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Abstract
Background/Purpose Smoking is a strong environmental
factor for the development of age-related macula degen-
eration. In this study, we investigated the effects of
nicotine on RPE cell function in porcine in vitro models,
focussing on cell death, VEGF secretion and phagocy-
totic ability.
Methods For these experiments, perfusion organ culture
and primary RPE cell culture were used and exposed to
nicotine up to 7 days. Survival was investigated in
primary porcine RPE cells in an MTT and trypan blue
exclusion assay. VEGF secretion was investigated in a
porcine perfusion organ culture model using ELISA. A
phagocytosis assay using FITC-labelled latex beads in
primary RPE cells was used to assess the phagocytotic
ability of the cells.
Results Nicotine does not induce cell death in the RPE
at any time point up to 7 days of stimulation at any
tested concentration. VEGF secretion, however, is
diminished compared to untreated control already after
1 day of nicotine treatment and even more profoundly
up to 7 days. Furthermore, phagocytotic ability of the
RPE is diminished by nicotine in the highest concen-
trations tested (100 μM).
Conclusion Nicotine impedes RPE function (VEGF
secretion, phagocytosis), which could be directly in-

volved in the development of dry AMD and geographic
atrophy.
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Phagocytosis

Introduction

Age-related macular degeneration (AMD) is the main cause
for legal blindness in the elderly in the industrialized world
[1], and due to the demographic development of the Western
world, the number of patients is expected to increase
considerably [2]. Due to this development, the understanding
and prevention of the onset and progression of this disease
should be of high priority. Several studies have shown that of
all avoidable factors, smoking is the strongest environmental
risk factor for developing AMD. Current smokers have a
higher risk of developing early AMD, neovascular AMD and
geographic atrophy. They exhibit worse AMD disease
progression than non-smokers, and have a higher risk of
developing a bilateral AMD [3–7]. The mechanisms of
smoking as a risk factor may be attributed to several factors,
such as oxidative stress and an abundance of toxic
substances that are contained in cigarette smoke [8, 9]. A
major component of cigarette smoke is nicotine, which has
been shown to induce mitogenesis of smooth muscle cells
[10] and aggravate choroidal neovascularisation in rats and
mice [11, 12]. Nicotine can induce the release of vascular
endothelial growth factor (VEGF) in vascular smooth muscle
cells [13]. In a recent publication, nicotine-fed mice
exhibited fewer pigment granules in RPE cells and a
damaged photoreceptor-RPE interface and alterations in
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RPE morphology in cell culture [14], most likely impeding
the function of the RPE. In this study, we investigated the
effect of nicotine on RPE function in primary and organ
culture, focussing on cell survival, VEGF secretion and
phagocytosis.

Material and methods

Cell culture and treatment of cells

RPE were isolated as described elsewhere [15]. In brief,
eyes of freshly slaughtered pigs were cleaned, the anterior
part of the eye was removed and trypsin added to the eye
cup, removed and substituted with trypsin-EDTA. The RPE
cells were gently pipetted of the choroid, collected in media
and washed. Cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM, PAA, Cölbe, Germany) and Ham
F12 medium (PAA, Cölbe, Germany) (1:1) supplemented
with penicillin/streptomycin (1%), L-glutamine, amphoter-
icine B (0.5 μg/ml), HEPES (25 mM), sodium-pyruvate
(110 mg/ml) and 10% porcine serum (PAA, Cölbe,
Germany). For microscopy, cells were cultivated to conflu-
ence on collagen-coated (Collagen A, Biochrome, Berlin,
Germany) cover slips (21×26 mm, Menzel GmbH,
Braunschweig Germany). Confluent RPE cells were treated
with indicated concentrations of nicotine (Sigma, Deisenhofen,
Germany) (1 μM, 10 μM, 100 μM) for indicated time
periods. For all experiments, cell of passages 2 and 3
were used.

