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PURPOSE. Glucose-6-phosphate dehydrogenase (G6PD) is an
important site of metabolic control in the pentose phosphate
pathway (PPP), providing reducing power (NADPH) and pen-
tose phosphates. The purpose of this study was to investigate
the possible involvement of G6PD deficiency (G6PD�) in the
pathogenesis of pterygium.

METHODS. Erythrocyte G6PD activity was evaluated in 123
pterygium patients and in 112 age-matched control patients.
Enzyme activity, mRNA, rate of growth, green autofluores-
cence, response to oxidative stress, and cholesterol metabo-
lism were determined in pterygium fibroblasts (PFs) and in
normal conjunctival fibroblasts (NCFs) isolated from G6PD
normal (NCFs� and PFs�) and G6PD� (NCFs� and PFs�)
patients.

RESULTS. Higher prevalence of G6PD� was found in patients
affected by primary pterygium than in control subjects, both
men and women, suggesting that this enzymatic defect may be
a predisposing factor for pterygium. G6PD activity was signif-
icantly lower in NCFs� than in NCFs�, but not in PFs� than
in PFs�. In PFs�, G6PD mRNA levels were significantly higher
than in PFs�. Growth-stimulated NCFs� grew at half the rate
of NCFs�, although PFs� and PFs� grew at the same rate.
Increased green autofluorescence and susceptibility to oxida-
tive stress were observed in PFs (�/�) and in NCFs�, but not
in NCFs�. Moreover, ex vivo PFs (�/�) accumulated more
lipids than corresponding NCFs.

CONCLUSIONS. The results of this study, although restricted to a
limited group of subjects (i.e., those of Sardinian ancestry),
suggest that G6PD� not only does not protect against ptery-
gium, but may even be considered a risk factor for the devel-
opment of this disorder. (Invest Ophthalmol Vis Sci. 2010;51:
2928–2935) DOI:10.1167/iovs.09-4426

Glucose-6-phosphate dehydrogenase (G6PD), coded by a
gene located on the long arm of the human X-chromo-

some, is the key cytosolic enzyme in the pentose phosphate
pathway (PPP).1 There are two distinct phases in the pathway.
The first is the oxidative phase, in which the co-enzyme nico-
tinamide adenine dinucleotide phosphate-reduced (NADPH) is
generated, and the second is the nonoxidative synthesis of
pentose (5-carbon) sugars.2 NADPH, by maintaining reduced
levels of glutathione (GSH), in both non-nucleated (i.e., red
blood cells) and nucleated cells, plays a crucial role in the
protection of cells from oxidant injury.3 It has been shown that
G6PD is the only NADPH-producing enzyme that is rapidly
activated in response to oxidative stress.4 Moreover, in nucle-
ated cells NADPH is essential for fatty-acid and cholesterol
biosynthesis.5 Pentoses, which are structural components of
nucleic acids, have an important role in the control of cellular
growth.6

G6PD deficiency (G6PD�) is a common enzymopathy af-
fecting more than 400 million people worldwide7,8 and
roughly 200,000 people (12% of the population) in Sardinia,
Italy.8 Because G6PD� is an X-linked disorder, males may be
affected or unaffected, because they are hemizygotic (XY). By
contrast, as females have two X chromosomes, they are either
homozygotes or heterozygotes. Therefore, G6PD� is more
frequently observed in males, homozygotic females being ex-
tremely rare. The heterozygotic female has a mosaic cellular
pattern, with two cell populations: one G6PD normal
(G6PD�) and the other G6PD�. Clinical manifestations are
generally milder in females and depend on the degree of
mosaicism.1

Nucleotide sequence analysis has shown that a C�T transi-
tion in exon 6, causing a Ser-Phe amino acid change at position
188 of the protein, is responsible for all forms of very severe
G6PD deficiency in Sardinia and possibly in the Mediterranean
area as a whole.8 In hemizygotic males, red blood cells show
less than 5% of normal G6PD activity. In bone marrow stem
cells, however, enzyme synthesis is unimpaired; rather, en-
zyme stability is reduced.9,10 The recent discovery of the crys-
talline structure of G6PD11 has provided insights into the
mechanistic basis of this reduced stability. It has been sug-
gested that the mutation causes a loss of the normal folding of
the G6PD protein. These unfolded forms are susceptible to
proteolytic degradation, and consequently the enzyme has a
shorter half-life. In red blood cells this shorter-lived enzyme
leads to a reduction in NADPH production and consequently in
GSH levels, rendering these cells more vulnerable to oxidative
damage and to a possible hemolytic crisis (i.e., favism).9 Actu-
ally, the distinctive phenotype of subjects with G6PD defi-
ciency is hemolytic anemia, caused by exposure of red blood
cells to oxidative agents.12 With the advancements in the field
of G6PD research, it has become certain that this enzyme is an
indispensable component of antioxidant defense; still, whether
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G6PD deficiency plays pathogenic roles in diseases other than
hemolytic disorders remains to be clearly defined.

