross-sectional studies and
prospective cohort studies have described the natural history
of the disease and its associations with risk factors, where
smoking has been the most consistent factor associated with
geographic atrophy and neovascular AMD.
3.1.1. Cross-Sectional Studies. Cross-sectional studies examining the association between smoking and AMD include two
American, three European, and two large Australian populations. Further studies also provided additional information
about smoking as a risk factor for AMD in different ethnic
groups and geographic areas (Table 2). Population-based
epidemiologic studies have provided estimates of prevalence
and incidence of advanced AMD among various racial/ethnic
groups: geographic atrophy and neovascular AMD are rare
before 55 years of age, becoming more prevalent in patients
aging over 75; overall, the prevalence is higher in Caucasian
and lower in African-American patients.
The Beaver Dam Eye Study recruited 4771 patients from
Beaver Dam (WI, USA) from 1988. After controlling subjects
for age and passive smoking, higher rates of neovascular
AMD in current-smokers compared to those who had never
smoked independently of gender were evidenced [24].
More recently, the study on the large Beaver Dam Offspring Study (BOSS) cohort found a prevalence of AMD of
3.4%. After controlling subjects for age and gender, a history of current-smoking and greater numbers of pack-years
smoked were associated with early AMD [25].
The Rotterdam Study is a single-center prospective
study of the population aging over 55 years in Rotterdam
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Table 2: Cross-sectional and prospective cohort studies examining the association between smoking and AMD: current-smokers versus
never-smokers∗ .
Studies

AMD types
Early AMD

Neovascular AMD
Beaver Dam Eye Study

Atrophic AMD
Rotterdam Study

Blue Mountains Eye Study
Visual Impairment Project
Beaver Dam Offspring Study

Neovascular AMD
Early AMD
All late AMD
Atrophic AMD
Neovascular AMD
AMD
Early AMD

Age-Related Eye Disease Study (AREDS)

Early AMD
Atrophic AMD
Neovascular AMD

EUREYE Study

Prospective Cohort Study
Physicians’ Health Study

Atrophic AMD
Neovascular AMD
Neovascular AMD
Late AMD
Early AMD
PCV
Neovascular AMD
AMD types
Neovascular AMD

Nurses’ Health Study

All AMD

Eye Disease Case-Control Study Group
POLA Study
Moon BG, 2012
Cacket P, 2011

Early AMD
Beaver Dam Eye Study, 5 years
Progression of AMD
Beaver Dam Eye Study, 10 years

Blue Mountains Eye Study, 5 years

Blue Mountains Eye Study, 10 years

Early AMD
Late AMD
Progression of AMD
Geographic atrophy
Neovascular AMD
Any late AMD
Geographic atrophy
Neovascular AMD
Any late AMD

AREDS followup

Geographic atrophy

Coleman AL, 2010

Early AMD
Late AMD

∗

Odds ratio (95% CI)∗
Ever-smokers versus never-smokers:
M 1.29 (0.98–1.70)
F 1.02 (0.81–1.29)
Ever-smokers versus never-smokers:
M 2.86 (0.64–12.7)
F 2.06 (1.03–4.10)
Current-smokers versus never-smokers
or exsmokers:
M 3.29 (1.03–10.50)
F 2.50 (1.01–6.20)
RR 1.5 (0.6–3.9), RR∗∗ 1.9 (0.7–5.4)
RR 3.6 (1.8–7.4), RR∗∗ 6.6 (2.8–15.9)
RR∼ 0.5 (0.1–4.5)
1.89 (1.26–2.84)
4.46 (2.20–9.03)
4.94 (1.29–8.82)
3.26 (1.45–7.38)
2.38 (0.83–6.80), 𝑃 = 0.11
1.83 (1.06–3.17)
Ever-smokers versus never-smokers:
1.25 (1.09–1.44), 𝑃 < 0.01
1.61 (1.06–2.42), 𝑃 < 0.05
1.91 (1.57–2.33), 𝑃 < 0.01
Smoking in previous 25 years
2.27 (1.27–4.05)
2.86 (1.69–4.85)
2.20 (1.40–3.50), 𝑃 = 0.002
3.6 (1.0–12.5)
1.53 (1.37–1.94), 𝑃 = 0.02
2.8 (1.4–5.5), 𝑃 = 0.002
4.3 (2.1–8.5), 𝑃 < 0.001
Relative risk (95% CI)∗
2.10 (1.01–4.37), 𝑃 < 0.001
Current smokers 1.70 (1.20-2.50),
Women who smoked 25 or more
cigarettes per day 2.4 (1.4-4.0),
𝑃 < 0.04
M 1.53 (0.81–2.99)
F 0.74 (0.40–1.35)
M 2.34 (1.00–5.44)
F 1.00 (0.50–2.01)
1.37 (0.98–1.94)
0.51 (0.18–1.46)
1.34 (0.94–1.91)
3.6 (1.1–11.3)
1.6 (0.4–3.7)
2.5 (1.0–6.2)
10.3 (2.7–39.1)
1.9 (0.6–5.3)
3.9 (1.7–8.8)
1.82 (1.25–2.65)
1.55 (1.15–2.09)
OR 1.11 (0.53–1.23)
OR 1.04 (0.31–3.47)

AMD: age-related macular degeneration; ∗ age and sex adjusted; ∗∗ less than 85 years; ∼ more than 85 years; CI: confidence interval; M: male; F: female; RR:
relative risk; POLA: Pathologies Oculaires Liées à l’Age; PCV: polypoidal choroidal vasculopathy; OR: odds ratio.
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(The Netherlands). A total number of 6251 participants were
included from 1990 until 1993. Current- and former-smoking
was associated with an increased risk of neovascular AMD.
This increased risk was present up to 20 years after cessation
of smoking. This association was not present in persons aging
85 years and older [26].
The Blue Mountains Eye Study was conducted in Sydney (Australia) between 1992 and 1994. A total number of
3654 patients were included. A highly significant association
between current-smokers and geographic atrophy and neovascular AMD was evidenced [27]. Mitchell et al. estimated
that 20% of all cases of blindness in Australia may be
attributable to smoking, and they advocated a new warning
for cigarette packs about the risk of blindness associated with
smoking [28]. Later, the Visual Impairment Project (VIP)
included 4744 Australian patients and found that total duration of smoking (regardless of the amount) was significantly
associated with the prevalence of AMD, suggesting that 14%
of all AMD cases might be due to cigarette smoking for longer
than 40 years [29].
Pooled data from the aforementioned trials from three
different continents provided strong and consistent evidence
that tobacco smoking is the main known preventable exposure associated with any form of AMD. Depending on the
type of AMD, current-smokers have 2- to 4-fold increase in
risk for AMD when compared to patients that never smoked
[30].
The Age-Related Eye Disease Study (AREDS) is a longitudinal multicenter study of the natural history of AMD and
cataract in 4757 participants recruited between 1992 and 1998.
One of the main findings of the AREDS was that smoking was
associated with all of the three more severe AMD groups [31].
The EUREYE Study is a cross-sectional study that
included 4,750 participants in 2003 from seven centers across
Europe. Current-smokers had increased odds of any type of
late AMD, and bilateral AMD was also more likely to have a
history of heavy smoking. The attributable fraction for AMD
due to smoking was 27%.
The Eye Disease Case-Control Study of risk factors for
neovascular AMD studied 421 cases and 615 controls between
1986 and 1990, finding a strong association between current
cigarette smoking and incidence of AMD [32].
The POLA (Pathologies Oculaires Liées à l’Age) Study
included 2196 participants in France. Current- and formersmokers were found to have an increased prevalence of late
AMD. This risk was higher in those patients who smoked 20
pack-years and more [33]. The odds ratio (OR) for currentsmokers and late AMD observed in this study (3.6) was
not significantly different from the OR of 4.46 in the Blue
Mountains Eye Study, the OR of 2.2 for neovascular AMD in
the Eye Disease Case-Control Study, the OR of 2.38 for late
AMD in the VIP Study, the OR of 3.6 for neovascular AMD
in the Rotterdam Study, and the OR of 2.5 for women and 3.29
in men for neovascular AMD in the Beaver Dam Eye Study.
Other recent case-control studies show a significant association between both current- and former-smokers and early
AMD and polypoidal choroidal vasculopathy in Asian
patients [34, 35].
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A novel population of monozygotic twins with discordant
phenotypes of AMD was studied. Smokers had a twice-fold
increased risk of AMD implicating that factors other than
DNA sequence are involved in the etiology of AMD.
3.1.2. Prospective Cohort Studies. Prospective cohort study
design is most suitable in order to demonstrate that smoking
precedes AMD development. There are three key cross-sectional studies that were subsequently extended into longitudinal studies. The length of the follow-up period is the strength
of two of them.
At 5-year followup, the Beaver Dam Eye Study reported
that men who smoked greater amounts of cigarettes were
more likely to develop early AMD. These results were confirmed over a 10-year followup and also evidenced that they
were more likely to have progression of the disease [36, 37].
The 5-year incidence of any late AMD lesions found in
current, past, or never-smokers in the Blue Mountains Eye
Study was 3.1%, 1.2%, and 1.4%, respectively. After adjusting
for age, current-smokers had an increased risk of incident
geographic atrophy (RR = 3.6; 95% CI: 1.1–11.3) and any
late lesions (RR = 2.5; 95% CI: 1.0–6.2) [38]. The long-term
incidence over 10 years showed that current-smokers had a
4-fold increase in the risk of late AMD compared with neversmokers (RR = 3.9; 95% CI: 1.7–8.8). Former-smokers had a
3-fold higher risk of geographic atrophy (RR = 3.4; 95% CI:
1.2–9.7) [39]. A further pooled analysis of the 5-year results
from these three studies found a continued 3-fold association
of current-smoking with the development of AMD [23].
The Physicians’ Health Study [40] and the Nurses’ Health
Study [16] also evidenced that current-smokers of 20 or more
cigarettes per day had a 2-fold increased risk compared with
never-smokers in two different cohorts of incident cases of
AMD followed for at least 7 years.
The AREDS cohort with a median followup of 6.3 years
estimated that a larger amount smoked was statistically significantly associated with the incidence of geographic atrophy
due to AMD [41]. More recently, Coleman et al. found an
increased risk of early AMD among subjects aging 80 years
or older who were smokers compared to those younger than
80 years who were not smokers [42].
The risk of smoking has also been estimated in a metaanalysis from six prospective cohort studies, five case-control
studies, and five cross-sectional studies. Significant increases
in AMD risk were seen for current- versus never-smokers.
The odds ratio for case-control studies was 1.78 (95% CI: 1.52–
2.09), and it was 3.58 (95% CI: 2.68–4.79) for cross-sectional
studies. The relative risk (RR) obtained through analysis of
prospective cohort studies was 1.86 (95% CI: 1.27–2.73) [11].
Similar results were also found in a previous meta-analysis
[43].
3.1.3. Dose-Response Effect of Smoking. Several studies have
investigated the dose-response effect by comparing different
levels of smoking classified as pack-years, and most of them
confirmed a dose-response effect. The Rotterdam Study and
the POLA Study found an increased risk of neovascular AMD
in persons who had smoked 10 or more pack-years (OR: 7.1,
95% CI: 2.10–19.0) and 20 or more pack-years (OR: 4.8, 95%
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CI: 1.80–12.9) [26, 33]. The Physicians’ Health Study and the
Nurses’ Health Study find significant 2-fold higher risk of
AMD in persons who had smoked more than 25 cigarettes
per day [16, 40]. The VIP Study results reveal that only the
duration, not the amount of smoking, is associated with AMD
[29]. In the 5-year follow-up results from the Beaver Dam Eye
Study the relative risk of early AMD and progression of early
AMD increased as the amount smoked increased [36]; the 10year follow-up results were inconsistent with earlier findings
from this and other studies, as no association of the amount
smoked or the incidence of late AMD was evidenced [37].
However, the Beaver Dam Offspring Study confirmed that
smoking 11 or more pack-years was associated with early
AMD [25]. Other studies in Korea and Japan also evidenced
that the level of smoking was associated with early and late
AMD [34, 44].
3.1.4. The Effect of Quitting Smoking. Exsmokers still have
an increased risk of developing AMD compared with neversmokers. The Rotterdam Study was the first to reveal that
the increased risk of neovascular AMD remained present up
to 20 years after cessation of smoking [26], which was also
confirmed in the POLA Study [33]. The Nurses’ Health Study
reported that past-smoker women who previously smoked 25
or more cigarettes per day had a 2-fold increased risk of AMD
even 15 years after cessation of smoking [16]. Other prospective studies found that former-smokers compared with those
who never smoked had a modest increased risk of AMD [23].
3.2. Mechanisms for Toxic Damage to the Retina and Choroid
Induced by Smoking. Cigarette smoke is known to contain
an abundant number of toxic compounds. Some of them are
known to be either toxic or mutagenic [45]. Its pathological
effects through different biochemical pathways and an ocular
exposure to cigarette smoke may cause oxidative damage,
vascular changes, and inflammation within the pathogenic
cascade of AMD. Smoke is responsible for cellular changes
at the level of the RPE in AMD patients [46].
3.2.1. Angiogenesis and Neovascularization. Cigarette smoke
promotes pathophysiological processes that contribute to
atherosclerosis, including thrombosis, vascular inflammation, and endothelial dysregulation [47]. Nicotine itself
promotes angiogenesis in experimental models due to its
vasculogenic properties [48–50] and may also induce catecholamine release increasing platelet aggregability. Platelets
contribute to the growth of plaque through the accretion of
thrombus, as well as through the release of growth factors
(such as platelet-derived growth factor (PDGF)) that induce
vascular smooth muscle cell proliferation. The effect of nicotine also enhances physiological angiogenesis, as observed
in wound healing [49, 51] where smoking is known to be a
risk factor to delay the wound healing process. In a murine
model of CNV, areas that underwent laser-induced rupture
of Bruch’s membrane are larger in mice after nicotine exposure [51]. Human choroidal and retinal arterial endothelial
cells express nicotinic acetylcholine receptors (nAChR), and
nicotine enhances their proliferation, migration, and tubeforming ability. Nicotine also exerts a vasoconstrictive action
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via 𝛼-adrenergic stimulation which may impair blood flow
through the choroid [52].
Nornicotine, a metabolite of nicotine catalyses, can lead
to the accumulation of lipofuscin and, therefore, also contribute to the formation of drusen in RPE. Nornicotine can
catalyze the alkene isomerization of key retinal intermediates
through iminium-ion formation and disrupt proper retinoid
homeostasis, revealing an underlying molecular mechanism
for tobacco-dependent pathologies, particularly AMD [53].
Cigarette smoke also contains dioxins that are present
primarily in the gaseous phase. Most of the toxic effects of
dioxins are mediated by the cytosolic dioxin receptor known
as aryl hydrocarbon receptor (AhR) [54, 55]. Dioxin acts on
ocular tissues through the AhR pathway, promotes vascular
endothelial growth factor (VEGF) production in mouse
retinal tissues and human RPE cells, and exacerbates the
development of laser-induced CNV in mice [56].
3.2.2. Oxidative Damage. The oxidative damage to the RPE
contributes to the development and progression of AMD, and
the alterations in the metabolic support of the RPE cause
apoptosis of the photoreceptors [57, 58]. Cigarette smoke
contains a large number of prooxidant compounds. Nicotine
promotes nitric oxide (NO) production, and the effect of
other proangiogenic growth factors [59]. Cadmium accumulates preferentially in the RPE and choroid [60] and may contribute to the development of AMD through an increase in
reactive oxygen species (ROS). However, hydroquinone (HQ)
is the most abundant oxidant and is not only in cigarette
smoke but also in processed foods, plastic containers, and
atmospheric pollutants as well as its widespread occurrence
in nature [61, 62].
The RPE cells provide support for the structure and
function of the outer retina by secreting several cytokines
including monocyte chemoattractant protein-1 (MCP-1) [63,
64]. RPE cells after exposure to HQ can secrete MCP1 during inflammatory responses promoting macrophage
dysfunction. MCP-1 expression is markedly decreased in RPE
cells in smoker AMD patients and might play a key role in the
pathogenesis of AMD [65, 66]. Both in vitro and in vivo findings suggest that HQ-induced oxidative damage is unequivocally associated with an imbalance between VEGF and
PEDF [65] leading to pathological angiogenesis for the development of CNV [67]. RPE cells from smoker AMD patients
exhibit VEGF expression increase and PEDF expression
decrease [65–67].
The exposure to cigarette smoke and HQ results in
RPE membrane blebbing and sub-RPE deposits in mice.
In cultured RPE cells, HQ-induced oxidative injury results
in reorganization of actin cytoskeleton and blebs formation
important for accumulation of deposits [65–67]. After exposure to HQ, phosphorylate heat shock protein 27 (Hsp27)
expression increases, and there is an F-actin reorganization
required for RPE-derived bleb formation [65]. Therefore,
phosphorylated Hsp27 might be a key mediator in AMD.
Cigarette smoke extract (CSE) is widely used for in vitro
models [68–70]. CSE causes oxidative damage to human
RPE cells in vitro, cell death, significantly reduces viability
in both ARPE-19 cells and primary RPE cells, via alterations
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in mitochondrial integrity, and increases lipid peroxidation
[71]. Lower concentrations of CSE may induce ROS release
and thus cause oxidative stress in primary human RPE
cells. Treatment of primary human RPE cultures with CSE
could significantly increase the proportion of 𝛽-galactosidase
(SA-𝛽-Gal) cells [72]. Sublethal concentrations of hydrogen
peroxide have been shown to induce senescence associated
to SA-𝛽-Gal activity in primary cultured RPE cells [73] and
in vivo in RPE cells of old primate eyes [74].
Other molecules are involved in oxidative damage. Exposure of primary human RPE cells to CSE may also lead
to significant elevations of Apo J, CTGF, and fibronectin
expression, which are senescence-associated biomarkers [71].
All three biomarkers are inducible by oxidative stress [75, 76]
and have been previously detected in the RPE of AMD
donor eyes, although its role and function in the RPE remain
unclear.
Oxidative stress is thought to be essential in lipofuscin
and drusen formation [77, 78]. Acrolein, an unsaturated
aldehyde found in the gas phase of cigarette smoke, exerts an
oxidant-mediated damage by inducing protein modifications.
RPE cells exposed to acrolein show a decrease in viability and
mitochondrial membrane potential due to oxidative stress
[79]. In the acrolein RPE model, there is a significant decrease
in mitochondrial membrane potential, oxygen consumption,
and activity of mitochondrial complexes, and it increased
significantly the calcium-ion level [80].
3.2.3. Toxicity. Polycyclic aromatic hydrocarbons (PAHs) are
one of the most toxic compounds in cigarette smoke [81].
They form DNA adducts. Benzo(a)pyrene (B(a)P) is a PAH
with toxic effects on cultured RPE and RPE/choroid from
bovine exposed to chronic cigarette smoke. It causes extensive
mitochondrial DNA damage and increases lysosomal activity,
formation of a reactive epoxide [82], and caspase-mediated
cell apoptosis of human RPE cells [83] perhaps through the
generation of epoxides. These altered cell biological processes
in the RPE may contribute to the formation of drusen in individuals who are cigarette smokers and underlie susceptibility
to genetic mutations associated with AMD.
3.2.4. Experimental Models. ARPE-19 cells, a spontaneously
arising human RPE cell line [84], are widely used for in vitro
studies of cigarette smoke effect in RPE cells. These cells are
treated with different toxic substances derived from cigarette
smoke such as HQ [85], acrolein [79, 85], CSE [71, 72], B(a)P
[86], cadmium [60], and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) [56]. Recently, the effect of the HQ has been studied
in a combination of three cellular lines: ARPE-19 cells, rat
retinal neurosensory cells (R-28), and human microvascular
cells (HMVEC), to demonstrate that nonapoptotic cell death
can occur in many forms after the damage [85]. Human donor
eyes obtained from the eye bank are processed to obtain
human RPE cells. These cellular lines are exposed to HQ [65]
and CSE [72] to demonstrate a decrease in the viability after
damage. On the other hand, bovine RPE cells also are used
in in vitro experiments to study the effect of exogenous B(a)P
[82]. Other types of experiments include RPE/choroids from
mice to analyze the treatment of HQ [56, 65].
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3.2.5. In Vivo Animal Models. As in in vitro models, the same
toxic compounds are used in animals to investigate the effect
of cigarette smoke in the retina. C57BL/6-pigmented mice
are the most widely used in the literature. Hence, these mice
receive HQ orally in drinking water for a period of time
[65] and are injected intraperitoneally with TCDD [56]. On
the other hand, mice are placed into a smoking chamber
for a period of time to analyze the effect of the CSE. This
chamber contains a smoking machine in different models that
burns some cigarettes. Control mice are kept in a filteredair environment [66, 86, 87]. Cigarette smoke has been also
studied in RPE sheets from rats exposed to nicotine in
drinking water [65].
3.2.6. Histopathological Changes. The RPE constitutes a cell
monolayer that is crucial to maintain a normal photoreceptor
function. RPE cell apoptosis and basal deposits, or accumulations of heterogeneous debris in Bruch’s membrane, are two
critical histopathologic changes that are well recognized to
occur during the development of early AMD [88]. Fujihara
et al. observed these changes in mice after chronic exposure
to cigarette smoke [87], and Espinosa-Heidmann showed
that shorter duration and higher concentration of cigarette
smoke in old mice induce ultrastructural changes to Bruch’s
membrane and the choriocapillaris endothelium that are
compatible with early AMD [87].
In summary, the most important alterations observed
are Bruch’s membrane thickening, mild basal deposits and
enlargement, and loss of basolateral infoldings, which are an
established marker of epithelial cell injury. The formation of
vacuoles is a second sign of RPE damage.