Organ culture and treatment of culture

Organ culture was prepared as described elsewhere
[16]. In brief, eyes of freshly slaughtered pigs were
cleaned of adjacent tissue, the anterior part of the eye was
removed and retina-RPE-choroid sheets were separated
from sclera. Prepared tissue was fixed between the lower
and upper part of a fixation ring and the ring was placed
in culture chamber (Minucells & Minutissue, Bad
Abbach, Germany). The chamber was placed on a heating
plate and perfused with medium, (Dulbecco’s modified
Eagle’s medium (DMEM) and Ham F12 medium (1:1)
supplemented with penicillin/streptomycin (1%), L-
glutamine, HEPES (25 mM), sodium pyruvate (110 mg/ml)
and 10% porcine serum for up to 7 days. On the second day of
cultivation, the tissue sheets were exposed to indicated
concentrations of nicotine (1 μM, 10 μM, 100 μM).
The perfusion of the tissue was interrupted, medium was
removed from the chamber with a syringe and transferred
to a falcon tube, where the respective VEGF-antagonist
was added to the medium. The medium was transferred
back into the chamber and incubated for 20 min. For

long-term experiments, the appropriate concentration of
nicotine was additionally applied to the medium container.
The perfusion was restarted, and the supernatant was collected
at indicated time points (4 h, 1 day, 3 days, 5 days, 7 days)
for 1 h.

MTT-assay

Cell survival was evaluated with methyl thiazolyl tetrazo-
lium (MTT) (Sigma, Deisenhofen, Germany) assay as
described elsewhere [15]. In brief, 4 hours, 24 hours, 3 days
or 7 days after treatment with indicated concentrations
(1 μM, 10 μM, 100 μM) of nicotine (Sigma); culture media
was discarded and the cells were washed three times with
PBS and incubated for 2 h with 0.5 mg/ml MTT in DMEM
at 37°C. After incubation, the MTT solution was discarded
and DMSO was added to the cells. Cells were shaken at
200 rpm for 5 min on an orbital shaker, DMSO was
collected and the absorbance was measured at 555 nm
wavelength. Untreated control was defined as 100%
survival.

Trypan blue exclusion assay

After stimulation, cell viability was determined by trypan
blue exclusion assay as previously described [17]. In brief,
cells treated for 24 h or 7 days with indicated concen-
trations of nicotine (1 μM, 10 μM, 100 μM) were washed
with PBS and cells were detached with trypsin-EDTA. After
centrifugation, supernatant was discarded, cell pellet resus-
pended in PBS and viable cells were counted in a
Neubauer ’s cell chamber, using trypan blue (Sigma,
Deisenhofen, Germany). The result was related to the
number of cells in an untreated control, which was
considered 100%.

VEGF secretion

The collected supernatant was diluted, and the VEGF
content was measured using a Quantikine ELISA kit
(R&D Systems) according to the manufacturer ’s
instructions.

Phagocytosis assay

The phagocytosis of the RPE under nicotine stimulation
was evaluated with a phagocytosis assay, as previously
described [18]. In brief, photoreceptor outer segments
(POS) were prepared from porcine retinas and POS
preparation was used to opsonize FITC-labeled latex beads
(1 μm in diameter) (Sigma, Deisenhofen, Germany). RPE
cells of passage 2 were grown to confluence on
collagen-coated cover slips in 12 well dishes. Cells
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were treated for 24 h with indicated concentrations of
nicotine, and incubated for 4 h with FITC-covered,
POS-opsonized latex beads. For fixation, cells were
briefly washed with PBS 0.1% azide, and fixed in
paraformaldehyde, followed by an acetone–ethanol
treatment. Nuclear staining was performed using
Hoechst stain. Cells were washed and mounted using
Slow Fade Mounting Medium (Invitrogen). Uptake of
beads was visualized using a fluorescence microscope
(Leica, Germany). Eight pictures per slide were ana-
lyzed. Pictures were taken randomly, provided that the
pictures exhibited distinguishable nuclei and beads.
Beads and nuclei were counted and the ratio deter-
mined. Per slide, the mean of all ratios was calculated.

Statistics

Each experiment was independently repeated at least three
times. Significances were calculated with t-test, calculated
with Sigma Plot software. A p value less than 0.05 was
considered significant.

