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Abstract
Background This study was conducted to evaluate
whether polyunsaturated fatty acids (PUFA) such as γ-
linolenic acid (GLA) and eicosapentaenoic acid (EPA),
as found in the diet, may affect the lipid composition of
conjunctival epithelium and whether these modifications
affect prostaglandin (PG) production after inflammatory
stimulation.
Methods Chang and IOBA-NHC conjunctival human cells
were treated with GLA and/or EPA at 5, 10, 20, 30, 40, or
50 μg/ml for 72 h and then were stimulated with interferon-
gamma (IFN-γ) for 48 h. Changes in the composition of
neutral lipids and phospholipids were monitored by gas
chromatography. PGE1 and PGE2 levels were measured by
enzyme immunoassay.

Results PUFA supplementations in the culture medium
induced incorporation of these fatty acids and of their
metabolites in neutral lipids and phospholipids of the
conjunctival cells. The fatty acid composition of neutral
lipids and phospholipids was not affected by stimulation
with IFN-γ. The production of PGE1 and PGE2 was
affected by GLA supplementation whereas it was not
modified by EPA supplementation. A combined supple-
mentation of EPA and GLA did not change the production
of PGE1 but decreased the production of PGE2.
Conclusions These results suggest that modulation of fatty
acid composition and PG production by PUFA supplemen-
tation is possible in the conjunctival epithelium, which is an
important site of inflammation in dry eye syndrome.
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Introduction

Dietary polyunsaturated fatty acids (PUFA) are of great
interest since they can modulate the composition of the cell
membrane due to their incorporation into a variety of
tissues including the lacrimal gland, the retina, and the
brain [1–4]. One benefit of increased dietary n-3 PUFA is
that their incorporation into plasma and cell lipids occurs
frequently at the expense of arachidonic acid (AA). By
inhibiting the delta-5 desaturase, eicosapentaenoic acid
(EPA) decreases the conversion of dihomo gamma-
linolenic acid (dGLA) to AA [3, 5, 6]. Limiting the AA
level is beneficial because AA is the precursor of
prostaglandin E2 (PGE2), which has potent pro-
inflammatory properties whereas EPA is the precursor of
PGE3 known to be less pro-inflammatory than PGE2 [7].
Another strategy aimed at modulating PG production is the
supply of gamma-linolenic acid (GLA). Increased dietary
intake of GLA results in the accumulation of its elongation
product, dGLA, which is the precursor of PGE1, and is less
pro-inflammatory than PGE2 [7]. EPA and dGLA also
compete with AA at the level of substrate for the cyclo-
oxygenase (COX)-dependent production of PG [8]. Hence,
PG synthesis is affected by altering the fatty acid
composition of the cell membrane and can be modulated
by manipulation of PUFA intake. This was already shown
in several tissues including the retina [9] and lacrimal
glands [4], but also in tears [11]. A detailed diagram of the
metabolic pathway of the PUFA from n-6 and n-3 series is
shown in Fig. 1.

The benefits of PUFA from the n-6 and n-3 series were
documented in inflammatory diseases such as dry eye
syndrome, which results in the inflammation of the
components of the lacrimal functional unit [10]. Interven-
tional studies have suggested the potential benefit of n-6 or
n-3 PUFA alone or a combination of both on the clinical
signs of ocular dryness [11–15]. The observational women's
health study has shown that a high ratio of dietary intake of
n-3 PUFA to n-6 PUFA may be associated with a high
prevalence of dry eye syndrome, pointing out the impor-
tance of the dietary balance between PUFA [16]. The
beneficial effect of GLA has also been shown in other
chronic inflammatory conditions such as rheumatoid
arthritis [17]. There is limited information concerning the
accumulation of dietary PUFA in the lacrimal functional
unit. Data in lacrimal glands showed that dietary supple-
mentation in GLA and/or EPA induced an increase in n-6
and/or n-3 PUFA [3, 4]. However, no data is available
concerning the accumulation of dietary PUFA in the
conjunctiva even if this tissue has the ability to synthesize
PGE2 and PGE3 [18]. Hence, the aim of the present study
was to investigate whether dietary PUFA such as GLA and
EPA may affect the composition of conjunctival epithelium