4. Biomarkers and Smoking in AMD
In order to look for the most appropriate therapies and to
individualize lifestyle recommendations, it is ideally necessary to integrate the different clinical features, the habits, and,
if available, the biomarkers of a certain disease. A biomarker
is a characteristic objectively measured and evaluated as indicator of physiologic/pathologic processes or pharmacologic
responses.
Different biomarkers have been studied in AMD patients
[89–91]. However, very limited information exists about
biomarkers in smokers and type, stage, and progression
of AMD or clinical response to treatment. Seddon et al.
evaluated the association of serum C-reactive protein (CRP)
levels and the risk of AMD, showing that in the smoking
population this risk was increased more than 1.7-fold in the
lower PCR levels (CRP < 4.5 mg/L). There was no association
between smoking and AMD in the highest level of CRP
(CRP > 4.5 mg/L). However, the CRP levels were significantly
higher among participants with advanced AMD (case
patients) than among those with no AMD (controls; median
values: 3.4 versus 2.7 mg/L; 𝑃 = .02), so the highest levels of
CRP seem to increase the risk of AMD independently of
smoking [92].
In a subsequent study, Seddon et al. found that smoking had a positive association with some proinflammatory
cardiovascular disease biomarkers such as CRP, interleukin
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6, soluble tumor necrosis factor alpha receptor 2, soluble
intercellular adhesion molecule-1 (ICAM-1), and apolipoprotein B (ApoB) but not with vascular cell adhesion molecule-1
(VCAM-1) or lipoprotein(a) in nonexudative AMD [93].
Gibson et al. assessed the levels of plasmatic complement
component C1 inhibitor (C1inh), and they found that C1inh
levels were higher in smokers compared to nonsmokers
[94]. These results highlight the importance of considering
smoking status in AMD populations.
Other biomarkers have been studied separately in smokers versus nonsmokers and AMD patients versus normal
patients and a parallel increase (e.g., increased levels of lipid
peroxidation products) and decrease (e.g., decreased levels of
antioxidants) of considered markers have been found in both
kinds of studies [89, 94–98].

5. Treatment Considerations for
AMD Smoking Patients
There is limited information about the specific treatment of
dry and wet AMD in smokers. The use of antioxidant supplementation consisting of vitamin C (500 mg), vitamin E (400
international units), beta-carotene (15 mg), zinc (80 mg),
and copper (2 mg) demonstrated reduction of the risk of
progression to advanced dry AMD in the AREDS Study with
an average followup of 6.3 years. Some evidence suggested
that smokers taking beta-carotene supplementation had an
increased risk of lung cancer [99, 100]. However, at the end of
the study, the influence of treatment on mortality stratified by
smoking status found no effect for current-smokers who took
antioxidants. Otherwise, the small proportion of deaths from
lung cancer (0.8%) in the AREDS Study showed no difference
between treatments [101].
More recently, the AREDS2 Study showed that the addition of omega-3 fatty acids and/or lutein+zeaxanthin to the
the original AREDS formulation only reduces by 10% the risk
of progression to advanced dry AMD or neovascular AMD
[102]. Moreover, there was no effect of beta-carotene elimination or lower zinc dose to the original AREDS formulation
on progression to advanced AMD. Given the hypothetic
risk of lung cancer due to beta-carotene supplementation,
current- or former-smokers within the past year were allowed
to participate in the study only in the groups not receiving
beta-carotene. The incidence of lung cancer was higher in
the beta-carotene (2%) group than in the non-beta-carotene
group (0.9%), mainly in former-smokers (91% of participants who developed lung cancer were former-smokers).
The simultaneous administration of high doses of betacarotene and lutein+zeaxanthin may suppress serum and
tissue levels of lutein+zeaxanthin due to the competitive
absorption of carotenoids. The AREDS2 Study concluded that
lutein+zeaxanthin could be a safe carotenoid substitute in the
AREDS formulation [102].
In addition, the influence of smoking on the visual outcomes in cases of neovascular AMD treated with intravitreal
vascular endothelial growth factor inhibitors has also been
analyzed. Lee et al. evidenced that smokers had a statistically
significant higher risk (7-fold increase) for a poor response
to intravitreal therapies [103], whereas other authors found
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better functional outcomes in nonsmokers compared with
smokers but without statistical significance [104]. The mechanism for the negative influence of cigarette smoking in the
response to these therapies is poorly understood.

6. Conclusions
Age-related macular degeneration (AMD) is the commonest
cause of irreversible visual loss in the Western World [1–6].
AMD is a complex multifactorial disease with an uncertain
etiology associated with genetic and environmental risk factors. The hypothesis that interventions trying to minimize the
role of such environmental factors may reduce the incidence
of AMD and/or the progression to late stages has led to several
studies evaluating their relevance in the clinical practice.
Among them, cigarette smoking is a proven risk factor for
both development and progression of AMD [24–43], as well
as for the clinical response in both atrophic and neovascular
forms of AMD [99–104]. As has been previously described,
smoking by itself promotes molecular and pathological
changes that may establish an ideal macular microenvironment for the development of AMD: vascular inflammation
and endothelial dysregulation [47–56], oxidative damage
[57–80], toxic damage, and histopathological changes [81–
87]. However, patients are not frequently aware of the significant role played by cigarette smoking in blindness associated
with AMD. Sometimes, even physicians forget about advising
patients of the relevance to quit smoking. Quitting smoking
reduces the risk of AMD, and after 20 years of cessation
the risk of developing AMD is the same as for nonsmokers
[105, 106].
Recently, genetic testing has arisen as an option to provide
patients with a certain risk profile based on their own genetic
phenotypes in the high-risk genes for AMD [106–108]. This
is even more relevant in smoking subjects, as a genetic highrisk profile might influence their motivation to quit smoking
[106].
In the situation described above, we believe that institutional support to disseminate the relevance of cigarette smoking in terms of visual health is warranted. Very few countries show health warnings on cigarette packets related to
this issue (“SMOKING CAUSES BLINDNESS”), whereas
several other health issues warnings are usually included.
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Purpose. The establishment of future retinal pigment epithelium (RPE) replacement therapy is partly dependent on the availability
of tissue-engineered RPE cells, which may be enhanced by the development of suitable storage methods for RPE. This study
investigates the effect of different storage temperatures on the viability, morphology, and phenotype of cultured RPE. Methods.
ARPE-19 cells were cultured under standard conditions and stored in HEPES-buffered MEM at nine temperatures (4∘ C, 8∘ C, 12∘ C,
16∘ C, 20∘ C, 24∘ C, 28∘ C, 32∘ C, and 37∘ C) for seven days. Viability and phenotype were assessed by a microplate fluorometer and
epifluorescence microscopy, while morphology was analyzed by scanning electron microscopy. Results. The percentage of viable
cells preserved after storage was highest in the 16∘ C group (48.7% ± 9.8%; 𝑃 < 0.01 compared to 4∘ C, 8∘ C, and 24∘ C–37∘ C; 𝑃 < 0.05
compared to 12∘ C). Ultrastructure was best preserved at 12∘ C, 16∘ C, and 20∘ C. Expression of actin, ZO-1, PCNA, caspase-3, and
RPE65 was maintained after storage at 16∘ C compared to control cells that were not stored. Conclusion. Out of nine temperatures
tested between 4∘ C and 37∘ C, storage at 12∘ C, 16∘ C, and 20∘ C was optimal for maintenance of RPE cell viability, morphology, and
phenotype. The preservation of RPE cells is critically dependent on storage temperature.

1. Introduction
Dysfunction and loss of retinal pigment epithelium (RPE)
are major pathological changes in retinal degenerative diseases such as age-related macular degeneration (AMD) and
Stargardt disease. RPE cells have been shown to be good
candidates for cell replacement therapy for these diseases [1–
7]. With the demonstration of long-term survival of RPE cell
transplants both in various animal models and in humans [8–
13], transplantation offers the prospect of a single intervention
cure. The transplantation of RPE grafts enables appropriate
implantation and orientation of an organized RPE cell layer
in the retina [5, 14, 15] and circumvents several of the
complications associated with the use of RPE cell suspensions
[6, 8, 15, 16].