Results

Nicotine does not alter RPE survival

When treated with different concentrations of nicotine
(1 μM, 10 μM ,100 μM), no cell death could be detected
after 4 h, 24 h, 3 days or 7 days in MTTassay (Fig. 1 a). In
order to validate the data and to exclude cell death that is
masked by higher physiological activity of the cells, cell
death at 24 h and 7 days was additionally evaluated with
trypan blue exclusion assay. No decrease in cell number
could be detected at either time point with any concentra-
tion tested (1 μM, 10 μM,100 μM) (Fig. 1b).

Nicotine reduces VEGF secretion

Nicotine alters the VEGF secretion in perfusion organ culture
in a time- and concentration-dependent manner. Compared to
untreated control, nicotine significantly reduces VEGF secre-
tion at 1 day when used at a concentration of 10 μM
(p=0.016) and 100 μM (p=0.013). At day 3 and day 5,

Fig. 1 Cell survival. RPE cells
were cultured to confluence
and treated with indicated
concentrations of nicotine
(1 μM, 10 μM, 100 μM) for (a)
4 h, 24 h, 3 days or 7 days, and
cell viability was detected in
MTT assay or (b) for 24 h and
7 days, and cell viability
was detected in trypan blue
exclusion assay. Error bars
represent standard deviation. No
significant changes in survival
were detected. Significance was
determined with Student’s t-test
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10 μM nicotine significantly reduces VEGF (3 days: p=
0.018; 5 days: p=0.006), while the effect of 1 μM and
100 μM do not reach statistical significance. At day 7 of
culture, all tested concentrations significantly diminished
VEGF secretion (1 μM: p=0.04; 10 μM: p==0.007;
100 μM p=0.019) (Fig. 2).

Nicotine impedes phagocytotic function of RPE cells

RPE cells readily ingest latex beads that have been
opsonized with POS [18]. When incubated with nicotine
for 24 h, 100 μM highly significantly reduces the number
of uptaken beads to 60.6% (SD 6.9%; p<0,001). Lower
concentrations (1 μM 97.4% SD 27.9%; 10 μM 86.9% SD
13.9%) did not exhibit a statistically significant effect
(Fig. 3).

Discussion

Smoking is an avoidable environmental risk factor for the
development of age-related macular degeneration. Cigarette
smoke extract (CSE) induces dose-dependent cell death in
human RPE and ARPE-19 cells [19], and for some
components of cigarette smoke, direct apoptotic effects
have been found [20, 21]. Our data show, however, that
nicotine itself has no toxic effect on RPE cells. These data
correlates well with the findings of Patil et al. [22], which
showed a resistance of ARPE-19 cells to nicotine-induced
toxicity after different concentrations of nicotine for 24 h,
in contrast to endothelial or neurosensory retinal cells,
which are susceptible for nicotine-induced cell death. We
were able to show that the resistance of the RPE against
nicotine is not limited to cell lines but holds true for
primary RPE cells, and is valid after even after prolonged
exhibition (up to 1 week). The authors suggested the
resistance of ARPE-19 cells to be explained by an absence
of nicotine receptors on these; however, RPE cells do
express nicotinic acetylcholine receptors, and as such are
able to specifically respond to nicotine [23, 24].

Cigarette smoke extract (CSE) has been shown to induce
VEGF in RPE cells [19]. When using nicotine in various
concentrations, however, the VEGF in retina/RPE/choroid
organ cultures was not elevated compared to untreated
control. In fact, as early as 1 day of exposition to nicotine,
VEGF was significantly reduced compared with untreated
control. This effect was even stronger after 7 days of
culture. This finding correlates well with data recently
obtained in the mouse model [25], where the authors find
that chronic exposure to nicotine impairs angiogenesis and
reduces the serum levels of VEGF. In a paper published
while our manuscript was under submission, a contradicto-