and whether these modifications impact PGE1 and PGE2
levels. This was investigated on cultured conjunctival cells
by assessing the effect of GLA and/or EPA supplementation
on the fatty acid composition of neutral lipids and
phospholipids as well as on the PG production in response
to stimulation with interferon-gamma (IFN-γ). We have
compared the results from two cell lines: the Wong-
Kilbourne derivative of Chang conjunctival cell line, which
has been widely used, and the IOBA-NHC cell line, to
lessen the impact of the presence of HeLa marker
chromosomes in the Chang cells. This in vitro study also
allowed the possibility to evaluate the effect of EPA alone
given that natural dietary EPA is always accompanied by
DHA.

Materials and methods

Cells

Two conjunctival cell lines of human origin were cultured
in standard conditions (5% CO2, 37°C, humidity saturated
environment). Chang cells (Wong-Kilbourne derivative of
Chang conjunctiva, clone 1-5c-4, ATCC CCL-7) were
cultured in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) with a high glucose concentration
(4.5 g/L) (GibcoTM, Invitrogen, Bioblock, Illkirch,
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Fig. 1 Metabolic pathway of the biosynthesis of PUFA from n-6 and
n-3 series. Elongation and desaturation steps occur in the endoplasmic
reticulum and β-oxidation in the peroxisome. Adapted from Sprecher
et al., 1995
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France) supplemented with 10% fetal calf serum (FCS)
(Eurobio, Courtaboeuf, France), 25 mM HEPES (GibcoTM),
20 μg/ml gentamicin (GibcoTM). A second human conjunc-
tival cell line spontaneously arising from a primary culture of
human conjunctival epithelium (IOBA-NHC) was cultured
in DMEM/F-12 (1:1) (GibcoTM) supplemented with 2 ng/ml
epidermal growth factor (EGF) (AbCys, Paris, France),
1 μg/ml bovine pancreas insulin (Sigma-Aldrich, Saint
Quentin Fallavier, France), 0.1 μg/ml cholera toxin (Sigma-
Aldrich), 0.5 μg/ml hydrocortisone (Sigma-Aldrich), 10%
FCS, and 20 μg/ml gentamicin. Cells from passages 9 and 10
(following ATCC initial passage 65 or following the provision
of IOBA-NHC cells) were used in all experiments. The
medium was changed every 2–3 days, and cell growth was
assessed daily by phase-contrast microscopy. Cells were
seeded at a density of 105 cells/mm².

Cell treatment

Cells were supplemented with 5–50 μg/ml of EPA and/or
GLA (Cayman Chemical, Spi-Bio, Montigny le Breton-
neux, France) prepared in ethanol [19]. Non-supplemented
cells received the same quantity of ethanol (0.4% of total
medium volume). Cells were then incubated without
hydrocortisone. After 72 h, the cells were stimulated with
300u/ml IFN-γ (Sigma-Aldrich) prepared in phosphate
buffer solution (PBS). Non-stimulated cells received PBS
alone. After 48-h stimulation, supernatants were collected
and 10% protease inhibitor cocktail (Sigma-Aldrich) was
added. Samples were stored at −80°C until prostaglandin
measurement. Cells were collected, rinsed, immersed in
chloroform/methanol (2:1, by vol) and stored at −20°C until
lipid analyses.

Measurement of prostaglandin levels in the supernatant

PGE1 and PGE2 were measured using an enzyme immu-
noassay kit (Assay Designs, Euromedex, Mundolsheim,
France and Cayman Chemical, respectively) according to
the manufacturers’ instructions. Supernatants were diluted
with the kit buffer to 1/50th and 1/500th for PGE1 and
PGE2 measurements, respectively. PGE1 and PGE2 levels
in the supernatants were expressed in ng/ml.