In corneal transplantation, the development of storage
techniques has simplified surgery logistics, enabled quality
control and tissue transportation, and provided worldwide
tissue availability. With the advancement of RPE cell replacement therapy, and with 20–25 million known sufferers from
AMD worldwide [17], a great need for improved storage
methods for cultured RPE is likely to emerge. Due to strict
regulatory demands [18, 19], the development of a suitable
storage method will be essential to enable the transportation
of viable cell constructs from centralized laboratories to operating theatres [18]. A short-term storage method would be
sufficient for this purpose, but no such protocol is available,
and the optimal temperature for the short-term storage of
RPE cells has not been established.

Based on previous publications on storage of cultured
epithelial cells [20–23], we hypothesize that differences in
storage temperature between 4∘ C and 37∘ C affect the viability,
morphology, and phenotype of cultured RPE cells. In the
current study, we have used the spontaneously immortalized
ARPE-19 cell line as a model. Though widely used and
appreciated for displaying significant functional differentiation [24, 25], this cell line does not mirror all the functions
and characteristics of native RPE [26, 27]. To ensure that
the cells used in our study differ as little from primary RPE
as possible, we assessed their cytoskeletal, junctional, and
differential properties.

Journal of Ophthalmology

Deviation from∘ set
temperature ( C)

2

5
4
3
2
1
0
−1
−2
−3
−4
−5

Temperature variation inside storage containers

5

10
Duration (hours)

15

20

Figure 1: In a pilot study, the temperature inside seven of the storage
containers was noted at 86 consecutive time points throughout 20
hours to assess the magnitude of the variation of the set temperature.
The maximum deviation was −0.8 to +1.0∘ C.

2. Materials and Methods
2.1. Cell Culture Media and Reagents. Cells from the
adult RPE cell line ARPE-19 were obtained from the
American Type Culture Collection (ATCC) (Manassas,
VA). Dulbecco’s Modified Eagle’s Medium (DMEM):
Nutrient Mixture F12, fetal bovine serum (FBS), bovine
serum albumin (BSA), trypsin-EDTA, 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), sodium bicarbonate,
gentamycin, phosphate-buffered saline (PBS), Triton X-100,
penicillin, streptomycin, and 4 ,6-diamidino-2-phenylindole
(DAPI) was provided by Sigma-Aldrich (St. Louis, MO).
Nunclon Δ-surface multidishes, glass coverslips, pipettes, and
other routine plastics were supplied by VWR International
(West Chester, PA). The minimum essential medium
(MEM), calcein-acetoxymethyl ester (CAM), Alexa Fluor
568 phalloidin, and the primary mouse anti-ZO-1 antibody
were purchased from Life Technologies (Carlsbad, CA).
Staurosporine and the primary rabbit anti-cleaved caspase-3
(Asp 175) antibody were obtained from Cell Signaling
Technology (Danvers, MA). The primary mouse anti-RPE65
antibody and the secondary antibodies FITC conjugated to
goat anti-mouse IgG and Cy3 conjugated to goat anti-rabbit
IgG were all purchased from Abcam (Cambridge, UK), while
the mouse anti-PCNA antibody was obtained from DAKO
(Glostrup, Denmark).
2.2. Cell Culture. Adult human retinal pigment epithelial
(ARPE-19) cells were routinely cultured in 95% air and
5% CO2 at 37∘ C in DMEM/F12 medium containing 10%
FBS, 50 units/mL penicillin,and 50 𝜇g/mL streptomycin. The
cells were seeded (5000 cells/cm2 ) on Nunclon Δ-surface
multidishes and glass coverslips. The culture medium was
changed on the second day, and confluent cultures were
obtained on the third day. Control cultures, which were
not subjected to subsequent storage, were then immediately
processed for the various analyses.
2.3. Cell Storage and Equipment. After the three-day culture
period, the multidishes were removed from the incubator,
and the culture medium was replaced by storage medium
consisting of 1 mL MEM, 25 mM HEPES, 22.3 mM sodium
bicarbonate, and 50 𝜇g/mL gentamycin. Thereafter, the cultures were randomized for storage at nine temperatures
(4∘ C, 8∘ C, 12∘ C, 16∘ C, 20∘ C, 24∘ C, 28∘ C, 32∘ C, and 37∘ C) for

seven days in custom-built storage containers without CO2
supply.
The storage containers were made from polystyrene and
were kept in a cold room which maintained an ambient
temperature below 4∘ C. All containers were equipped with
(1) an electronic temperature display that enabled control
of the storage temperature inside each box; (2) a heater
that increased the temperature inside the box from the
ambient room temperature (<4∘ C) to the desired storage
temperature; (3) a highly sensitive thermometer that continuously regulated the heater; and (4) a small fan that ensured
a homogeneous temperature inside the box by circulating
the air. The stability of the temperature inside the storage
containers was confirmed in a pilot study (Figure 1). In
addition, the temperature inside each storage container was
checked regularly throughout all experiments.
2.4. Viability Assessment. Viability after one week of storage
was analyzed using CAM, which is enzymatically cleaved into
the green fluorescent calcein inside living cells (Figure 2(a))
[28]. The cells were incubated for one hour in PBS containing
1 𝜇M CAM, and the CAM fluorescence was measured by a
microplate fluorometer (Fluoroskan Ascent, Thermo Scientific, Waltham, MA) with the excitation/emission filter pair
485 nm/538 nm (𝑁 = 6 (repeated twice, 3 each) for 4∘ C,
8∘ C and 24∘ C–37∘ C; and 𝑁 = 12 (repeated four times, 3
each) for 12∘ C–20∘ C). Three-day cultured cells that were not
subjected to storage, but instead immediately analyzed with
CAM, served as controls.
To determine the reliability of the CAM measurements
obtained by the microplate reader, a standard curve was
made. Using a cell counter (Scepter 2.0 Cell Counter, Merck
Millipore; Billerica, MA), cell suspensions with increasing
cell concentrations were seeded in multidishes and left for
two hours to ensure cell attachment. The cells were then
incubated with the CAM reagent as described above to stain
the attached cells. The CAM fluorescence was thereafter
measured by the microplate reader. The number of seeded
cells correlated highly with the measured CAM fluorescence, thereby showing great accuracy of the microplate
reader measurements (Pearson’s 𝑟 = 0.984; 𝑃 < 0.001)
(Figure 2(e)).
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Figure 2: A calcein-acetoxymethyl ester (CAM) reagent, which exclusively stains living cells, was used to analyze cell survival. To validate the
method, control cells and methanol-fixed cells were incubated with PBS containing 1 𝜇M CAM (green). (a) Control cells were CAM+ (green).
(b) Corresponding phase contrast micrograph to (a). (c) Fixed cells were CAM−. (d) Corresponding phase contrast micrograph to (c). (e)
Cells were seeded in multidishes in increasing concentrations and incubated for two hours to ensure attachment to the substrate. The CAM
reagent was added to the cells for one hour, and the CAM fluorescence was measured with a microplate fluorometer. The number of seeded
cells correlated significantly with the measured CAM fluorescence, thereby proving great accuracy of the microplate reader measurements.
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2.5. Morphology Analysis. ARPE-19 cells were cultured on
glass coverslips, and the samples were stored at nine temperatures for seven days before being processed for scanning
electron microscopy (SEM) as previously described (𝑁 = 8
(repeated twice, 4 each) for 4∘ C, 8∘ C, and 24∘ C–37∘ C; 𝑁 = 12
(repeated three times, 4 each) for 12∘ C–20∘ C) [29]. In brief,
stored cultures were fixed in 2.5% glutaraldehyde solution,
dehydrated in ethanol, and dried in compliance with the
critical point method (Polaron E3100 Critical Point Drier;
Polaron Equipment Ltd., Watford, UK). The control cultures
were processed for SEM without delay after the three-day
culture period. Coating of the samples with a 30 nm thick
layer of platinum in a Polaron E5100 sputter coater was
done prior to photographing with an XL30 ESEM electron
microscope (Philips, Amsterdam, The Netherlands).
2.6. Phenotype Analysis. Cells were cultured in 24-well multidishes and stored at 12∘ C, 16∘ C, and 20∘ C as described
above. Samples were subsequently prepared for immunocytochemical characterization by 15 minutes of methanol
fixation at room temperature followed by 30 minutes of
permeabilization and blocking in PBS containing 1% BSA
and 0.2% Triton X-100. Control cells were processed for
immunocytochemistry immediately after the three-day culture period.
Anti-ZO-1 (1 : 50), anti-RPE65 (1 : 200), anti-PCNA
(1 : 1000), and anti-cleaved caspase-3 (1 : 400) antibodies
were diluted in blocking solution (PBS with 1% BSA).
Primary antibodies were omitted from the negative controls.
Samples were incubated overnight at 4∘ C. Goat anti-mouse
FITC-conjugated secondary antibodies (diluted 1 : 250 in
blocking solution) and goat anti-rabbit Cy3-conjugated
secondary antibodies (diluted 1 : 10000 in blocking solution)
were added for one hour at room temperature. Specimens
were washed three times in PBS, with the addition of 1 𝜇g/mL
DAPI during the last wash to stain the cell nuclei. Positive
control cultures for caspase-3 included incubating cells with
1 𝜇M staurosporine for 24 hours (Figure 3). Treatment with
staurosporine is expected to trigger expression of caspase-3
and induce cell apoptosis [30].
To visualize the actin cytoskeleton, samples were fixed
in 4% formaldehyde for 10 minutes, permeabilized with PBS
containing 0.1% Triton-X, and stained with PBS containing
25 𝜇L/mL Alexa Fluor 568 phalloidin methanolic stock solution. After incubating for 20 minutes in room temperature,
specimens were washed in PBS and stained with DAPI.
The specimens were studied using a Nikon Eclipse Ti
fluorescence microscope and photographed at ×200 magnification with a DS-Qi1 black-and-white camera. Photomicrographs were captured at five predetermined positions in each
culture using a motorized microscope stage. The exposure
length and gain was maintained at a constant level for all
samples, and the image brightness was within the dynamic
range of the camera. Two blinded and independent investigators assessed expression of the various markers in five
photomicrographs in each culture (𝑁 = 8 (repeated twice,
4 each)). For the RPE65, PCNA, and caspase-3 markers,
the number of positive cells/total number of cells × 100%

(a)

(b)

Figure 3: Positive control to the caspase-3 antibody. Cultured RPE
cells were incubated with 1 𝜇M staurosporine for 24 hours in order
to trigger expression of caspase-3 and induce cell apoptosis. (a)
Photomicrograph showing immunostaining of caspase-3 (red) in
apoptotic cells treated with staurosporine. Nuclei were stained with
DAPI (blue). Original magnification: ×200. (b) Negative control
showing only DAPI staining (blue) when no staurosporine is added.
Original magnification: ×200.

was calculated. Assessment of observer agreement between
the two investigators demonstrated high reliability of the
phenotypic data (Table 1).
2.7. Statistical Analysis. A one-way analysis of variance with
Tukey’s post hoc comparisons (SPSS ver. 19.0) was used for
statistical evaluation of the results from the viability and
phenotype analyses. Pearson’s correlation and a paired sample
Student’s 𝑡-test were utilized to calculate observer agreement
of the phenotype data. 𝑃 values below 0.05 were considered
significant.

3. Results
3.1. Viability of Cultured ARPE-19 Cells following Storage.
To study the impact of different temperatures on RPE cell
survival, cell viability was analyzed using CAM. Sealed
multidishes with ARPE-19 cell cultures were randomized for
storage at 4∘ C, 8∘ C, 12∘ C, 16∘ C, 20∘ C, 24∘ C, 28∘ C, 32∘ C, and
37∘ C for seven days. The number of live cells after seven days
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Table 1: Characterization of retinal pigment epithelial cells.

Markers

Investigator criteria for
positive staining

Specificity

RPE65
PCNA
Caspase-3

Differentiated cells (cytosol/membrane)
Proliferating cells (nucleus)
Apoptotic cells (mainly cytosol)

Stained cytosol
Stained nucleus
Stained cytosol

Investigator A and B agreement
Significance level of
95% CI of difference
correlation (r) between
between investigators
investigators
𝑃 < 0.001
𝑃 < 0.001
𝑃 = 0.044

−0.1% to +0.0%
−3.3% to +0.8%
−0.2% to +0.0%

CI: confidence interval; r: Pearson’s correlation coefficient.

Viable cells after 7 days of storage

70

†

Viable cells compared to control (%)

60

‡

50
∗

40
30
20
10
0

4

8

12

16

20

24

28

Storage temperature (∘ C)

32

37

Figure 4: Cultured RPE cells were stored for seven days at 4∘ C,
8∘ C, 12∘ C, 16∘ C, 20∘ C, 24∘ C, 28∘ C, 32∘ C, and 37∘ C, and viability was
assessed with a calcein-acetoxymethyl ester reagent. The bar chart
shows the percentage of viable cells after storage compared to control
cells (100%). ∗ 𝑃 < 0.01 compared to 4∘ C, 8∘ C, 28∘ C, and 37∘ C;
𝑃 < 0.05 compared to 24∘ C and 32∘ C. † 𝑃 < 0.01 compared to
4∘ C, 8∘ C, and 24∘ C–37∘ C; 𝑃 < 0.05 compared to 12∘ C. ‡ 𝑃 < 0.01
compared to 4∘ C, 8∘ C, and 24∘ C–37∘ C. Error bars represent the
standard deviation of mean values.