Besides being present in red blood cells, in fact, this innate
defect affects all nucleated cells.13,14 Despite that, the conse-
quences of having G6PD� nucleated cells have seldom been
investigated, and in existing studies, conflicting conclusions
have been drawn.15–19

Pterygium, a common ocular surface lesion, is a benign
conjunctival growth. It is associated with and thought to be
caused by reactive oxygen species (ROS) formation after ex-
posure to ultraviolet (UV) light (e.g., sunlight), low humidity,
and dust.20–22

Considering the role of G6PD in cellular growth and the
proliferative nature of pterygium, the absence of G6PD may be
expected to protect its development. On the other hand,
consistent with the notion that G6PD� cells are more suscep-
tible to oxidative stress,23 it could be argued that G6PD�
subjects have a potentially increased chance of developing
pterygium.

In an attempt to explain this apparent discrepancy, in the
present study we evaluated the prevalence of G6PD deficiency
in a Sardinian population with pterygium. We investigated
G6PD activity and the growth rate of fibroblasts isolated from
pterygium of G6PD� and G6PD� patients (PF� and PF�,
respectively) and compared them with fibroblasts isolated
from normal conjunctiva of G6PD� and G6PD� subjects
(NCF� and NCF�, respectively) and G6PD mRNA levels in
PF� and PF� subjects. In addition, since alterations of choles-
terol metabolism, mainly cholesterol esters, have been found
during the growth of PFs,24–26 we determined cholesterol
metabolism in normal conjunctival fibroblasts and PFs, both
G6PD� and G6PD�, either quiescent or growth stimulated.

MATERIALS AND METHODS

Study Group

The study group consisted of 123 patients affected by primary ptery-
gium (mean age 57.6 � 15.4 years) admitted for pterygium surgery at
the University Eye Clinic of Cagliari (Sardinia), between January 2005
and June 2009. Diagnosis of pterygium was based on clinical history
and evaluation of signs and symptoms. All patients with pterygium had
at least a 3-year history of a slow-growing lesion, with a corneal
extension of at least 2 mm, as measured with a caliper, from the limbus
to the corneal vertex. One hundred twelve subjects (mean age, 59.4 �
10.8 years) admitted for cataract surgery were used as control subjects.
Blood samples from cases and control subjects were collected for
quantitative erythrocyte G6PD determination. Moreover, a second con-
trol group, represented by 8445 blood donors surveyed in the same
period at the Hospital Transfusional Center of Cagliari, was considered
for analysis of G6PD prevalence. Levels of erythrocyte G6PD activity
ranging between 0 and 0.2 IU/g Hb were considered severely deficient;
those ranging between 2 and 10 IU were considered intermediate; and
those higher than 10 IU were considered G6PD normal. No subject in
the blood donor control group had any inflammatory signs or symp-
toms. The research adhered to the tenets of the Declaration of Hel-
sinki. Written informed consent was obtained from all the patients
before blood and tissue were collected. This study and all the proce-
dures, including biopsy of the conjunctiva during cataract surgery,
were approved by the Ethics Committee of the University of Cagliari.

Fibroblast Isolation

For fibroblast isolation, we selected eight male patients (four erythro-
cyte G6PD� and four erythrocyte G6PD�) with primary pterygium
(age range, 45–65 years; mean, 57.3 � 3.5 years) and eight male
patients (four erythrocyte G6PD� and four erythrocyte G6PD�) with
normal conjunctiva (age range, 60–70 years; mean, 63.7 � 1.4 years),
who underwent cataract surgery at the University Eye Clinic of Cagli-