Lipid analyses

Lipids from cells were extracted according to the method
developed by Folch et al. [20]. A total of 1 mg of total
lipids was separated into neutral lipids and phospholipids
using Sep-Pak silica cartridges (Waters, Guyancourt,
France) according to the technique developed by Juaneda
and Rocquelin [21]. Neutral lipids and phospholipids were
submitted to fatty acid methylation according to Morrison

and Smith (1964) as previously described [22]. Fatty acid
methyl esters (FAME) were analyzed using gas chroma-
tography on a Hewlett Packard Model 5890 gas chromato-
graph (Palo Alto, CA, USA) using a CPSIL-88 column
(100 m×0.25 mm internal diameter; film thickness,
0.20 μm; Varian, Les Ulis, France). Hydrogen was used
as a carrier gas (inlet pressure, 210 kPa). The oven
temperature was held at 60°C for 5 min, increased to 165°C at
15°C/min and held for 1 min, and then to 225°C at 2°C/min
and finally held at 225°C for 17 min. The injector and the
detector were maintained at 250°C. FAME were identified by
comparison with commercial and synthetic standards. The
data were computed using the Galaxie software (Varian). The
proportion of each fatty acid was expressed as a percentage of
total fatty acids.

Statistical analyses

Data were expressed as mean±standard deviation (SD).
The Student–Newman–Keuls test was used to compare the
data from the different groups using the SAS software (SAS
Institute, Cary, NC, USA). Linear regression correlation
coefficients were calculated to determine the relationship
between GLA or EPA concentrations and cell fatty acids
(Figs. 2 and 3). p values less than 0.05 were considered
significant and the tests were two-tailed.

Results

Effect of PUFA supplementation on the fatty acid
composition of the neutral lipids

Fatty acid composition of the neutral lipids
of the conjunctival cells. Effect of IFN-γ

The fatty acid composition of the neutral lipids of the two
conjunctival cell lines is shown in Table 1. Without
supplementation, neutral lipids of IOBA-NHC cells
contained significantly more C16:0 and C18:0 when
compared to the neutral lipids of Chang cells (19.1 versus
13.4%, p<0.0001, and 3.4 versus 2.0%, p<0.0001, respec-
tively). They contained significantly less C18:1 n-7 (27.5
versus 31.0%, p<0.0005), less n-6 PUFA (1.4 versus 2.7%,
p<0.0001) and less n-3 PUFA (1.6 versus 3.9%, p<
0.0001). These compositions were not modified by the
stimulation with IFN-γ.

Effect of GLA supplementation on the neutral lipid fatty
acid composition of the conjunctival stimulated cells

A supplementation with GLA strongly modified the fatty
acid composition of the neutral lipids in conjunctival cells
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stimulated with IFN-γ. The figs. 2a and b show the
incorporation of dGLA and AA in the neutral lipids as a
function of the GLA concentration. GLA supplementation
induced an increase in dGLA level (from 25 μg/ml in
Chang cells, p<0.05 and from 10 μg/ml in IOBA-NHC
cells, p<0.05) and in AA level (from 10 μg/ml in Chang
cells, p<0.0001 and from 5 μg/ml in IOBA-NHC cells,
p<0.0001). Other n-6 PUFA levels were increased: GLA
(from 5 μg/ml in Chang and IOBA-NHC cells, p<0.01 and
p<0.001, respectively) and C22:4 n-6 (from 10 μg/ml in
Chang cells, p<0.0001 and 5 μg/ml in IOBA-NHC cells,
p<0.0001). It is noteworthy that GLA supplementation
induced the formation and the incorporation of atypical n-6
PUFA: C16:3 n-6 from 25 μg/ml (0.1% in Chang cells,
p<0.01 and 0.2% in IOBA-NHC cells, p<0.0001); C22:3
n-6 from 10 μg/ml (0.2% in both cell lines, p<0.05); C24:4
n-6 from 10 μg/ml in Chang cells (3.3%, p<0.0001) and
from 5 μg/ml in IOBA-NHC cells (0.2%, p<0.001). The

contents of these fatty acids increased with the GLA
concentration.