of storage, as indicated by the CAM fluorescence measurements, was reduced at all storage temperatures compared to
the control (Figure 4). Storage at 16∘ C conserved the highest
number of live cells (48.7% ± 9.8%; 𝑃 < 0.01 compared to 4∘ C,
8∘ C, and 24∘ C–37∘ C; 𝑃 < 0.05 compared to 12∘ C). Twenty
degrees storage conserved 42.7% ± 12.1% of live cells (𝑃 <
0.01 compared to 4∘ C, 8∘ C, and 24∘ C–37∘ C), while storage
at 12∘ C conserved 34.2% ± 9.6% of viable cells (𝑃 < 0.01
compared to 4∘ C, 8∘ C, 28∘ C, and 37∘ C; 𝑃 < 0.05 compared to
24∘ C and 32∘ C). Thus, the temperatures 16∘ C and 20∘ C were
superior for cell survival.
3.2. Morphology of Cultured ARPE-19 Cells following Storage.
Scanning electron microscopy was performed to investigate
the effect of storage temperature on the ultrastructure of

cultured RPE cells. Prior to storage, the cells were generally well apposed and displayed an epithelial morphology
(Figures 5(a)-5(b)). After storage, the ultrastructure was best
maintained in the 12∘ C, 16∘ C and 20∘ C, groups (Figures 5(g)–
5(l)). Cell-cell contact was mostly preserved at these three
temperatures, although some intercellular spacing was seen.
There were only occasional cells with apoptotic morphology
(Figures 5(g)–5(l)). After storage at temperatures below 12∘ C
and above 20∘ C, on the other hand, the majority of the
remaining cells showed signs of cell damage and apoptosis.
These signs included extensive loss of cell-cell contact, cell
detachment, shrinkage, and membrane blebbing (Figures
5(c)–5(f) and 5(m)–5(t)). Apical microvilli were found in
control cultures and cultures stored at 12∘ C, 16∘ C, and 20∘ C,
while few to no microvilli were found in cells stored at
other temperatures (Figure 6). Collectively, these results
were in agreement with the viability data, showing best cell
preservation at 12∘ C, 16∘ C, and 20∘ C.
3.3. Phenotype of Cultured ARPE-19 Cells following Storage.
To assess the effect of storage temperature on the phenotype
of cultured RPE, cells stored at 12∘ C, 16∘ C, and 20∘ C were
immunostained with five different markers. Alexa Fluor 568
phalloidin staining was used for selective labeling of F-actin
in order to visualize the cytoskeleton and assess the formation
of stress fibers [27]. Actin staining revealed that the control cultures were the most heterogeneous, exhibiting actin
arranged in stress fibers in some cells and circumferentially in
others. Cultures stored at 12∘ C, 16∘ C, and 20∘ C predominantly
expressed circumferential actin arrangement and fewer elongated cells than the control cultures (Figure 7(a)).
To assess the integrity of the intercellular junctions, an
anti-ZO-1 antibody was used. The antibody localized to
cell borders and was present between all apposed cells. It
revealed a predominance of polygonal cells in all groups,
with a few elongated cells present only in the control cultures
(Figure 7(b)).
Anti-RPE65 was used to detect RPE65, a protein crucial
for the regeneration of visual pigment (Figure 7(c)) [7, 31].
RPE65 expression was demonstrated in 99.7% ± 0.5% of
control cells and in all cells following storage at 12∘ C, 16∘ C,
and 20∘ C (100%; 𝑃 = 0.52 compared to control) (Figure 7(d)).
An anti-PCNA antibody was employed to detect proliferating cells (Figure 7(e)). The percentage of PCNA+ cells in the
control was 12.3% ± 4.2% (Figure 7(f)). The expression level
was maintained after storage at 12∘ C (17.3% ± 5.4%; 𝑃 = 0.73)
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Figure 5: Photomicrographs of control cells and cells stored for seven days at 4∘ C, 8∘ C, 12∘ C, 16∘ C, 20∘ C, 24∘ C, 28∘ C, 32∘ C, and 37∘ C were
captured by a scanning electron microscope. An epithelial cobblestone morphology can be seen in the control ((a), (b)), and this was
best maintained after storage at 12∘ C, 16∘ C, and 20∘ C ((g)–(l)). The cells demonstrate apoptotic morphological alterations like shrinkage
and membrane blebbing after storage at temperatures below 12∘ C ((c)–(f)) and above 20∘ C ((m)–(t)). Images are representative of three
independent samples. Scale bars: 100 𝜇m (black), 20 𝜇m (white). Black arrowheads: shrinkage and membrane blebbing. White arrowheads:
microcracks representing artifacts due to sample preparation.

Figure 6: Scanning electron photomicrographs showing apical microvilli on control ARPE-19 cells as well as on cells subjected to seven days
of storage at 12∘ C, 16∘ C, and 20∘ C. Scale bars: 20 𝜇m. Black arrowheads: microvillus.

and 16∘ C (22.5% ± 11.1%; 𝑃 = 0.21) and increased after
storage at 20∘ C (27.8% ± 4.1%; 𝑃 = 0.03).
To assess the percentage of dead cells, the cultures were
immunostained with anti-caspase-3, an indicator of apoptosis (Figure 7(g)). As expected, the control cultures showed
very few caspase-3+ cells (0.09% ± 0.18%) (Figure 7(h)). The
percentage of caspase-3+ cells did not increase after sevenday storage at 12∘ C (0.12% ± 0.14%; 𝑃 = 0.98), 16∘ C(0.05% ±
0.09%; 𝑃 = 0.96), or 20∘ C (0.02% ± 0.04%; 𝑃 = 0.86). These
results support the morphology analyses that demonstrated
only infrequent cells with apoptotic features in the 12∘ C, 16∘ C,
and 20∘ C groups.

4. Discussion
The present study shows that storage temperature has a
crucial impact on the morphology and viability of cultured
RPE cells. The storage temperature interval 12∘ C to 20∘ C
was superior in preserving cell viability, morphology and
phenotype.
Maintaining cell viability before transplantation is critically important for optimal graft survival and function. In
ophthalmology, the technique of tissue preservation is mostly
utilized for storage of corneas in eye banks. Corneas are
either cold-stored at 4∘ C or organ cultured at 31–37∘ C [32].
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Figure 7: Cultured RPE cells were stored at 12∘ C, 16∘ C, and 20∘ C for seven days, and expression of actin, ZO-1, RPE65, PCNA, and caspase-3
was assessed. The percentage of cells expressing RPE65, PCNA, and caspase-3 was quantified by two independent and blinded investigators.
(a) Photomicrographs showing immunostaining with phalloidin-Alexa 568 used to visualize actin filaments (red). Nuclei were stained with
DAPI (blue). Original magnification: ×200. (b) Photomicrographs showing immunostaining of ZO-1 (green). Nuclei were stained with DAPI
(blue). Original magnification: ×200. (c) Photomicrographs showing immunostaining of RPE65 (red). Nuclei were stained with DAPI (blue).
Original magnification: ×200. (d) Bar chart demonstrating RPE65 expression in stored and control cells. Expression of RPE65 was maintained
after storage at all three temperatures. Error bars: standard deviation of mean values. (e) Photomicrographs showing immunostaining of
PCNA (red) in control and stored cells. Nuclei were stained with DAPI (blue). Original magnification: ×200. (f) Bar chart displaying the
percentage of PCNA+ cells in the control cultures and in the storage groups. PCNA expression was maintained at 12∘ C and 16∘ C and increased
after storage at 20∘ C compared to the control. Error bars: standard deviation of mean values. (g) Photomicrographs of cells stained with anticaspase-3 antibody (red). Nuclei were stained with DAPI (blue). Original magnification: ×200. (h) Bar chart showing the percentage of
caspase-3+ cells. There was no increase in caspase-3+ cells after storage compared to control. Error bars: standard deviation of mean values.

However, it is questionable whether these temperatures are
optimal for maintaining RPE cell quality. In the present study
we demonstrated that storage at 16∘ C and 20∘ C maintained
the largest amount of live cells and moreover provided far
superior results than cold conditions. The viability of adult
primary RPE cell sheet grafts after storage has previously
been investigated by Tezel and coworkers using a calcein
and ethidium homodimer viability kit [33]. This group used
cell counting rather than a microplate fluorometer. In that
study, the ratio of live cells to the total cell number decreased
to 32.4% after four days of storage at 4∘ C. In the current

study, we stored the cells for seven days instead of four,
and in line with the study by Tezel and coworkers, the 4∘ C
storage group showed a great drop in the number of live
CAM-retaining cells compared to the control. It should be
noted that we compared the number of live cells after storage
with the number of live cells in the control, whereas Tezel
and coworkers compared the ratio of live cells to the total
cell number in the stored cultures. However, both of these
studies suggest that 4∘ C is not the optimal temperature for
RPE cell storage. The intriguing finding of the current study,
that the best storage temperature for cultured RPE cells is
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approximately midway between the traditional temperatures
for cell culture (37∘ C) and cold storage (4∘ C), is supported by
studies on other epithelial cell types. Raeder and associates
reported that the storage of cultured human limbal epithelial
cells at 23∘ C is superior to storage at both 5∘ C and 31∘ C
[20], while another study reported that cultured human
conjunctival epithelium maintained viability after four days
of storage at 23∘ C in HEPES-MEM [23]. Hypothermia has
been shown to reduce both ARPE-19 cell metabolism and vascular endothelial growth factor secretion in a temperaturedependent fashion [34]. We speculate that the temperature
decrease to 16∘ C halts ARPE-19 cell metabolism to such an
extent that cell survival is improved compared to higher
temperatures.
The ARPE-19 cell line used in the current study showed
an epithelial morphology similar to that demonstrated previously with subcultures of this cell line [24]. Storing the
cells at temperatures between 12∘ C and 20∘ C ensured the best
preservation of ultrastructure, although increased intercellular spacing was seen after storage at all temperatures. Some
of the intercellular gaps, however, represented microcracks
due to critical point drying as part of sample preparation for
scanning electron microscopy [35]. Apical microvilli, which
have been demonstrated in ARPE-19 previously [31], have
been reported to decrease in number in aging RPE cells
[36]. The loss of apical microvilli causes unfavorable effects
on the RPE cell functions and may accelerate degenerative
processes in the retina [36, 37]. Hence, our results showing
the preservation of microvilli only at a specific temperature
range further emphasizes the need for careful temperature
control during RPE cell storage.
The actin cytoskeleton is involved in many cellular functions, affecting cell adhesion, morphogenesis, and phagocytosis [38]. Stress fibers are contractile bundles of actomyosin
that are assembled when cells encounter mechanical stress
[38]. Their presence in vivo is usually confined to muscle
cells and myofibroblasts in dermal wound tissue [39], but
they are common in epithelial cells cultured in vitro [39].
Formation of actin stress fibers in the ARPE-19 cell line
has been reported earlier, and it has been demonstrated
that the cells’ propensity for developing these fibers depends
both on culture length and the composition of the culture
medium [27]. To ensure that the ARPE-19 cells used in
the present study displayed normal epithelial characteristics,
the actin cytoskeleton was visualized with phalloidin-Alexa
568. The staining revealed that, prior to storage, the actin
filaments were mostly arranged in circumferential bands but
that a subset of cells were elongated and displayed stress
fiber formation. After storage at 12∘ C, 16∘ C, and 20∘ C, actin
staining revealed no stress fiber formation, indicating both
preservation and promotion of normal epithelial characteristics of ARPE-19 cells stored in serum-free HEPES-MEM. In
support of this finding, Luo et al. [27] have reported a reduced
tendency of stress fiber formation in ARPE-19 cells cultured
in serum-free medium when compared to cells cultured in
serum-supplemented medium.
To assess the presence of intercellular tight junctions,
staining with anti-ZO-1 antibody was performed. The marker
localized to cell borders and was present between all apposed
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cells, indicating a tight junction organization typical of
native RPE and revealing a cobblestone morphology with a
predominance of polygonal cells in all groups (Figure 7(b)).
Compared with the control, we did not detect a different
RPE expression profile following storage at 12∘ C, 16∘ C, and
20∘ C. The RPE65 protein is considered an essential marker
of RPE cell differentiation [31]. Even though the ATCC
recommends a FBS-containing culture medium [40], storage of ARPE-19 cells in serum-free HEPES-MEM did not
apparently affect the expression of the differentiation marker
RPE65.
Proliferating cell nuclear antigen (PCNA) expression was
maintained after storage at 12∘ C and 16∘ C but increased after
storage at 20∘ C. Maintenance of PCNA expression during
storage has also been reported for cultured human conjunctival epithelium kept for seven days at 23∘ C in HEPESMEM [23]. According to Rieder and Cole, transition through
the G2 and M phases of mitosis comes to a halt when the
temperature is lowered to approximately 16–20∘ C, thereby
prolonging the cell cycle [41]. The tendency for a progressively
decreasing percentage of PCNA+ cells with lower storage
temperature in our study could be related to the inhibited
G2 /M transition below 16–20∘ C. Upon heating, cells that have
been stored at 19∘ C proliferate at an even higher rate than
that of control cells maintained at 37∘ C [41]. The RPE cell
layer is mitotically inactive in vivo [42], but has the ability
to grow by cell enlargement if damage occurs [6, 42]. Both
transplanted freshly harvested RPE and transplanted cultured
RPE are capable of proliferating in vivo, but proliferation is
halted upon close apposition to the neural retina, indicating
an effect of the neural retina in stalling RPE cell proliferation
[43]. Thus, it can be expected that the stored RPE cells
will eventually stop dividing following transplantation. Some
initial proliferative activity may be advantageous, as it could
enable transplanted cells to cover exposed areas of Bruch’s
membrane [33, 44].
In the present study, we did not detect an increase in
caspase-3+ apoptotic cells after storage. However, the number
of CAM+ live cells after storage dropped to less than 50%
compared to the control. The low percentage of caspase-3+
cells can be explained by the dead cells’ tendency to detach
and be washed away during rinsing prior to immunostaining.
In support of this assumption, we found very few cells
demonstrating an apoptotic morphology after storage at 12∘ C,
16∘ C, and 20∘ C.
Several laboratories have investigated the cultivation of
RPE cells on artificial substrates, aiming to identify carrier
materials that could be directly transplanted into the subretinal space [15, 45, 46]. However, there is currently no
consensus in regard to the future use of culture substrates
for RPE transplantation. In the current study, ARPE-19 cells
were cultured on glass or plastic culture dishes, reducing the
culture variables to a minimum and allowing the impact of
storage temperature on cultured cell sheets to be isolated.
In support of this study design, it has been shown that
differences in the ARPE-19 transcriptome can be attributed
to culture conditions and that culturing of ARPE-19 cells
on plastic substrates is superior in maintaining a phenotype
closest to native RPE cells [47]. A storage period of seven
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days should be sufficient time to allow transportation from
the culture laboratories to the clinics, sterility control, and
preparation for the transplantation procedure. Furthermore,
a major advantage of the current storage method is the
ability for cell preservation without CO2 incubation, thereby
facilitating transportation. The methods used in the current
study are, however, not directly clinically applicable, and
further studies on the validation of our storage technique
using clinically applicable RPE cell sources and carrier substrates are warranted. Future studies aimed at identifying
storage conditions and specific growth stimulating factors for
RPE cell maintenance could further refine the technology to
improve cell survival following storage.

5. Conclusion
In conclusion, this study demonstrates that human cultured
RPE cells are best preserved at the temperature range 12∘ C
to 20∘ C. The capability to preserve RPE cells is essential for
the future advancement of RPE cell replacement therapy.
Moreover, the storage method described in the current study
may be applicable for other cell types and tissues; thus its
significance may extend well beyond RPE and eye diseases.
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Age-related macular degeneration (AMD) is a major cause of blindness worldwide. Oxidative stress plays a large role in the
pathogenesis of AMD. The present study was to evaluate the effects of Fructus lycii ethanol extract on AMD in mice and to
investigate whether combination of lutein and zeaxanthin, two carotenoid pigments in Fructus lycii, could protect human retinal
pigment epithelial ARPE-19 cells treated with hydrogen peroxide (H2 O2 ) in vitro. We found that severe sediment beneath retinal
pigment epithelium and thickened Bruch membrane occurred in AMD mice. However, Fructus lycii ethanol extract improved
the histopathologic changes and decreased the thickness of Bruch membrane. Furthermore, the gene and protein expression of
cathepsin B and cystatin C was upregulated in AMD mice but was eliminated by Fructus lycii ethanol extract. Investigations in vitro
showed that ARPE-19 cell proliferation was suppressed by H2 O2 . However, lutein/zeaxanthin not only stimulated cell proliferation
but also abrogated the enhanced expression of MMP-2 and TIMP-1 in H2 O2 -treated ARPE-19 cells. These data collectively suggested
that Fructus lycii ethanol extract and its active components lutein/zeaxanthin had protective effects on AMD in vivo and in vitro,
providing novel insights into the beneficial role of Fructus lycii for AMD therapy.