ari. All tissue samples were obtained as previously described.24–26 In
brief, at the time of surgery, both normal and pterygial specimens were
excised from the nasal canthus with microforceps. As a rule, within 1
hour of excision, the samples were placed in sterile boxes containing
a preservative solution (Eurocollins; Roche Biochemicals, Mannheim,
Germany), and were transferred to the cell culture room. For fibroblast
isolation, the tissues were dissected into three to four 1-mm2 frag-
ments. The fragments were placed in six-well plates for 2 hours. After
2 hours of cell adhesion, a few drops of Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen-Gibco, Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich, Munich, Germany),
100 U/mL penicillin/streptomycin (Sigma-Aldrich), and amphotericin B
(Fungizone; Life Technologies, Gaithersburg, MD) were added to cover
each fragment. The next day, the tissue fragments were covered with
culture medium and placed in a humidified incubator (37°C, 5% CO2).
The medium was changed every 2 days. After 5 to 6 days, the fibro-
blasts began to proliferate from the fragment margin (halo of cells) and
created a monolayer. The outgrowing cells were morphologically con-
sistent with fibroblasts by their characteristic spindle shape. After 4
weeks, fibroblasts were purified by repeat trypsinization (trypsin/
EDTA, 0.05%/0.02%) and passaging to achieve a homogenous popula-
tion of spindle cells. The purified cells were washed twice with sterile
phosphate-buffered saline (PBS), centrifuged, seeded (1 � 106) into a
25-cm2 culture flask, and grown to confluence. At this time, the cells
were used for in vitro staining experiments or were transferred to
cryopreservation medium at a suspension of 1 � 107 cells/mL. After
swift freezing, the fibroblasts were placed in liquid nitrogen for long-
term storage. When needed for the experiments, the cryopreserved
cells were removed from the liquid nitrogen tank and cultured under
the conditions described. All experiments were conducted in fibro-
blasts between passages 2 and 4.

Determination of Growth Rate

For growth rate determination, cells were placed at a density of 40,000
cell/cm2 in six-well plates and then were incubated for 24 hours in
DMEM with 0.2% FCS, to synchronize the cells in a quiescent state. The
quiescent fibroblasts were then diluted in complete growth medium
containing 10% FCS and harvested at the indicated time points. The
growth rate was assessed by counting the cells with a hemocytometer
and by incorporating [3H]thymidine (10 �Ci/mL) into the DNA. In this
experiment, [3H]thymidine was added 3 hours before the cells were
harvested. Trypan blue uptake was used to determine cell viability.

G6PD Activity Assay

Venous blood from patients and control subjects was collected in
EDTA for quantitation of G6PD activity, according to the Beutler
method.27 Briefly, for determination of erythrocyte G6PD level, the
cells were prepared by centrifuging whole blood at 2000g for 10
minutes at 4°C. Plasma and buffy coat were carefully removed, and red
cells were hemolyzed with 4 volumes of cold, distilled water. G6PD
activity was evaluated in hemolysates and the values expressed as
nanomoles of NADPH formed per minute (IU) per gram Hb. For
determination of G6PD activity in fibroblasts, 106 cells were homoge-
nized with 9 volumes of 50 mM Tris-HCl buffer (pH 7.5) containing
0.15 mM KCl. G6PD activity was determined in fibroblast homogenates
and expressed as nanomoles of NADPH (IU) formed per minute per
106 fibroblasts.

Determination of Intracellular Lipid

Intracellular lipids were visualized by washing cultured fibroblasts with
PBS and fixing them in 4% paraformaldehyde. The cells were then
stained with the dyes oil red O (ORO; Sigma-Aldrich), Nile red, and
filipin. ORO staining, specific for neutral lipids, was made in 60%
isopropyl alcohol, followed by Mayer’s hematoxylin counterstaining.
ORO was observed in transmitted white light. Nile red (9-diethylamino-
5H-benzo[�]phenoxazine-5-one; Fluka, Buchs, SG, Switzerland) is a
fluorescent dye that stains polar lipids (i.e., phospholipids) and neutral
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lipids (i.e., cholesterol ester and triglycerides) differentially.28 Polar
lipids show a prevalent red emission, whereas neutral lipids show both
a red and yellow emission. Red emission (referred to as Nile red
[NR]-590) was observed with 540 � 12.5 excitation and 590 LP
emission filters. Yellow emission (referred to as NR-535) was observed
with 460 � 25-nm excitation and 535 � 20-nm emission filters. Filipin
(Sigma-Aldrich) is a fluorescent dye that stains only free cholesterol. It
was observed with 360 � 20-nm excitation and 460 � 25-nm emission
filters. Filipin and Nile red emissions were completely separated by
using the indicated filters, so that these fluorochromes could be used
in combination.28 Cells growing in glass-bottomed dishes were ob-
served with an inverted microscope (IX 71; Olympus, Tokyo, Japan),
using a 20�/0.7 or 60�/1.3 planapochromatic objective (UPlanSApo
series; Olympus) which provided a good alignment of different color
emissions. Twelve bit-images were captured with a cooled CCD cam-
era (Sensicam PCO, Kelheim, Germany). Nominal resolutions of images
were 0.3 and 0.1 �m/pixel with the 20� and 60� objectives, respec-
tively. Quantitative image analysis was performed on computer (Im-
agePro Plus; Media Cybernetics, Silver Springs, MD).