Effect of EPA supplementation on the neutral lipid fatty
acid composition of the conjunctival stimulated cells

A supplementation with EPA increased the incorporation of
EPA (significantly from 10 μg/ml in Chang cells, p<0.0001
and from 5 μg/ml in IOBA-NHC cells, p<0.05) (Fig. 2c),
and C22:5 n-3 (from 5 μg/ml in Chang and IOBA-NHC
cells, p<0.01 and p<0.0001, respectively). In Chang cells,
DHA content was significantly increased with EPA supple-
mentation at 10 μg/ml (2.8%, p<0.0001) and 50 μg/ml
(1.2%, p<0.05) whereas it was increased for all concen-
trations in IOBA-NHC cells with a maximum with 25 μg/
ml of EPA (1.3%, p<0.0001). EPA supplementation also
induced the formation and the incorporation of atypical
fatty acids: C16:4 n-3 and C18:4 n-3 only with 50 μg/ml of
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Fig. 2 Effect of GLA and/or
EPA supplementations on the
PUFA precursors of PG in neu-
tral lipids of conjunctival cells
stimulated with IFN-γ (300 u/
ml) for 48 h. Fatty acid incor-
poration was defined by a linear
regression (ax+b) as a function
of the concentration of GLA or
EPA added in the culture media.
a dGLA, b AA, c EPA
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EPA (0.2% in Chang cells, p<0.0001 and 0.3% in IOBA-
NHC cells, p<0.0001); C20:4 n-3 from 10 μg/ml in Chang
cells (0.2%, p<0.0001) and 25 μg/ml in IOBA-NHC cells
(0.5%, p<0.0001); C24:5 n-3 from 10 μg/ml in Chang cells
(5.9%, p<0.0001) and 5 μg/ml in IOBA-NHC cells (0.8%,
p<0.0005). The contents of C20:4 n-3 and C24:5 n-3 were
improved with increasing EPA concentration.

Effect of GLA+EPA supplementation on the neutral lipid
fatty acid composition of the conjunctival stimulated cells

A combined supplementation of GLA and EPA induced an
increase in dGLA level (significantly from 10 μg/ml of
both fatty acids, p<0.05 and p<0.001 in Chang and IOBA-

NHC cells, respectively), AA (significantly from 5 μg/ml
of both fatty acids, p<0.0005 and p<0.0001 in Chang and
IOBA-NHC cells, respectively) and EPA (significantly
from 5 μg/ml of both fatty acids, p<0.05 and p<0.005 in
Chang and IOBA-NHC cells, respectively) (Fig. 2a, b and c).
Other n-6 and n-3 PUFA levels were increased: GLA (from
10 μg/ml of both fatty acids, p<0.005 and p<0.001 in
Chang and IOBA-NHC cells, respectively), C22:4 n-6
(from 5 μg/ml of both fatty acids, p<0.005 and p<0.0005
in Chang and IOBA-NHC cells, respectively) and C22:5
n-3 (from 5 μg/ml of both fatty acids, p<0.0001 in Chang
and IOBA-NHC cells). DHA was also increased in Chang
cells for a supplementation of GLA and EPA of 5 μg/ml
(2.9%, p<0.0001) and 10 μg/ml (2.5%, p<0.0001) whereas
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Fig. 3 Effect of GLA and/or
EPA supplementations on the
PUFA precursors of PG in the
phospholipids of conjunctival
cells stimulated with IFN-γ
(300u/ml) for 48 h. Fatty acid
incorporation was defined by a
linear regression (ax+b) as a
function of the concentration of
GLA or EPA added in the
culture media. a dGLA, b AA, c
EPA
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in IOBA-NHC cells it was increased for all the concen-
trations tested with a maximum of incorporation with 10 μg/
ml of both fatty acids (1.2%, p<0.0001). The combined
supplementation also induced the incorporation of the
atypical fatty acids: C16:3 n-6 from 10 μg/ml (0.1% in
Chang cells, p<0.0001 and 0.2% in IOBA-NHC cells,
p<0.0001); C22:3 n-6 from 5 μg/ml in Chang cells (0.2%,
p<0.05) and from 10 μg/ml in IOBA-NHC cells (0.3%,
p<0.0005); C24:4 n-6 from 5 μg/ml (1.6% in Chang cells,
p<0.0005 and 0.2% in IOBA-NHC cells, p<0.005); C16:4
n-3 and C18:4 n-3 from 25 μg/ml (0.1% in both cell lines);
C20:4 n-3 from 5 μg/ml in Chang cells (0.1%, p<0.05) and
10 μg/ml in IOBA-NHC cells (0.1%, p<0.01); and C24:5 n-
3 from 5 μg/ml (3.3% in Chang cells and 0.8% in IOBA-
NHC cells, p<0.0001).