1. Introduction
Age-related macular degeneration (AMD) represents a progressive chronic disease of the central retina and is a leading
cause of vision loss worldwide. The cause of AMD is complex,
and many risk factors have been implicated including age,
genetics, diet, and other environmental risk factors. Most of
the visual loss occurs in the late stages of the disease due
to one of two processes: neovascular AMD (wet AMD) and
atrophic AMD (dry AMD) [1]. The recent few decades have

witnessed advances in the treatment of wet AMD. Antiangiogenic agents targeting choroidal neovascularization such
as pegaptanib, bevacizumab, and ranibizumab have shown a
therapeutic promise for wet AMD [2–4]. Unfortunately, there
is currently no proven treatment for dry AMD in the clinical
context.
Increasing understanding of the pathogenesis of AMD
reveals that cathepsin B and cystatin C have important
functions in the catabolism of outer membranous disc of
visual cells. Cathepsin B is a thiol-dependent lysosomal
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proteinase that can degrade collagens, connective tissue
proteins, and certain native enzymes [5]. Visual cells also
secrete cystatin C, resulting in protection of the surface
proteins from degradation. More recently, epidemiological
evidence shows that cystatin C is associated with increased
risk of developing exudative AMD [6]. Furthermore, matrix
metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases (TIMPs) produced by retinal pigment epithelium
(RPE) cells are critically involved in maintaining the homeostasis of matrix components in the eye tissues [7]. Currently,
attention has been increasingly addressed to these molecular
events previously not considered in the context of RPE-driven
mechanisms of AMD pathogenesis.
The eye is an exceptional organ because of its continuous
exposure to environmental chemicals, radiation, and atmospheric oxygen. There is a general consensus that cumulative
oxidative damage is responsible for aging and may, therefore,
play an important role in the pathogenesis of AMD [8].
Oxidative stress may cause injury to RPE, Bruch membrane,
and choroid, which are layers in the eye involved in the
pathophysiology of AMD. Antioxidant strategy has been
proposed and tested in the treatment of dry AMD [9].
Recent studies show that hydroquinone, a major prooxidant
in cigarette smoke and atmospheric pollutants, induces actin
reorganization and bleb formation involved in sub-RPE
deposits formation relevant to the pathogenesis of AMD
[10]. There is evidence from observational studies suggesting
that people who eat a diet rich in antioxidant vitamins
(carotenoids, vitamins C and E) may be less likely to develop
AMD [11]. Current pharmacological studies demonstrate that
Fructus lycii, a well-known tonic medicine and a long-term
healthy food without side effects in Asia, has predominant
antioxidative and antiaging effects and can improve immunity [12]. In addition, the 𝛽-carotenes contained in this herb
are important visual pigments and potent antioxidants. Of
note, lutein and zeaxanthin, two common carotenoids in
Fructus lycii, are constituents of the yellow macular pigment
in the human retina [13]. These two compounds were also
reported to exert neuroprotective effects by the mechanism
of antioxidative stress in vision-threatening diseases, such as
innate retinal inflammation, diabetic retinopathy, and lightinduced retinal degeneration [14, 15]. However, the biological
functions of these macular pigments are not fully understood.
The current study was to investigate the in vivo effects of
Fructus lycii ethanol extract on AMD induced by high-fat
diet and hydroquinone intake in mice and to evaluate the in
vitro effects of lutein combined with zeaxanthin on hydrogen
peroxide- (H2 O2 -) treated ARPE-19 cells.

2. Materials and Methods
2.1. Regents and Antibodies. Hydroquinone was obtained
from Alfa Aesar A Jonson Matthey Company (USA). Analytical grade 30% H2 O2 was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and was diluted with
deionized water to the indicated concentrations for experiments. Lutein and zeaxanthin were from Shanghai Gongshuo
Biotechnology Co., Ltd. (Shanghai, China). These two agents
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were dissolved in dimethyl sulfoxide (DMSO) in this study.
The primers used in real-time PCR were from GenScript
Co., Ltd. (Nanjing, China). The primary antibodies used in
western blot analyses against cathepsin B (sc-6493), cystatin
C (sc-73879), MMP-2 (sc-8835), and TIMP-2 (sc-21735) were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The primary antibody against 𝛽-actin (No. A2228) was from
Sigma (St. Louis, MO, USA), and the horseradish peroxidaseconjugated secondary antibody (No. 3678) was from Cell
Signaling Technology (Danvers, MA, USA).
2.2. Preparation of Fructus lycii Ethanol Extract. The herb
Fructus lycii was collected from Ningxia Province (China) by
the Pharmaceutical Preparation Section of Jiangsu Province
Hospital of Traditional Chinese Medicine (Nanjing, China).
The herb was soaked with 5 volumes of 60% ethanol
overnight, then refluxed for 1 h and filtrated. The filter
residues were extracted with 3 volumes of 60% ethanol
under reflux for 1 h and filtrated. Two batches of filtrate
were combined and concentrated and yielded viscous ethanol
extract. Each gram of the ethanol extract contained 1.563 g
crude herb.
2.3. Animals and Treatments. C57BL/6 mice (8-month-old
female) were purchased from Beijing Vitalriver Experimental
Animal Co., Ltd. (Beijing, China). All experimental procedures were approved by the institutional and local committee
on the care and use of animals of Nanjing University of
Chinese Medicine (Nanjing, China), and all animals received
humane care according to the National Institutes of Health
(USA) guidelines. All mice were maintained under a 12 h
light/dark cycle at a controlled temperature (25∘ C) with free
access to food and tap water. Forty mice were fed with highfat diet for 6 months and subsequently received the intake of
hydroquinone, which was dissolved in the drinking water, for
additional 3 months. Afterwards, the 40 mice were divided
into 4 groups (10 mice/each group), namely, AMD model
group (high-fat diet plus hydroquinone intake), low dose
group (1.25 g/kg treatment), moderate dose group (2.50 g/kg
treatment), and high dose group (3.75 g/kg treatment). These
doses corresponded to the crude drug doses used clinically,
which have been sufficiently demonstrated to be safe in
humans. The Fructus lycii ethanol extract was administrated
to mice orally once a day for 3 months. During the course
of experiments, ten mice were normally fed without being
exposed to high-fat diet and hydroquinone, and they were
termed “aging mice.” In addition, ten 3-month-old mice were
used as negative control for histopathological examination,
and they were termed “young mice” in this study.
2.4. Electron Microscopy Examination. After treatments, all
mice were sacrificed, and eyeballs were isolated and fixed
immediately in 2.5% glutaral plus 2.5% paraform for 24 h.
Cornea, crystalline lens, and vitreous body were removed
from the eye tissues. Wall tissue (2 × 4 mm) was excised from
the bilateral area of optic disc and fixed with glutaral/osmic
acid, coated with epoxy resins, and sectioned. Generally,
the tissues were extracted from the back of the equator
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of eyeball. After double staining with uranyl acetate and
lead citrate, the sections were examined with transmission
electron microscope (JEM1010EX), and images were taken.
The width of sediment beneath RPE was scored according
to the following guidelines: 0 level, no sediment; 1 level,
local spotted sediment; 2 level, the area of sediment <2 RPE
cells; and 3 level, the area of sediment ≥2 RPE cells. The
thickness of sediment beneath RPE was scored according to
the following guidelines: 0 level, no sediment; 1 level, flat
sediment; 2 level, the thickness <1/4 height of one RPE cell;
and 3 level, the thickness ≥1/4 height of one RPE cell. The total
score = width score + 1/2 thickness core [16]. The thickness of
Bruch membrane was determined under electron microscopy
directly (magnification ×25000). For all these examinations,
every 5 sections from 1 eyeball were observed, and 3 random
fields were visualized for scoring.
2.5. Immunohistochemical Evaluation. Cornea, lens, and vitrectomy were removed from the eye tissues. The wall of
eyeball was divided into four pieces along with discus opticus.
So the examined tissues could contain the superior, inferior,
temporal, or nasal part. Tissue sections of 4 𝜇M were fixed
with cold acetone for 10 min and washed with phosphate
buffered saline (PBS) for 3 times. Then, slides were blocked
with 10% goat serum for 10 min at room temperature followed
by incubation with antibodies against cathepsin B (dilution
1 : 50) or cystatin C (dilution 1 : 50) overnight at 4∘ C. PBS was
used as negative control. Slides were washed with PBS and
then incubated with anti-rat IgG-HRP antibody for 30 min
at 37∘ C followed by addition of chromogenic agent AEC.
Finally, the slides were counterstained in hematoxylin and
observed under an inverted microscope with a Leica Qwin
System (Leica, Germany).
2.6. Cell Culture. Human RPE cell line ARPE-19 was purchased from the American Type Culture Collection (USA).
ARPE-19 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM; Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Sijiqing Biological Engineering Materials Co., Ltd., HangZhou, China),
100 U/mL penicillin, and 100 mg/mL streptomycin and
grown in a 95% air and 5% CO2 humidified atmosphere at
37∘ C.
2.7. MTS Assay. ARPE-19 cells in logarithmic growth
were seeded in 96-well plates and cultured in DMEM
supplemented with 10% FBS for 24 h and then treated with
H2 O2 , with or without lutein/zeaxanthin at the indicated
concentrations for 24 h. Treatment with DMSO (0.02%, w/v)
was set up as the negative control, and this was performed
throughout the in vitro study. After treatment, 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfo-phenyl)-2H-tetrazolium (MTS; Sigma, St Louis, MO,
USA) and phenazine methosulfate (Promega Corporation,
Madison, WI, USA) were added, and the cells were further
incubated for 3 h at 37∘ C. The spectrophotometric absorbance
at 490 nm was measured by a SPECTRAmax microplate
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spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA). Six duplicate wells were set up for each group.
2.8. Real-Time PCR. Total RNA was isolated from retina
and choroid using Trizol reagent (Sigma, St. Louis, MO,
USA) following the protocol provided by the manufacturer.
Real-time PCR was performed as described previously [17].
Glyceraldehyde phosphate dehydrogenase (GAPDH) was
used as the invariant control. Fold changes in the mRNA
levels of target genes related to the invariant control GAPDH
were calculated as suggested by Schmittgen et al. [18]. The
following primers were used in real-time PCR analyses: cathepsin B: (forward) 5 -GGAGATACTCCCAGGTGCAA-3 ,
(reverse) 5 -CTGCCATGATCTCCTTCACA-3 ; cystatin C
(forward) 5 -CAACAAGGGCAGCAACGATG-3 , (reverse)
5 -GGGAAGGAGCACAAGTAAGGAAC-3 ; GAPDH: (forward) 5 -GGCCCCTCTGGAAAGCTGTG-3 , (reverse) 5 CCGCCTGCTTCACCACCTTCT-3 .
2.9. Western Blot Analyses. The eye tissues or treated ARPE19 cells were homogenised in RIPA lysis buffer (0.1% SDS,
0.5% deoxycholate, 1% Nonidet, 150 mM NaCl, and 50 mM
Tris-HCl) containing protease inhibitors on ice. The protein
levels were determined using a BCA assay kit (Pierce, USA).
Proteins (50 𝜇g/well) were separated by SDS-polyacrylamide
gel, transferred to a PVDF membrane (Millipore, Burlington, MA, USA), and blocked with 5% skim milk in Trisbuffered saline containing 0.1% Tween 20. Target proteins
were detected by corresponding primary antibodies and subsequently by horseradish peroxidase-conjugated secondary
antibodies. Protein bands were visualized using chemiluminescence reagent (Millipore, Burlington, MA, USA). Equivalent loading was confirmed using an antibody against 𝛽-actin.
The levels of target protein bands were densitometrically
determined using Quantity Ones 4.4.1 (Bio-Rad Laboratories,
Berkeley, CA, USA). The variation in the density of bands was
expressed as fold changes compared to the control in the blot
after normalization to 𝛽-actin.
2.10. Statistical Analysis. Data were presented as mean ±
SD, and results were analyzed using SPSS16.0 software.
The significance of difference was determined by one-way
ANOVA with the post hoc Dunnett’s test. A value of 𝑃 < 0.05
was considered to be statistically significant.