RT-PCR Analysis

Expression levels of G6PD mRNAs were evaluated in PFs and in NCFs
by semiquantitative, reverse transcription polymerase chain reaction
(RT-PCR) with �-actin as the RNA control. RNA extractions were
performed in approximately 106 cells (Trizol; Invitrogen). The RNA
concentration was measured spectrophotometrically at 260 nm, and
the 260:280-nm ratio was evaluated to check for protein contamina-
tion. Equal amounts of total RNA (1 �g) were reverse transcribed into
cDNA by the random hexamer method. cDNA was subsequently am-
plified by PCR in the presence of specific primers, according to the
instructions provided by the manufacturer (GeneAmp RNA PCR Kit;
Perkin-Elmer Cetus, Wellesley, MA). Primers, step cycles, and expected
length of the amplification products used in this study are summarized
in Table 1. Preliminary experiments demonstrated that these PCR
conditions were within the linear range of amplification of gene frag-
ments. Under the conditions reported in Table 1, PCR products sepa-
rated on agarose and stained with ethidium bromide showed a major
band of the predicted size (data not shown). During the PCR reaction,
the nonradioactive label digoxigenin-11-dUTP (DIG; Roche Biochem-
imcals) was incorporated, and the DNA fragments separated by elec-
trophoresis in agarose were blotted onto a nylon membrane for 16
hours in 10� SSC. The blot was exposed to x-ray film (X-OMAT;
Eastman-Kodak, Rochester, NY) for 2 to 10 minutes in an x-ray cassette
at room temperature. The overall procedure was standardized by
expressing the amount of PCR product for G6PD mRNA relative to the
amount of product formed for �-actin. Image-analysis software (The
National Institutes of Health Image 1.63; Scion Image, Frederick, MD)
was used to assess the intensity of the bands in the autoradiograms.

Autofluorescence Analysis

Green autofluorescence in cells, caused by the formation of conjugated
Schiff base compounds from aldehydes derived from lipid peroxidation
and amino groups of phospholipids or cell proteins, has been pro-
posed as an indicator of oxidative injury.29 Therefore, the green
autofluorescence was investigated in single living fibroblasts grown
under the conditions described earlier. The cells were viewed with an
inverted microscope (IX 71; Olympus), equipped with 20�/0.7 or

60�/1.3 planapochromatic objective (UPlanSApo series; Olympus).
Images were captured by a digital camera and transferred to a personal
computer to evaluate, by using the image-analysis software (NIH Image
J), the intensity of green autofluorescence, which was expressed as
number of pixels per cell.

Cell Response to Oxidative Stress

To evaluate acute response to oxidative stress, the four groups of
fibroblasts were maintained and propagated in DMEM (supplemented
with 10% fetal bovine serum (FCS; Roche Biochemicals) at 37°C in 5%
CO2 humidified atmosphere. The cells were seeded in 96-well flat-
bottomed plates (Invitrogen) at a density of 1 � 104/well, and allowed
to settle overnight. Oxidative stress on the cells was delivered by
exposing subconfluent cultures to 0.5 and 250 mM concentrations of
H2O2 in a phosphate-buffered saline (PBS) for 30 minutes at 37°C.
Thereafter, the oxidizing solution was removed from monolayers and,
after two washings with warm PBS, replaced with growth medium.
Cell response to oxidative stress was evaluated either immediately (30
minutes) and 24 hours after H2O2 treatment by determining cell via-
bility with the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] method.30

Statistical Analysis

Data are reported as the mean � SE. Statistical comparisons between
the four groups were made by one-way ANOVA and, when appropri-
ate, a post hoc Bonferroni test. A probability of P � 0.05 was consid-
ered statistically significant. For statistical evaluation of prevalence
studies, the �2 test was used (Origin; Microcal, Inc., Northampton, MA,
and Statistica; StatSoft, Tulsa, OK).