Fig. 2 VEGF content. Perfusion organ cultures of retina/RPE/choroid
was stimulated with indicated concentrations of nicotine (1 μM,
10 μM, 100 μM) or served as untreated control (untr.). Medium was
obtained after indicated period of time (4 h, 1 day, 3 days, 5 days,

7 days) and VEGF content was evaluated in ELISA. Error bars
represent standard deviation. VEGF content was significantly dimin-
ished compared to control Significance was determined with Student’s
t-test. + p<0.05; ++ p<0.01

Fig. 3 Phagocytosis. RPE cells were cultured and treated for 24 h
with indicated concentrations of nicotine. After 24 h, cells were
incubated for 4 h with latex beads that had been opsonized with
photoreceptor outer segment fragments. Error bars represent standard
deviation. Treatment with 100 μM, but not with 1 μM of 10 μM,
highly significantly diminished phagocytotic uptake of beads. Signif-
icance was determined with Student’s t-test. +++ p<0.001
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ry finding was obtained, where nicotine induced an increase
of VEGF in primary rat RPE cells and in ARPE-19 cells
[23]. Both the mouse model [25] as an in vivo model and
our perfusion organ culture model differ profoundly from
classical cell culture experiments used in the cited study, as
these models allow an interaction of the involved tissues, in
our case of RPE, choroid, and retina. In our study, the
secretion of VEGF in untreated cultures increases over
time. As the tissue deteriorates during cultivation, the
induction of VEGF-A is most likely a survival factor which
is induced as the organ culture ages [26]. VEGF-A has
recently been shown to be an autocrine survival factor for
RPE cells [27], where the inhibition of VEGF or VEGF-R2
signaling results in a higher susceptibility towards oxidative
stress. Furthermore, VEGF is an important factor for the
vascularization of the choroid [28] and has protective
effects on neurons [29]. It is upregulated after traumatic
nerve injury [30] or seizure [31]. In our system, the choroid
and, more importantly, the retina are present in culture, so
especially the deterioration of the retina over time might be
a strong stimulus for the RPE to secrete VEGF. Considering
that smoking itself increases the oxidative stress burden and
reduces the presence of antioxidants, an inhibition of VEGF
by nicotine could be detrimental, as the increase of the
oxidative burden would go along with a decrease in
protection. This effect would not be seen in cell culture
experiments, as no additional noxes or interacting tissue are
present.

An overall reduction in VEGF in nicotine-treated tissues
in the presence of additional noxes such as oxidative stress
could be involved in the deterioration of RPE, choroid, and
retina. In this context, nicotine might be especially involved
in the onset of early, dry AMD [32, 33]. This overall
reduction does not exclude the possibility of localized
increased VEGF production, which might be present in
border areas in which the RPE is still intact, as found in
CNV in geographic atrophy [34].

Phagocytosis of shed photoreceptor outer segments is
one of the most important functions of the RPE, which is
indispensable for sustaining vision [35]. The serious
consequences of malfunctioning phagocytosis can be
observed in RCS rats, which are blind due to a malfunction
of RPE phagocytosis [36]. The deterioration of phagocy-
totic processes can be a sign of aging, as reduced
phagocytotic ability can be observed in Arpe cells when
cultured on Bruch’s membrane of aged donors [37].
Furthermore, the accumulation of waste products in the
subretinal space is a hallmark of AMD, and disorders in
phagocytosis can result in the accumulation of subretinal
debris [38, 39]. We were able to show that nicotine reduces
the phagocytotic ability of RPE cells, thereby interfering
with an important function of the RPE and possibly directly
promoting changes which might induce premature aging,

leading to deterioration of the tissue. Additionally, if debris
is accumulated due to impaired phagocytosis because of
nicotine, macrophages might be attracted, which might
contribute to inflammatory processes and thus contribute to
the development of AMD. One has to consider, however,
that macrophages employed in phagocytosis in the retina
generally are not pro-inflammatory [40, 41].

Taken together, we have shown a direct effect of nicotine on
RPE cells, and the cellular effects of nicotine that we present
here can increase the risk of developing dry age-related
macular degeneration. Our data offer a logical explanation as
to why smoking increases the AMD risk so much.
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