3. Results
3.1. Ethanol Extract of Fructus lycii Improves Histopathologic
Changes in Mice with an Experimental Model of AMD. We
used high-fat diet combined with hydroquinone intake to
establish the AMD model in mice. Histopathological examination demonstrated that there was no RPE sediment in the
young mice and less spotted sediment in the aging control
mice, but massive successive flat sediment was observed in
the AMD mice without treatment, suggesting that the AMD
model was established successfully. However, treatment with
Fructus lycii ethanol extract at various doses resulted in a
reduction in RPE sediment (Figure 1(a)). These results were
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Figure 1: Effects of Fructus lycii ethanol extract on the histopathology in mice with an experimental model of AMD. Mice were grouped: group
1, aging control group (no high-fat diet plus hydroquinone, no treatment); group 2, AMD model group (with high-fat diet plus hydroquinone,
no treatment); group 3, low dose group (with high-fat diet plus hydroquinone, 1.25 g/kg treatment); group 4, moderate dose group (with highfat diet plus hydroquinone, 2.50 g/kg treatment); and group 5, high dose group (with high-fat diet plus hydroquinone, 3.75 g/kg treatment).
(a) Electron microscopy examination of the eye tissues (magnification ×25000). Normal young mice (3 months old) were used as negative
control. The black arrows indicate the Bruch membrane. (b) Comprehensive scoring on the severity of RPE sediment. The width and thickness
of sediment were scored according to the guidelines described in Section 2. The total score = width score + 1/2 thickness score. Data are
expressed as mean ± SD, ## 𝑃 < 0.01 versus group 1, ∗ 𝑃 < 0.05 versus group 2, and ∗∗ 𝑃 < 0.01 versus group 2. (c) Determination of Bruch
membrane thickness. Data are expressed as mean ± SD, ## 𝑃 < 0.01 versus group 1, and ∗∗ 𝑃 < 0.01 versus group 2.

confirmed by the scoring for sediment severity. The score for
the AMD mice without treatment was significantly higher
than that for the aging control mice (𝑃 < 0.01), but Fructus
lycii ethanol extract decreased the score in a dose-dependent
fashion and at low dose led to a significant effect compared to
the AMD mice without treatment (𝑃 < 0.05) (Figure 1(b)).
Electron microscopy examination exhibited that the Bruch
membrane of the aging control mice was slightly thicker
than that of the young mice, while the Bruch membrane
of the AMD mice without treatment was considerably
thickened concomitant with loss of homogeneity. Similar
results were also observed around the choroid capillary
endothelial cells. However, Fructus lycii ethanol extract led
to histological improvement in Bruch membrane to different
degrees (Figure 1(a)) and significantly reduced the enhanced
thickness of Bruch membrane in a dose-dependent manner
compared to the AMD mice without treatment (all 𝑃 <
0.01) (Figure 1(c)). Taken together, these data indicated that
Fructus lycii ethanol extract could reduce RPE sediment and
restore Bruch membrane in vivo.
3.2. Ethanol Extract of Fructus lycii Reduces Cathepsin B
Expression in Mice with an Experimental Model of AMD. We
next examined whether the gene and protein expression of
cathepsin B in the eye tissues was modulated by treatment
with Fructus lycii ethanol extract. Real-time PCR showed that

high-fat diet combined with hydroquinone intake led to a
ignificant increase in the mRNA expression of cathepsin B
compared to the young mice (𝑃 < 0.01), but this increase
was dose-dependently abrogated by Fructus lycii ethanol
extract. Fructus lycii ethanol extract at low dose produced
a significant reducing effect compared to the AMD mice
without treatment (𝑃 < 0.05) (Figure 2(a)). In addition,
western blot assay and immunohistochemistry were used to
determine the protein expression of cathepsin B. The data
showed that the protein abundance of this enzyme was significantly elevated in the AMD mice without treatment, but
treatment with Fructus lycii ethanol extract dose-dependently
downregulated its expression in the eye tissues (Figures 2(b)
and 2(c)). Collectively, these data indicated that the enhanced
production of cathepsin B in the pathogenesis of AMD could
be decreased by Fructus lycii ethanol extract at both gene and
protein levels in vivo.
3.3. Ethanol Extract of Fructus lycii Reduces Cystatin C Expression in Mice with an Experimental Model of AMD. Cystatin C
as another important regulatory enzyme in AMD pathology
was also determined in our present study. Similar to cathepsin
B, the gene expression of cystatin C was also upregulated
significantly in the AMD mice without treatment compared
to the young counterparts (𝑃 < 0.01), but Fructus lycii ethanol
extract dose-dependently eliminated the increase in cystatin
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Figure 2: Effects of Fructus lycii ethanol extract on cathepsin B expression in mice with an experimental model of AMD. Mice were grouped:
group 1, aging control group (no high-fat diet plus hydroquinone, no treatment); group 2, AMD model group (with high-fat diet plus
hydroquinone, no treatment); group 3, low dose group (with high-fat diet plus hydroquinone, 1.25 g/kg treatment); group 4, moderate dose
group (with high-fat diet plus hydroquinone, 2.50 g/kg treatment); and group 5, high dose group (with high-fat diet plus hydroquinone,
3.75 g/kg treatment). (a) Real-time PCR analysis for transcript level of cathepsin B. GAPDH was used as the invariant control for calculating
fold changes in mRNA levels (𝑛 = 10). Data are expressed as mean ± SD, ## 𝑃 < 0.01 versus group 1, ∗ 𝑃 < 0.05 versus group 2, and
∗∗
𝑃 < 0.01 versus group 2. (b) Western blot analysis for protein level of cathepsin B. 𝛽-Actin was used as an invariant control for equal
loading. Representative blots were from 10 independent experiments with quantification. Data are expressed as mean ± SD, # 𝑃 < 0.05 versus
group 1, and ∗ 𝑃 < 0.05 versus group 2. (c) Immunohistochemical staining of the eye tissues for cathepsin B was detected in different groups
(magnification ×25000). Normal young mice (3 months old) were used as negative control. The retina and chorioid are indicated.

C gene expression, and a significant effect was observed even
if at a low dose compared to the AMD mice without treatment
(𝑃 < 0.01) (Figure 3(a)). Furthermore, western blot assay
and immunohistochemical analysis revealed that the protein
expression pattern of cystatin C in the absence or presence
of Fructus lycii ethanol extract was in accordance with the
real-time PCR data (Figures 3(b) and 3(c)). Altogether, these
findings suggested that Fructus lycii ethanol extract could
inhibit the de novo production of cystatin C in mice, whose
upregulation was related to the pathogenesis of AMD.
3.4. Lutein Combined with Zeaxanthin Stimulates Proliferation
and Regulates Matrix Homeostasis in H2 O2 -Treated ARPE-19
Cells. Lutein and zeaxanthin are two well-known carotenoid
pigments found in Fructus lycii. They are isomers sharing
the same molecular weight. We hypothesized that the two
compounds could protect RPE cells due to their potent
antioxidative properties and thereby had the potential to

treat AMD. To test this hypothesis, we established an in
vitro model of H2 O2 -treated ARPE-19 cells, which could
mimic the oxidative stress-induced injury of RPE cells in
the pathogenesis of AMD, and evaluated the protective
effects of lutein combined with zeaxanthin (1 : 1) in vitro.
Cell viability assay showed that H2 O2 reduced ARPE-19 cell
proliferation dose-dependently and produced a significant
effect at 200 𝜇M compared to the control cells (𝑃 < 0.05)
(Figure 4(a)). Therefore, we chose H2 O2 at 200 𝜇M to establish the oxidative stress-induced injury of ARPE-19 cells. The
subsequent experiment demonstrated that lutein/zeaxanthin
reversed the H2 O2 -caused inhibition of cell viability in a
dose-dependent manner. Lutein/zeaxanthin at 30 𝜇M produced a significant effect compared to the cells treated with
H2 O2 alone (Figure 4(b)). Further, we determined the protein
expression of MMP-2 and TIMP-2 in ARPE-19 cells treated
with H2 O2 and/or lutein/zeaxanthin. The results revealed
that H2 O2 significantly upregulated the protein abundance
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Figure 3: Effects of Fructus lycii ethanol extract on cystatin C expression in mice with an experimental model of AMD. Mice were grouped:
group 1, aging control group (no high-fat diet plus hydroquinone, no treatment); group 2, AMD model group (with high-fat diet plus
hydroquinone, no treatment); group 3, low dose group (with high-fat diet plus hydroquinone, 1.25 g/kg treatment); group 4, moderate dose
group (with high-fat diet plus hydroquinone, 2.50 g/kg treatment); and group 5, high dose group (with high-fat diet plus hydroquinone,
3.75 g/kg treatment). (a) Real-time PCR analysis for transcript level of cystatin C. GAPDH was used as the invariant control for calculating
fold changes in mRNA levels (𝑛 = 10). Data are expressed as mean ± SD, # 𝑃 < 0.01 versus group 1, ∗∗ 𝑃 < 0.01 versus group 2, and
∗∗∗
𝑃 < 0.001 versus group 2. (b) Western blot analysis for protein level of cystatin C. 𝛽-Actin was used as an invariant control for equal
loading. Representative blots were from 10 independent experiments with quantification. Data are expressed as mean ± SD, ∗∗ 𝑃 < 0.01 versus
group 2. (c) Immunohistochemical staining of the eye tissues for cystatin C was detected in different groups (magnification ×25000). Normal
young mice (3 months old) were used as negative control. The retina and chorioid are indicated.

of the two enzymes compared to the blank control cells
(both 𝑃 < 0.05), but lutein/zeaxanthin dose-dependently
abolished the H2 O2 -induced increase in their expression
(Figure 4(c)). These findings collectively demonstrated that
lutein/zeaxanthin could restore the inhibited cell viability and
modulate the MMP/TIMP system in ARPE-19 cells under
H2 O2 -caused oxidative stress, suggesting a beneficial role for
lutein/zeaxanthin in the antioxidative therapy for AMD.

4. Discussion
AMD is a complex, multifactorial disease of aging for which
several theories of pathogenesis have been proposed, including oxidative damage and ocular perfusion abnormalities.
Early AMD is clinically characterized by the formation of
drusens and enhanced thickness of Bruch membrane [19].
Currently two hypotheses have been proposed to explain the
mechanisms underlying the formation of sediment beneath
RPE in AMD (1) Wound healing mechanism: phagocytosis

of photoreceptor outer segment by RPE cells results in
the formation of lipofuscin, whose oxidation produces a
large amount of reactive oxygen species leading to damaged
integrity of lysosomes, lipid peroxidation, and death of RPE
cells. The undigested disk membrane and phagosomes are
deposited between the RPE basilar membrane and Bruch
membrane [20]. (2) Barrier mechanism: Bruch membrane
with good permeability supports RPE cells and provides
nutrition to the highly metabolic photoreceptor. Any changes
in Bruch membrane structure or constituent may impair
the diffusion properties leading to lipid deposition [21].
Epidemiological evidence has shown that high-fat diet, especially consumption of saturated fats, is associated with the
incidence of AMD [22]. Recent animal studies demonstrated
that genetic C57BL/6 mice with hyperlipemia did not show
significant RPE sediment, but the sediment was considerably
increased when combined with blue light exposure, suggesting that oxidative injury caused by light exposure was
necessarily required for massive formation of RPE sediment
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Figure 4: Effects of lutein/zeaxanthin on proliferation and MMP/TIMP system in ARPE-19 cells treated with H2 O2 . ARPE-19 cells were
treated with H2 O2 , with or without lutein/zeaxanthin at the indicated concentrations for 24 h. Treatment with DMSO (0.02%, w/v) was set
up as the negative control. (a) MTS assay for evaluation of cell viability. Data are expressed as mean ± SD, ∗ 𝑃 < 0.05 versus control, and
∗∗
𝑃 < 0.01 versus control. (b) MTS assay for evaluation of cell viability. Data are expressed as mean ± SD, # 𝑃 < 0.05 versus DMSO without
H2 O2 , ∗ 𝑃 < 0.05 versus DMSO with H2 O2 , and ∗∗ 𝑃 < 0.01 versus DMSO with H2 O2 . (c) Western blot analysis for protein levels of MMP-2
and TIMP-2. 𝛽-Actin was used as an invariant control for equal loading. Representative blots were from three independent experiments with
quantification. Data are expressed as mean ± SD, # 𝑃 < 0.05 versus DMSO without H2 O2 , ∗ 𝑃 < 0.05 versus DMSO with H2 O2 , and ∗∗ 𝑃 < 0.01
versus DMSO with H2 O2 .

[23]. Therefore, in our present study, we used high-fat diet
plus hydroquinone intake to induce AMD in mice. We
successfully established this model evidenced by the severe
RPE sediment and enhanced Bruch membrane thickness in
the AMD mice without treatment. Our results confirmed the
notion that the retina is particularly susceptible to oxidative
stress due to its high concentration of oxygen, its high
proportion of polyunsaturated fatty acids, and its exposure
to visible light and that this susceptibility also increases with
aging in the macular region.
At present, there is no established way of preventing dry
AMD. Using the established model, we investigated the effects
of ethanol extract of Fructus lycii, a well-known nutritional

herbal medicine, on AMD in mice and explored the preliminary mechanisms. Our results showed that the deposit
severity and Bruch membrane thickness were all decreased
significantly evidenced by histopathological examination,
suggesting that Fructus lycii ethanol extract could protect
mice from AMD induced by high-fat diet plus oxidative
stress. Our findings also indicated that Fructus lycii has
the potential to reduce the risk of progression of AMD.
Increasing evidence reveals that cathepsin B and cystatin
C are critically involved in the pathogenesis of AMD [24].
Cathepsin B is a broad spectrum lysosomal cysteine protease
and plays an essential role in protein degradation. Wound
healing process or inflammatory reaction may influence
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cathepsin B expression. Cystatin C is an inhibitor of cathepsin
B and precisely in coordination with cathepsin B regulates
protein synthesis and degradation [25]. Cathepsin B and
cystatin C are primarily expressed in RPE cells. Studies have
shown that cathepsin B in RPE cells is a major performer
in degradation of membranous disc ablated from the top of
outer segment of visual cells. Moreover, under oxidative stress
both cathepsin B and cystatin C in RPE cells and choroid are
upregulated, suggesting a tight correlation to the occurrence
of AMD [26]. We therefore postulated that these two enzymes
might be involved in the AMD model in mice and associated
with the beneficial effects of Fructus lycii ethanol extract.
Our data could support this postulation. The expression of
cathepsin B and cystatin C was significantly increased at both
gene and protein levels in mice with an experimental model
of AMD, which further strengthened the association of these
two enzymes with the development of AMD. Fructus lycii
ethanol extract could suppress the gene and protein expression of cathepsin B and cystatin C. However, Fructus lycii
ethanol extract showed a more significant inhibitory effect
on cystatin C expression compared to cathepsin B, which
could increase the ratio of cathepsin B/cystatin C, favoring
cathepsin B to remove the RPE sediment and promoting
recovery from AMD. These data were also consistent with the
histopathologic observations by electron microscope.
To further confirm the postulation that the beneficial
effects of Fructus lycii ethanol extract on AMD were at
least partially attributed to the antioxidant properties, we
examined the in vitro effects of two carotenoid pigments
lutein and zeaxanthin on ARPE-19 cells treated with H2 O2 ,
which could mimic the injury caused by oxidative stress in the
pathogenesis of AMD. The carotenoids in the macular region
can weaken the intensity of blue light and effectively attenuate
the retinal oxidative stress. Previous studies demonstrated
that lutein and zeaxanthin could reduce unsaturated fatty
acid oxidation and inhibit apoptosis of photoreceptors via
stabilizing the outer membrane [27]. A health and nutrition
examination survey in the USA revealed that the incidence
of early AMD in patients aged 40–59 years and advanced
AMD in patients aged 60–79 years correlates tightly with the
dietary consumption of lutein and zeaxanthin and suggested
that dietary consumption of amounts of the two pigments
could prevent the occurrence of early or advanced AMD
[28]. Nevertheless, the molecular mechanisms underlying the
anti-AMD properties of lutein and zeaxanthin remain to be
elucidated. Our present studies preliminarily addressed this
issue. We found that lutein/zeaxanthin rescued the inhibition
of proliferation in H2 O2 -treated ARPE-19 cells, indicating
that the two compounds could protect RPE cells against
oxidative stress in the pathogenesis of AMD. Furthermore,
studies have documented the association of MMP/TIMP
system with AMD, indicating that the expression pattern
of MMPs and/or TIMPs in RPE cells is altered shifting
the balance of matrix components towards deposition [29].
MMP-2 is a gelatinase with proteolytic activity responsible
for degradation of matrix and basement membrane leading to destruction of blood-retinal barrier. TIMP-2 can
endogenously inhibit MMP activity at posttranscriptional
level via forming MMP-TIMP complexes that block the