RESULTS

Study Group

The study group consisted of 123 patients with primary ptery-
gium (99 men and 24 women; mean age 57.1 � 13.9 and
58.0 � 15.4 years, respectively) admitted for pterygium sur-
gery at the University Eye Clinic of Cagliari (Sardinia), between
January 2005 and June 2009. Similar to other studies,24–26 the
control group was selected from patients undergoing cataract
surgery (92 men; mean age, 59.0 � 10.7 years and 20 women;
mean age, 59.8 � 15.8 years). A second control group of 8445
blood donors (6238 men and 2207 women aged between 18
and 65 years) surveyed in the same period at the Hospital
Transfusion Center, Cagliari, was evaluated in G6PD preva-
lence studies.

All hemizygotic G6PD� men and all homozygotic G6PD�
women showed residual erythrocyte enzyme activity, ranging
from 0 to 0.2 IU/g of Hb. Heterozygotic G6PD� women
showed residual erythrocyte enzyme activity, ranging from 2 to
10 IU/g of Hb. Male and female subjects with residual erythro-
cyte enzyme activity higher than 10 IU/g of Hb were consid-
ered G6PD�. G6PD deficiency was found in 24 (24.2%) of 99
male patients with pterygium, 11 (12%) of 92 men with cata-
ract, 11 (46%) of 24 women with pterygium, and 2 (10%) of 20
women with cataract (Table 2). The estimated relative risk
(RR) of a G6PD� compared with a G6PD� for development of

TABLE 1. Primer Sequences and Sizes of PCR Products

Gene PCR Primers
PCR Protocol

(Number of Cycles)
Size
(bp)

G6PD 5�-CTGGAACCGCATCATCGTG-3� 94°C 50s/60° 50s/68°C 90s (25) 916
5�-TTCTCATCACGGACGTCATCT-3�

�-actin 5�-AGGGGCCGGACTCGTCATACT-3� 95°C 30s/60°C 59s/72°C 45s (20) 202
5�-GGCGGCACCATGTACCCT-3�
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pterygium was 2.45 (95% CI, 1.37–4.39; P � 0.0026). The
frequency of G6PD deficiency (12.1% in men and 10.6% in
women) found in the blood donor group was comparable to
that in the cataract population.31

To understand the biological significance, if any, of these
epidemiologic studies, we next analyzed the correlation be-
tween G6PD activity, growth rate, and lipid metabolism in
primary cultured fibroblasts isolated from normal human con-
junctiva (NCFs) and pterygium (PFs), both G6PD� and
G6PD�. It is important to recall that G6PD deficiency is a
sex-linked disorder; hence, the defect in affected men is fully
expressed in all nucleated cells. The majority of G6PD� fe-
males, instead, have a mosaic pattern of affected cells, indicat-
ing the presence of a mixture of normal and deficient cell
populations. Therefore, to avoid the risk of collecting G6PD�
fibroblasts from G6PD� women, only men were recruited for
these experiments.

G6PD Activity in NCFs and PFs

As shown in Figure 1, G6PD activity was significantly lower
(�45% less) in NCFs� compared with NCF�. However, no
significant difference was observed between PF� and PFs�.
Of interest, G6PD activity was significantly higher in the PFs,
both G6PD� and G6PD� compared with the corresponding
NCFs.

Growth Analysis

Growth rate was assessed by counting cells with a hemocy-
tometer and by incorporating [3H]thymidine into DNA (Figs.
2A, 2B, respectively). According to other studies that demon-
strate that pterygial fibroblasts have acquired many of the
properties of the transformed phenotype,32 PFs grow faster
than NCFs. However, although NCFs� grow more slowly than
NCFs�, PFs�, and PFs� grow at the same rate.

It is well known that highly proliferating cells require large
amounts of ribose for nucleic acid synthesis, raising the ques-
tion of how PF� may grow at the same rate as PF�. To try to

na
no

FIGURE 1. G6PD activity in NCFs and PFs. Enzyme activity was mea-
sured in fibroblast homogenates and expressed in nanomoles NADPH
formed per minute per 106 cells. Data are the mean � SE of eight NFCs
(four G6PD� and four G6PD�) and eight NFCs (four G6PD� and four
G6PD�) measured in duplicate. Statistical analysis by one-way ANOVA
showed significant differences between the groups (P � 0.000) and
was followed by the Bonferroni multiple-comparison test (P � 0.05
between the groups linked by square brackets).

TABLE 2. Prevalence of G6PD� in Patients with Pterygium

Pterygium
Cases

Cataract
Controls

Blood Donor
Controls

n % n % n %

Men*
Normal 75 75.8 81 88.0 5482 81.9
G6PD� 24 24.2 11 12.0 756 12.1
Total 99 100 92 100 6238 100.0

Women†
Normal 13 54 18 90 1976 89.4
G6PD�

Severe 58‡ 2.8
Intermediate 11§ 46 2§ 10 173§ 7.8

Total 24 100 20 100 2207 10.0

* �2 pterygium cases vs. cataract controls, P � 0.045; �2 pterygium
cases vs. blood donor controls, P � 0.000.

† �2 pterygium cases vs. cataract controls, P � 0.024; �2 ptery-
gium cases vs. blood donor controls, P � 0.000.

‡ Severe G6PD deficiency.
§ Intermediate G6PD deficiency.

-10 0 10 20 30 40 50 60

-10 0 10 20 30 40 50 60

FIGURE 2. Growth rate in NCFs and PFs. For growth rate determina-
tion cells were placed at a density of 40,000 cell/cm2 in six-well plates
and then were incubated for 24 hours in DMEM with 0.2% FCS to
synchronize cells at a quiescent state. Quiescent fibroblasts were then
diluted in complete growth medium containing 10% fetal calf serum
(FCS) and incubated for a further 24 hours. Data shown are the mean �
SE of eight NFCs (four G6PD� and four G6PD�) and eight NFCs (four
G6PD� and four G6PD�) made in duplicate. (A) Cell number as
determined by hemocytometer. Statistical analysis performed by using
the one-way ANOVA test showed highly significant differences be-
tween the groups (P � 0.000), followed by the Bonferroni multiple-
comparison test (P � 0.05 between the groups linked by square
brackets). (B) 3H-Thymidine incorporated into DNA. 3H-Thymidine (10
�Ci/mL) was added three hours before harvesting cells. Statistical
analyses and significance are as described in Figure 1.
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answer this question, we determined the levels of G6PD mRNA
in PF� and PF�. As shown in Figure 3 we found that mRNA
levels of G6PD in the PF� cells were significantly higher than
those in the PF� cells.

Autofluorescence in NCFs and PFs

Given the role of G6PD in cellular redox homeostasis mainte-
nance and considering that oxidative stress induced by UV
represents the main cause of pterygium, another important
point to investigate was oxidative injury in NCFs (�/�) and in
PFs (�/�). Since green autofluorescence in cells, caused by
the formation of conjugated Schiff base compounds from alde-
hydes derived from lipid peroxidation and amino groups of
phospholipids or cell proteins, has been proposed as an indi-
cator of oxidative injury,29 we determined green autofluores-
cence in the cells. Representative green autofluorescence im-
ages of NCFs (�/�) and PFs (�/�), recorded under a 535-nm
emission signal, are shown in Figure 4A. As expected, at 0
hours and at 24 hours, green autofluorescence was higher in
NCFs� than in NCFs�. Despite the high G6PD activity, PF
(�/�) exhibited higher green autofluorescence than the cor-
responding NFCs (�/�) (Fig. 4B).

Cell Response to Oxidative Stress

To reinforce this result, we exposed the four groups of fibro-
blasts to oxidative stress produced by a pro-oxidant agent,
hydrogen peroxide (H2O2) in two different concentrations (0.5
and 250 mM). As shown (Fig. 5A), soon after stress application
(30 minutes), the cell mass of H2O2-treated NFC� was compa-
rable to that of unstressed cells, and a slight but nonsignificant
decrease in cell mass was seen 24 hours after H2O2 treatment.
On the other hand, as early as 30 minutes after oxidative stress,
the cell mass of NCF�, PF�, and PF� significantly decreased
(Fig. 5B) and decreased further after 24 hours.

Determination of Neutral Lipids in NCFs and PFs

In an earlier paper we demonstrated that intracellular lipid
accumulation, mainly cholesterol esters (CEs), represent an

PF+ PF-
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FIGURE 3. G6PD mRNA levels in PFs� and PFs�. Total mRNA was
extracted from 106 cells in the quiescent state. mRNA levels were
determined by RT-PCR with the appropriate primer sets. Specific
bands were detected after addition of a chemiluminescent substrate
and analyzed with image-analysis software. (A) Representative blots of
G6PD in three PF� and three PF� cultures. (B) Densitometric analysis
of mRNA levels, normalized for the endogenous �-actin mRNA. Data
values are represented as mean � SE *P � 0.05 versus PF�.