Journal of Ophthalmology
binding of MMPs to substrates. Under normal conditions,
MMP-2 and TIMP-2 are expressed coordinately and maintain
the homeostasis of matrix components in eye tissues. In
the pathogenesis of AMD, the equilibrium between MMP2 and TIMP-2 is disrupted, promoting the progression of
the disease [30, 31]. Our present data showed that these
two molecules were all upregulated in ARPE-19 cells under
oxidative stress. However, lutein/zeaxanthin abolished the
elevated expression of MMP-2 and TIMP-2 in H2 O2 -treated
ARPE-19 cells, suggesting that lutein/zeaxanthin could be
beneficial for oxidative stress-involved AMD by regulating
matrix homeostasis. Our in vitro findings were essentially
complimentary to the in vivo data on the anti-AMD properties of Fructus lycii ethanol extract. Composition analysis
has shown that carotenoids, betaine, and polysaccharide are
the major bioactive substances in Fructus lycii. Therefore, it
would be interesting to investigate whether other components apart from carotenoids could be beneficial for AMD.
In summary, our results demonstrated that Fructus lycii
ethanol extract effectively reduced the RPE sediment and
Bruch membrane thickness in mice with an experimental
model of AMD induced by high-fat diet combined with
hydroquinone intake. These beneficial effects might be associated with the decreased expression of cathepsin B and
cystatin C at both gene and protein levels. Investigations in
vitro showed that lutein/zeaxanthin stimulated proliferation
and downregulated the expression of MMP-2 and TIMP-2 in
H2 O2 -treated ARPE-19 cells. Our results strongly suggested
that Fructus lycii as a beneficial dietary herb might reduce the
risk of progression of AMD.
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Purpose. To identify the predictors of visual response to the bevacizumab treatment of neovascular age-related macular degeneration
(AMD). Design. A cohort study within the Neovascular AMD Treatment Trial Using Bevacizumab (NATTB). Methods. This was
a multicenter trial including 144 participants from the NATTB study. Visual outcomes measured by change in visual acuity (VA)
score, proportion gaining ≥15 letters, and change in central retinal thickness (CRT) were compared among groups according to
the baseline, demographic, and ocular characteristics and genotypes. Results. Mean change in the VA score was 9.2 ± 2.3 SD letters
with a total of 46 participants (31.9%) gaining ≥15 letters. Change in median CRT was −81.5 𝜇m. Younger age, lower baseline VA
score, shorter duration of neovascular AMD, and TT genotype in rs10490924 were significantly associated with greater VA score
improvement (𝑃 = 0.028, 𝑃 < 0.001, 𝑃 = 0.02, and 𝑃 = 0.039, resp.). Lower baseline VA score and TT genotype in rs10490924 were
significantly associated with a higher likelihood of gaining ≥15 letters (𝑃 = 0.028, and 𝑃 = 0.021, resp.). Conclusions. Baseline VA
and genotype of rs10490924 were both important predictors for visual response to bevacizumab at 6 months. This trial is registered
with the Registration no. NCT01306591.

1. Introduction
Age-related macular degeneration (AMD) is the leading
cause of blindness in people of 50 years of age or older in
the developed countries [1, 2] and 80%–90% of severe vision
loss and/or legal blindness can be attributed to neovascular
AMD [3]. Vascular endothelial growth factor (VEGF) has
been proven to play a major role in the pathogenesis of
choroidal neovascularization (CNV) [4–7]. Bevacizumab
(Avastin, Genentech), a monoclonal antibody to VEGF used
intravenously as an anticancer agent, has been increasingly
used “off-label” as an intravitreal therapy for neovascular
AMD. Bevacizumab is derived from the same antibody
as ranibizumab (Lucentis, Genentech) which is a smaller
antigen-binding fragment and a frequently used anti-VEGF
drug in the treatment of AMD [8–10]. Several studies show
that bevacizumab has longer half-life in the vitreous fluid

than ranibizumab because it is a full-length monoclonal
antibody [11, 12], so the use of bevacizumab may reduce
the frequency of visit and treatment for patients. Besides,
a single dose of ranibizumab costs 40 times more than the
cost of a single dose of bevacizumab [13]; this cost difference
would undoubtedly have a notable influence on the patients
who are treated for neovascular AMD in China. Since 2005,
there have been short- and long-term retrospective and
prospective studies, demonstrating the safety and efficacy of
intravitreal bevacizumab for treatment of neovascular AMD
[14–17]. The Neovascular Age-related Macular Degeneration
Treatment Trial Using Bevacizumab (NATTB) study was the
first multicenter trial designed to test the efficacy and safety
of bevacizumab therapy and its validity in China. In that
study, the mean increase in visual acuity (VA) measurements
at 6 months was 9.20 letters compared with baseline. In spite
of the improvements in VA, response to treatment seemed
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variable among patients. At 6 months after treatment, VA
increased by ≥15 letters in 34% of the NATTB participants,
while VA decreased by ≥15 letters in 3% of participants [18].
Several factors might contribute to the above variability.
In the MARINA and ANCHOR studies, VA score, CNV
lesion size, and age were reported to be the three most
important predictors of outcome after ranibizumab treatment
of neovascular AMD [19, 20]. The CATT study identified
other predictors of visual outcomes after anti-VEGF treatment, such as total foveal thickness [21]. Several other studies
have explored the association between genes, such as CFH,
ARMS2/HTRA1, and VEGF that confer susceptibility to
AMD and visual outcomes [22–24]. However, the conclusions
of those studies are still inconsistent. In addition, cigarette
smoking is an important environmental risk factor associated
with AMD [25–27], and whether or not it also influences
the response to intravitreal bevacizumab treatment must be
taken into consideration.
The present study was aimed to identify the predictors of response to bevacizumab treatment of neovascular
AMD via analysis of 6-month data from the NATTB study.
Demographic characteristics, behavioral factors, ocular characteristics, CNV lesion features, treatment regimens, and
genotypes will be examined. To our knowledge, there have
been few studies regarding the predictors of response to
bevacizumab treatment of neovascular AMD in China; thus,
it is necessary to elucidate the factors behind the variable
response to this drug in the Chinese population. Results
of this study could provide direction for evaluating the
prognosis of neovascular AMD patients after bevacizumab
treatment, provide basis so that patients can have appropriate
expectations before receiving bevacizumab treatment, and
also provide access to the mechanism of influence of patients
and disease characteristics on anti-VEGF drugs.

2. Methods
Details of the NATTB study have been published previously
[18, 24], and this study was approved by the Ethics Committee
of Peking University People’s Hospital. It adhered to the
tenets of the Declaration of Helsinki. Each patient was
fully informed of the purpose and procedures of this study,
and all of them provided written informed consent before
participation. This study is registered at ClinicalTrials.gov
(ID no. NCT01306591). Only the main features related to
evaluation of the predictors of visual outcomes are presented
here. The NATTB study was a prospective, multicenter, and
open-label controlled trial in which patients were randomized into 2 treatment groups each with a different regimen
of administration: bevacizumab was administered every 6
weeks for a total of 8 injections (regimen A), or bevacizumab
was administered every 6 weeks (3 injections) and then
every 12 weeks (2 injections) (regimen B). The dose of
bevacizumab was 1.25 mg (in 0.05 mL of solution). Followup
of the participants was conducted at 6- or 12-week intervals
for more than 6 months after the initial treatment.
All patients received comprehensive ophthalmologic
examinations before each intravitreal injection, including
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measurements of the best-corrected Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity at 2 m, slitlamp biomicroscopy, fundus examination, fundus fluorescein
angiography (FFA) (Topcon TRC-50EX, Tokyo, Japan), indocyanine green angiography (ICGA) (Heidelberg Spectralis
HRA, Heidelberg, Germany), and optical coherence tomography (OCT) spectral domain type, Zeiss-Humphrey, CA,
USA; program, retinal mapping program version 6.2). OCT
was used to measure the 1 mm central retinal thickness.
A total of 185 patients (eyes) were enrolled from January
2008 to January 2010, of which baseline behavior factors
in 144 patients were available for analysis. There was no
difference between the 144 patients included and the other
41 patients in terms of baseline demographics and ocular
characteristics. Genotyping was also performed in the 144
patients. Genomic DNA was extracted from the peripheral
blood of the patients using a DNA extraction kit (DP31901, Tiangen Biotech, Beijing, China). The DNA samples
were genotyped using the MASSARRAY Compact System
(Sequenom, Inc., CA, USA). The success rate of genotyping
was 98%.
Predictors of 3 visual response measures at the 6th month
were evaluated, including change in VA score from baseline,
proportion of patients that gained ≥15 letters from baseline,
and change in central retinal thickness (CRT) from baseline.
For the exploratory association analysis of the NATTB data,
factors were considered including patients’ baseline age,
gender, cigarette smoking status, VA score, CNV lesion type,
duration of neovascular AMD (defined as the interval from
diagnosis of neovascular AMD to participation in the study),
treatment regimen, and genotype.
The values for the change in VA scores are presented
as mean ± standard deviation (SD). Variables of manifold
classification were evaluated by one-way analysis of variance,
using generalized linear models when the variance between
groups was homogeneous; otherwise, nonparametric testing
(the Kruskal-Wallis H Test) was used. Variables of dichotomy
classification were evaluated by the unpaired t-test. Variables
with a 𝑃 < 0.05 in the univariate model, or reported by previous trials, were included in a multivariate linear regression
model to evaluate the independent effects of these predictors
using a backward selection procedure. The proportion of ≥15
letters gain for each predictor was evaluated by the 𝜒2 test,
and the multivariate analysis was performed in a logistic
regression model using a backward selection procedure. The
distribution of the change in CRT was asymmetrical, so
the values are presented as median, and each predictor was
evaluated by nonparametric testing (the Kruskal-Wallis H
Test or the Mann-Whitney U test). 𝑃 values < 0.05 were
considered statistically significant. Dunnett’s t-test or the
Bonferroni methods were used for multiple comparisons. All
data analyses were performed using SPSS (version 16.0 for
windows; SPSS, Inc., IL, USA).

3. Results
3.1. Demographic and Eye Characteristics of the Study Participants. The demographic and eye characteristics of the
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Overall Regimen A Regimen B
(𝑛 = 144) (𝑛 = 74)
(𝑛 = 70)

𝑃

Age (years)
Mean (SD)
Range

68.8 (8.6)

67.7 (9.1)

70.0 (8.0)

0.111

Age group 𝑛 (%)
50–59 years
60–69 years
70–79 years
≥80 years
Gender 𝑛 (%)

26 (18.1)
43 (29.9)
62 (43.1)
13 ( 9.0)

Male
Female
Smoking∗ 𝑛 (%)

95 (66.0)
49 (34.0)

17 (23.0)
22 (29.7)
31 (41.9)
4 (5.4)

9 (12.9)
21 (30.0)
31 (44.3)
9 (12.9)

Baseline
6 months

13.8

12.2
∗

5.3

4.3

Baseline VA score
<20 letters, n = 23
20–39 letters, n = 56

40–59 letters, n = 45
≥60 letters, n = 20
(a)

47 (63.5)
27 (36.5)

48 (68.6)
22 (31.4)

No
77 (53.8) 40 (54.8) 37 (52.9)
Yes
66 (46.2) 33 (45.2)
33 (47.1)
VA score (letters)
Mean ± SD
Baseline
37.5 ± 18.4 35.1 ± 18.5 40.1 ± 18.1
6 months
46.7 ± 20.2 46.6 ± 20.0 46.8 ± 20.5
∗
Lesion type 𝑛 (%)
Occult only
Minimally classic
Predominantly
classic
Duration of
neovascular
AMD∗ 𝑛 (%)
<1 month
1–6.9 months
7–12 months
>12 months
CRT (𝜇m)∗ median

20
18
16
14
12
10
8
6
4
2
0
−2

0.231

57 (44.9)
21 (16.5)

27 (42.9)
13 (20.6)

30 (46.9)
8 (12.5)

49 (38.6)

23 (36.5)

26 (40.6)

50

0.522

45

0.816

0.099
0.954

VA score change (letters)

Characteristics

VA score change (letters)

Table 1: Demographic and ocular characteristics of 144 patients in
two regimens.

40
35
30

28.4

25
20
15
10

9.3

†

∗

‡

8.8
4.9

5
0

0.467

Duration of neovascular AMD
<1 month, n = 5
1–6.9 months, n = 70

7–12 months, n = 26
>12 months, n = 31

(b)

5 (3.8)
70 (53.0)
26 (19.7)
31 (23.5)

0 (0.0)
40 (60.6)
11 (16.7)
15 (22.7)

5 (7.6)
30 (45.5)
15 (22.7)
16 (24.2)

0.067

344.5
229.0

349.0
227.5

344.5
230.0

0.346
0.667

AMD: age-related macular degeneration; CRT: central retinal thickness; SD:
standard deviation; VA: visual acuity.
∗
Variable that had missing values.

144 participants are shown in Table 1. There were 74 participants in regimen A and 70 participants in regimen B.
The demographic characteristics, baseline eye characteristics,
and visual outcomes at the 6th month were balanced in the
two regimens. Overall, the mean age was 68.8 ± 8.6 years:
66.0% were men and 46.2% were former or current cigarette
smokers. The mean baseline and the 6-month VA scores
were 37.5 ± 18.4 letters and 46.7 ± 20.2 letters, respectively.
A total of 44.9% of CNV lesions were occult only, 16.5%
were minimally classic CNV, and 38.6% were predominantly
classic CNV. The duration of neovascular AMD of nearly half
of the participants was 1 to 6.9 months. The medians of the

Figure 1: (a) Association of baseline visual acuity (VA) score with
VA score change at 6 months. Baseline VA score was significantly
associated with VA score change at 6 months (𝑃 = 0.015). ∗ 𝑃 =
0.036 (the first group was the reference). (b) Association of duration
of neovascular age-related macular degeneration (AMD) with VA
score change at 6 months. Duration of neovascular AMD was
significantly associated with VA score change at 6 months (𝑃 =
0.005). ∗ 𝑃 = 0.005; † 𝑃 = 0.007; ‡ 𝑃 = 0.001 (the first group was
the reference).

baseline and the 6-month CRT were 344.5 𝜇m and 229.0 𝜇m,
respectively.
3.2. Predictors of VA Score Change (Letters) from Baseline at 6
Months. The mean change of VA score from baseline at the
6th month was 9.2 ± 2.3 letters. In the univariate analysis, the
baseline VA score (Figure 1(a), 𝑃 = 0.015) and the duration of
neovascular AMD (Figure 1(b), 𝑃 = 0.005) were significantly
associated with a VA score change at 6 months. Compared
with regimen B, patients in regimen A had a better change
in VA score at 6 months (𝑃 = 0.035) (Table 2). There was no
significant association found between age, gender, cigarette
smoking status, and CNV lesion type and the VA score change
from baseline at the 6th month (Table 2).
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Table 2: Predictors of visual acuity score change and central retinal thickness change from baseline at 6 months.
VA score change

Baseline characteristics
Age (years)
50–59
60–69
70–79
≥80
Gender
Male
Female
Smoking
No
Yes
Lesion type
Occult only
Minimally classic
Predominantly classic
Treatment regimen
A
B

𝑁

Letters
Mean ± SD

26
43
62
13

13.4 ± 10.9
9.9 ± 15.1
6.8 ± 14.2
10.0 ± 12.2

95
49

𝑃

CRT change (𝜇m)
≥15 letters gain
𝑛 (%)
𝑃

𝑁

Median

𝑃∗

−47.0
−130.0
−77.5
−128.5

0.504

0.227

12 (46.2)
13 (30.2)
17 (27.4)
4 (30.8)

0.393

22
42
58
10

9.1 ± 14.7
9.3 ± 12.2

0.928

31 (32.6)
15 (30.6)

0.805

86
46

−64.0
−122.0

0.052

77
66

9.3 ± 14.3
9.3 ± 13.5

0.996

26 (33.8)
20 (30.3)

0.659

72
59

−106.5
−56.0

0.047

57
21
49

7.8 ± 10.6
11.1 ± 18.8
8.4 ± 15.2

0.832∗

13 (22.8)
10 (47.6)
15 (30.6)

0.104

55
20
47

−67.0
−117.0
−82.0

0.352

0.035
74
70

11.6 ± 12.6
6.7 ± 14.8

0.626
25 (33.8)
21 (30.0)

0.492
65
67

−103.0
−56.0

CRT: central retinal thickness; SD: standard deviation; VA: visual acuity.
∗
Nonparametric testing.

The association between the VA score change (letters)
from baseline at the 6th month and SNPs (CFH rs800292,
ARMS2 rs10490924, and HTRA1 rs11200638) is shown in
Table 3. The TT genotype of rs10490924 and the AA genotype
of rs11200638 had the worst VA score changes (𝑃 = 0.005,
and 𝑃 = 0.002, resp.). CFH rs800292 was not significantly
associated with VA score change (𝑃 = 0.065).
Finally, predictors of VA score change (letters) were analyzed in a multivariate model; the results are shown in Table 4.
Age (𝑃 = 0.028), baseline VA score (𝑃 < 0.001), duration of
neovascular AMD (𝑃 = 0.02), and rs10490924 genotype (𝑃 =
0.039) were retained in the final model. Since rs10490924
and rs11200638 were in high linkage disequilibrium, only one
SNP was included in the multivariate model. Baseline VA
score had the greatest influence on the VA score change from
baseline to the 6th month.
3.3. Predictors of a ≥15-Letter Gain from Baseline at 6 Months.
There were 46 participants (31.9%) who gained ≥15 letters
in VA score from baseline to the 6th month. The univariate
results for the baseline characteristics of the patients that
gained ≥15 letters at the 6th month are shown in Table 2. The
baseline VA score (Figure 2(a), 𝑃 = 0.005) and the duration of
neovascular AMD (Figure 2(b), 𝑃 = 0.021) were significantly
associated with the gain.
The results of the analysis of the association with SNPs
are shown in Table 3. CFH rs800292, ARMS2 rs10490924, and
HTRA1 rs11200638 were all found to be associated with the
gain of ≥15 letters (𝑃 = 0.041, 𝑃 = 0.015, and 𝑃 = 0.027,
resp.).

For the multivariate logistic regression analysis (Table 5),
baseline VA score (𝑃 = 0.028), duration of neovascular
AMD (𝑃 = 0.092), and rs10490924 genotype (𝑃 = 0.021)
were retained in the final model. Compared with the patients
whose baseline VA was less than 20 letters, the OR (95% CI)
for gaining ≥15 letters was 0.277 (0.081, 0.944) in patients with
a baseline VA of 40 to 59 letters, and it was 0.107 (0.018, 0.638)
in patients with a baseline VA of more than 60 letters.
3.4. Predictors of Central Retina Thickness Change from Baseline at 6 Months. The median change in CRT from baseline
to the 6th month was −81.5 𝜇m. The univariate results for
the baseline characteristics of the CRT change from baseline
to the 6th month are shown in Table 2. We obtained the
measure of CRT change in 132 of the 144 patients. There
was no significant association between any of the baseline
characteristics and change in CRT at the 6th month, with the
exception of cigarette smoking. The median change in CRT
in those who had never smoked was greater than the median
CRT change in the sformer or current cigarette smokers
(−106.5 𝜇m versus −56.0 𝜇m; 𝑃 = 0.047).
None of the 3 SNPs showed any association with CRT
change (Table 3).

4. Discussion
In the present study, age, baseline VA score, duration of
neovascular AMD, and ARMS2/HTRA1 genotypehave been
identified as the predictors of the visual response to bevacizumab treatment at 6 months. Baseline VA score and
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Table 3: Association between single-nucleotide polymorphisms and changes in visual acuity score and central retinal thickness.
VA score change
SNP
CFH rs800292
TT
TC
CC
ARMS2 rs10490924
GG
GT
TT
HTRA1 rs11200638
GG
GA
AA

𝑁

Letters
Mean ± SD

11

17.6 ± 17.6

56
73

10.0 ± 14.0
7.3 ± 13.1

16
44

12.4 ± 10.9
14.0 ± 13.5

83

6.0 ± 13.9

16

12.4 ± 10.9

43
85

14.5 ± 12.7
5.9 ± 14.1

CRT change (𝜇m)
≥15 letters gain
𝑛 (%)
𝑃

𝑃

7 (63.6)
0.065

0.005

19 (33.9)
19 (26.0)
6 (37.5)
21 (47.7)

0.041

0.015

19 (22.9)
6 (37.5)
0.002

20 (46.5)
20 (23.5)

0.027

𝑁

Median

11

−120.0

53
65

−47.0
−71.0

16
38

−134.0
−69.0

77

−81.0

16

−134.0

37
79

−71.0
−81.0

𝑃∗

0.620

0.445

0.473

CRT: central retinal thickness; SD: standard deviation; SNP: single-nucleotide polymorphism; VA: visual acuity.
∗
Nonparametric testing.

Table 4: Multivariate analysis of visual acuity score change (letters)
from baseline at 6 months.
Predictors

Unstandardized
Standardized
coefficients 𝐵
coefficients 𝐵
(SE)

𝑡

𝑃

−2.998 (1.347)

−0.188

Baseline VA score −4.561 (1.217)
Duration of
−3.040 (1.290)
neovascular AMD
ARMS2 rs10490924 −3.593 (1.720)

−0.303

−2.227 0.028
−3.749 <0.001

−0.193

−2.357 0.020

−0.178

−2.090 0.039

Age

AMD: age-related macular degeneration; SE: standard error; VA: visual
acuity.
Variables included in step 1 are age group, gender, baseline VA score, duration
of neovascular AMD, ARMS2 rs10490924 genotype, and treatment regimen.

ARMS2/HTRA1 genotype were both associated with the
two measurements of visual response, the VA score change
(letters), and the proportion of those gaining ≥15 letters.
Cigarette smoking was found to be associated with an OCT
feature: central retinal thickness (CRT) change.
The MARINA and ANCHOR studies have both shown
that baseline VA was the most important predictor of VA
outcome with ranibizumab treatment [19, 20]. Similar to
those studies, we also identified baseline VA as the most influential predictor of VA outcome with bevacizumab treatment.
Consistent with the CATT study, we found that the worse the
baseline VA of the eyes, the more significant improvement in
VA [21]. One explanation may be that in the patients with the
best baseline VA vision cannot be completely restored to what
it had been before the presence of CNV, so their change in
VA may be less than that of the patients with a worse baseline
VA. This idea is supported by the inverse correlation, found
in the current study, between the baseline VA score and the

proportion of those with ≥15 letters gained. The association
between baseline age and VA score change found in our study
is also consistent with previous findings [19–21]. According to
the multivariate analysis, the change in baseline VA decreased
as age increased. We found a decrease in the change from
baseline VA of ∼3 letters for every 10 years of age. However,
the negative results of age with the proportion of those
gaining ≥15 letters may have resulted from information loss
after transforming a continuous variable into a categorical
variable. Moreover, 6 months is not a long duration; thus, it is
possible that the outcome measurement of ≥15 letters gained
will have a higher statistical efficiency in longer-term data
analysis.
The duration of neovascular AMD is a new predictor
that was identified in the present study. However, two
previous studies failed to confirm any association between
the duration of neovascular AMD and the VA outcomes
[19, 20]. Different inclusion criteria may be one reason for
the difference. Compared with the previous studies, the
eligible baseline VA criteria of the NATTB study were broader
(between 5 letters and 73 letters), so more patients were
considered to have experienced a longer duration of AMD
in this study. In other words, the different composition of
participants may have led to the different results. This finding
implies that patients should receive appropriate treatment
once diagnosed with a CNV.
The relationship between ARMS2/HTRA1 and VA score
change from baseline to the 6th month is consistent with the
previous analysis of visual outcome measures at 3 months in
the NATTB study [24]. Furthermore, the effect of the genes
on the visual outcomes was independent of other predictors.
We revealed that eyes with the TT genotype in ARMS2
rs10490924 or with the AA genotypes in HTRA1 rs11200638
had a smaller improvement in VA. Several previous studies
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70
60

Patients (%)

50
40
∗

30
20
10
0
Baseline VA score
<20 letters, n/N = 10/23
20–39 letters, n/N = 25/56

40–59 letters, n/N = 9/45
≥60 letters, n/N = 2/20

(a)

100
90
80
Patients (%)

70
60
50
40

∗

30
20
10
0
Duration of neovascular AMD
<1 month, n/N = 4/5
1–6.9 months, n/N = 22/70

7–12 months, n/N = 10/26
>12 months, n/N = 5/31

(b)

Figure 2: (a) Association of baseline visual acuity (VA) score with
proportion of ≥15 letters gaining from baseline at 6 months. Baseline
VA score was significantly associated with proportion of ≥15 letters
gaining from baseline at 6 months (𝑃 = 0.005). ∗ 𝑃 = 0.015 (the first
group was the reference). (b) Association of duration of neovascular
age-related macular degeneration (AMD) with proportion of ≥15
letters gaining from baseline at 6 months. Duration of neovascular
AMD was significantly associated with proportion of ≥15 letters
gaining from baseline at 6 months (𝑃 = 0.021). ∗ 𝑃 = 0.009 (the
first group was the reference).

did not find the association between the response to antiVEGF therapy (ranibizumab or bevacizumab) and the genotype in ARMS2 rs10490924 [20, 28–30], however; 2 other
studies have reported that HTRA1 may influence the response
to treatment of neovascular AMD with ranibizumab [31, 32].
As one of the most important susceptibility genes for AMD,
the mechanism of how the ARMS2/HTRA1 genes influence
the occurrence and development of AMD has been widely
studied, and their association with the response to antiVEGF treatment is still controversial. More research is needed
on this mechanism in order to elucidate the impact of the

ARMS2/HTRA1 genes. The association of the CFH rs800292
genotype with the ≥15 letters gain from baseline at 6 months
was significant. However, it was found to be negative in the
multivariate model as this genotype did not appear to be
associated with a change in VA score from baseline to the
6th month; this finding was inconsistent with the results of
the 3-month data analysis [24]. More short- and long-term
observations on the association between CFH rs800290 and
the response to bevacizumab treatment are needed to resolve
this inconsistency.
Cigarette smoking, which has been identified as the
strongest environmental risk factor for the development of
AMD, also showed an association with the change in CRT
from baseline to the 6th month. In vitro and in vivo, nicotine
has been found to upregulate the expression of VEGF and was
reported to be responsible for the increase in the VEDF/PEDF
ratio in RPE cells [33, 34], and oxidative injury induced by
hydroquinone, a major prooxidant in cigarette smoke might
lead to increased expression of VEGF protein and decreased
expression of PEDF protein [35]. Furthermore, dioxin which
is present primarily in the gaseous phase of cigarette smoking
promotes VEGF production in the retina of mice and human
retinal pigment epithelium (RPE) cells and exacerbates the
development of laser-induced CNV [36]. Cigarette smoking
plays a role in the pathogenesis of neovascular AMD in more
than one way, including causing oxidative damage [37, 38],
as well as affecting choroidal blood flow [39, 40] and macular
pigment optical density [41, 42]; therefore, smoking may have
an antieffect of bevacizumab treatment on the pathological
characteristics in the retina for neovascular AMD, and, as a
distant factor for retina, smoking may cause the anatomical
change at first and then lead to dysfunction of retina, which
may explain why cigarette smoking showed no association
with VA score change that was a measurement of visual
function.
Limitations of this study include that people in the cohort
were not treated equally with bevacizumab and its small
sample size. Although it was seen that there was significant
difference in letters gained between treatment group A and
group B in the 6th month data analysis, the patients in
group A were actually treated only one more time compared
with the patients in group B. Moreover, treatment regimen
variable was not retained in the multivariate model, so
the difference between the two groups in the 6th month
data might result from other important predictors such as
baseline VA score. The results were even similar in the
two groups after association analyses between demographic
and eye characteristics and VA score change from baseline
at 6 months were conducted in the two regimen groups,
respectively. So, the data of the two groups were combined
to be analyzed in consideration of power issue. And further
study might compare factors influencing the visual outcomes
between the two groups if increasing the cohort size.
In summary, based on the analysis of the 6-month data
from the NATTB study, we found that age, baseline VA score,
duration of neovascular AMD, and ARMS2/HTRA1 genotype
were all independent predictors of VA score change. Of these,
baseline VA score was the most important predictor of visual
response at 6 months following bevacizumab treatment of
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Table 5: Multivariate analysis of ≥15 letters gain from baseline at 6 months.

Predictors
Baseline VA score
<20 letters
20–39 letters
40–59 letters
≥60 letters
Duration of neovascular AMD
<1 month
1–6.9 months
7–12 months
>12 months
ARMS2 rs10490924
GG
GT
TT

𝑁

𝑛 (%)

OR (95% CI)

𝑃

23
56
45
20

10 (43.5)
25 (44.6)
9 (20.0)
2 (10.0)

1.000
0.688 (0.227–2.091)
0.277 (0.081–0.944)
0.107 (0.018–0.638)

0.028

5
70
26
31

4 (80.0)
22 (31.4)
10 (38.5)
5 (16.1)

1.000
0.105 (0.010–1.113)
0.134 (0.012–1.542)
0.047 (0.004–0.571)

0.092

16
44
83

6 (37.5)
21 (47.7)
19 (22.9)

0.742 (0.190–2.897)
1.000
0.284 (0.114–0.706)

0.021

AMD: age-related macular degeneration; CI: confidence interval; OR: odds ratio; VA: visual acuity.
Variables included in step 1 are age group, gender, baseline VA score, duration of neovascular AMD, ARMS2 rs10490924 genotype, and treatment regimen.

neovascular AMD. Cigarette smoking was found to decrease
the improvement of CRT. Analysis of subsequent follow-up
data may reveal a long-term effect of anti-VEGF treatment at
different levels of these predictors.
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