FIGURE 4. Green autofluorescence in
NCFs and PFs. (A) Examples of green
autofluorescence in NCFs and PFs.
(B) Quantitative analysis of green
autofluorescence intensities. Data are
expressed as the mean � SE from four
samples for each group, made in dupli-
cate. At least 50 cells were measured
for each sample. Statistical analyses
and significance are as described in
Figure 1.
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important element in the control of cell proliferation during
pterygium progression.24–26 In accordance with this finding, at
time 0, PFs accumulated more neutral lipids than did the NCFs,
as determined by directly staining the cytoplasmic neutral
lipids with ORO (Fig. 6). At 24 hours, cytoplasmic ORO stain-
ing became markedly apparent in NCF�, PF�, and PF�, but
not in NCF� cells, indicating that lipid accumulation positively
correlates with cell growth rate.

Nile Red and Filipin Staining of NCFs and PFs

NCFs and PFs from G6PD� and G6PD� subjects were also
stained with Nile red to detect polar (i.e., membrane phospho-
lipids, PL) and neutral lipids (i.e., CE), based on the different
sensitivities of red (NR-590) and yellow (NR-535) Nile red
emissions for weakly and highly hydrophobic lipids, respec-
tively. Nile red was used in combination with filipin to co-
localize free cholesterol (FC). In agreement with ORO data, at
0 hours, PF� and PF� showed a higher (NR-535) signal,
indicative of higher concentrations of neutral lipids. Neutral
lipids were significantly higher in NCFs� compared with
NCFs� at the two time points considered. A significantly
higher NR-590 signal and more intense filipin staining were
observed in PFs (data not shown). Taken together, these data
further support the concept that neutral lipid, rather than

other polar lipids (i.e., FC and PL) play an essential part in cell
proliferation control. Representative images and quantitative
data are shown in Figures 7A and 7B, respectively.

DISCUSSION

The high prevalence of G6PD deficiency found in patients
affected by primary pterygium, both men and women, suggests
that this enzymatic defect is a predisposing factor for ptery-
gium development. Considering the role of G6PD in cellular
growth13,14 and the proliferative nature of pterygium,24–26,32

this finding was surprising. However, although NCF� residual
G6PD activity was approximately 45% of that in NCFs�, in
PFs� residual enzymatic activity was approximately 95% of
that in PFs�. Moreover, in PFs�, G6PD mRNA levels were
significantly higher than in PFs�, indicating that, under condi-
tions of increased demand, such as during active cell prolifer-
ation, G6PD� nucleated cells compensate for the very rapid
decay of their mutated enzyme, by producing more enzyme
molecules. Supporting this, PFs grew at a faster rate than NCFs,
and, although NCFs� grew more slowly than NCFs�, PFs�
and PFs� had the same rate of growth. Given that pterygium
fibroblasts resemble a tumorigenic phenotype,24–26,32 the re-
sults of the present study match well with those of earlier
papers of ours that described higher G6PD activity and mRNA
levels in G6PD� leukemic cells compared with deficient pe-
ripheral blood mononuclear cells, as well as in G6PD� tumoral
lung tissue compared with surrounding nontumoral tissue.13,14

In addition, they are in agreement with results obtained by
other investigators33 who demonstrated that in normal cells,
G6PD expression is tightly controlled, although in many tu-
mors, regulation of its expression is altered, resulting in a
significant increase in G6PD activity.

ROS and metabolic activation have been known to modu-
late gene expression, and several studies have confirmed the
role of oxidative stress in tumor formation.34–36 Oxidative
stress occurs when ROS production overrides the antioxidant
capability (mainly represented by GSH) of the target cell; oxi-
dative damage caused by the interaction of reactive oxygen
with critical cellular macromolecules can occur. ROS interact
with, and modify, cellular proteins, lipids, and DNA, resulting
in altered target-cell function. The accumulation of oxidative
damage has been implicated in both acute and chronic cell
injury, including possible involvement in cancer forma-
tion.34–36 It has been suggested that acute oxidative stress
causes selective cell death and hence a temporary blockage of
cell growth,36,37 followed by a compensatory increase in cell
proliferation, which may favor selective clonal expansion of
any latent initiated preneoplastic cells. On the other hand,
oxidative stress of a sublethal chronic kind, by causing unre-
paired DNA injury, can produce latent preneoplastic cells that
are at risk of becoming tumoral if growth stimulated.38

Our finding of increased green autofluorescence in ex vivo
NCFs� compared with NCFs� is indicative of an accumulation
of oxidative damage in nontumoral G6PD� deficient cells. This
evidence suggests that these cells, being more sensitive to
oxidative stress, probably due to their inability to maintain GSH
at normal levels, are at high risk of being transformed. Support-
ing this notion, after acute (30 minutes) exposure to oxidative
stress produced by a pro-oxidant agent, H2O2, greater toxicity
was observed in NCFs� compared with NCFs�.

However, more intense green autofluorescence coupled
with greater cell toxicity caused by acute H2O2 exposure was
found in both PFs� and PFs�, compared with corresponding
NCFs, raising the question of why PFs (�/�), which have high
G6PD activity and, hence, an expected abundance of GSH�,
are more sensitive to oxidative stress.
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FIGURE 5. Cell response to oxidative stress. Normal and pterygium
fibroblasts were maintained and propagated in D-MEM supplemented
with 10% FCS. The Cells were seeded in 96-well flat-bottomed plates at
a density of 1 � 104/well and allowed to settle overnight. Oxidative
stress to cells was delivered by exposing subconfluent cultures to two
concentrations (0.5 and 250 mM) of H2O2 in PBS for 30 minutes at
37°C. Thereafter, the oxidizing solution was removed from monolayers
and replaced with growth medium. Cell response to oxidative stress
was evaluated either immediately (time 30 minutes) and 24 hours after
H2O2 treatment by determining cell viability with the MTT method. (A)
Cell mass of NCF (�/�) as determined by MTT test. (B) Cell mass of PF
(�/�) as determined by MTT test. For both cell types, data are
represented as the mean � SE of result in four samples from each
group, made in duplicate. Statistical analyses and significance are as
described in Figure 1.
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In the present study, we found that ex vivo PFs accumu-
lated more neutral lipids than did NCFs. After 24 hours of FCS
growth stimulation, neutral lipids markedly increased in
NCFs�, PFs�, and PFs�, but not in NCFs�. In addition, PFs
(�/�), stained with Nile red to detect polar (PL) and neutral
lipids (i.e., TG and CE), in combination with filipin to co-
localize FC, showed not only higher neutral lipid levels than
did NCFs (�/�), but also increased levels of PL and FC.

These results, besides confirming that lipid accumulation
positively correlates with cell growth rate, lead us to speculate
that the maintenance of lipid homeostasis is an essential mech-
anism in normal cell proliferation control. NADPH is a high-
energy molecule used for anabolic pathways, such as lipid
synthesis, cholesterol synthesis, and fatty acid chain elonga-
tion, all of which were found to be increased in PFs. It is
therefore possible to hypothesize that increased NADPH de-

FIGURE 6. ORO staining of NFCs and PFs. For this experiment, fibroblasts between passages 2 and 4 of culture were plated at a density of 10,000
cell/cm2 and then incubated for 24 hours in DMEM with 0.2% FCS to synchronize cells in a quiescent state. Quiescent fibroblasts (0 hours) were
then diluted in complete growth medium with 10% FCS and incubated for a further 24 hours. Representative microscopic visualization of neutral
lipid accumulation in two NFC (one � and one �), and 2 PF (one � and one �) cell cultures. The cells were treated with isopropyl alcohol (60%),
washed, stained with ORO, and counterstained with Mayer’s hematoxylin. The stained cells were examined by light microscopy, and digital images
were recorded.

FIGURE 7. Nile Red and filipin stain-
ing of NCFs and PFs. (A) Representa-
tive images of fibroblasts stained
with Nile red (NR) and filipin. Nile
red emissions (NR-590) distinguished
weakly hydrophobic (i.e., phospho-
lipids) from highly hydrophobic (i.e.,
triglycerides and cholesterol ester)
lipids (Nile yellow emissions, NR-535).
Filipin stained free cholesterol. (B) Quan-
titative analysis of NR-535 staining.
Plots show the mean � SE of the in-
tensity of NR-535-stained fibroblasts.
Data were obtained from six micro-
scopic fields per group, each field in-
cluding a total area of 325 �m2 of cy-
toplasm (excluding the background).
Statistical analyses and significance are
as described in Figure 1.
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mand for lipid synthesis, which is essential for the maintenance
of cell growth, drastically reduces the availability of NADPH for
GSH regeneration. This may expose the cells to a higher risk of
oxidative damage and the mentioned consequences.

In conclusion, the results of this study, although restricted
to a limited group of subjects (i.e., those of Sardinian ancestry),
suggest that, despite what might be argued, G6PD deficiency
not only does not protect against pterygium, but may even be
considered a risk factor for the development of this disorder.
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