Effect of PUFA supplementation on the levels of fatty acids
involved in prostaglandin synthesis in phospholipids

Fatty acid composition of the phospholipids
of the conjunctival cells. Effect of IFN-γ

The phospholipids of IOBA-NHC cells contained signifi-
cantly more C18:0 (7.8 versus 6.1%, p<0.0001) as

compared to those in Chang cells, more C18:1 n-9 (24.7
versus 20.7%, p<0.0001) and less C16:1 n-9 (0.8 versus
1.0%, p<0.005), C16:1 n-7 (10.6 versus 12.4%, p<0.05)
and C18:1 n-7 (18.5 versus 21.8%, p<0.0001) (Table 2).
They contained also more dGLA (0.30 versus 0.15%,
p<0.0001), and less C22:4 n-6 (0.4 versus 0.6%,
p<0.0001) and C22:5 n-3 (0.9 versus 1.2%, p<0.01). The
only change observed with the IFN-γ stimulation was a
slight increase in dGLA in IOBA-NHC cells (0.30 to
0.32%, p<0.05).

Effect of GLA supplementation on the levels of fatty acids
involved in prostaglandin synthesis in phospholipids
of the conjunctival stimulated cells

A supplementation with GLA induced an increase in
dGLA, the precursor of PGE1 and AA, the precursor of
PGE2, in the phospholipids of Chang and IOBA-NHC cells
stimulated with IFN-γ (Fig. 3a and b). dGLAwas increased
from 25 μg/ml in Chang cells (p<0.0005) and from 5 μg/ml
in IOBA-NHC cells (p<0.05), AA from 5 μg/ml in Chang
and IOBA-NHC cells (p<0.0005 and p<0.0001, respective-
ly). The increase in dGLAwas superior to the increase in AA
because the Δ5 desaturase index (AA/dGLA) was signifi-

Table 1 Fatty acid composition
of neutral lipids in conjunctival
cells stimulated or not with
interferon-γ (300 u/ml) for 48 h

Values are expressed as mean±
SD in percentage of total fatty
acids (n=6–7). For each fatty
acid, values with different su-
perscript letters (a, b, c) are
significantly different (p<0.05).
nd not detected (under the limit
for the detection by gas chro-
matography, <0.05%)

Cell line Chang IOBA-NHC

Stimulation Control n=7 IFN-γ n=7 Control n=6 IFN-γ n=7

C16:0 13.4±1.0a 13.6±0.5a 19.1±2.0b 19.1±2.0b

C18:0 2.0±0.6a 2.0±0.4a 3.4±0.6b 3.5±0.6b

Other saturated fatty acids 2.5±0.5 2.7±0.2 3.4±0.2 3.1±0.6

Total saturated fatty acids 17.9±1.6a 18.3 0.7a 25.9±2.6b 25.7±2.9b

C16:1n-9 1.3±0.2a 1.3±0.2a 1.0±0.1b 1.0±0.1b

C16:1n-7 13.3±1.6a 12.2±1.5ab 12.0±1.8ab 11.1±1.4b

C18:1n-9 25.7±1.0ab 25.3±1.2a 26.2±0.2bc 26.8±0.6c

C18:1n-7 31.0±2.4a 32.3±3.1a 27.5±0.8b 28.0±1.6b

Other monounsaturated fatty acids 4.2±0.3 4.5±0.6 4.4±0.2 4.5±0.4

Total monounsaturated fatty acids 75.5±2.8a 75.6±2.1a 71.1±2.3b 71.4±2.6b

C18:2n-6 (LA) 1.0±0.2a 1.0±0.3a 0.7±0.0b 0.7±0.0b

C18:3n-6 (GLA) nd nd nd nd

C20:3n-6 (dGLA) 0.1±0.0a 0.1±0.0a 0.1±0.1a 0.1±0.0a

C20:4n-6 (AA) 0.8±0.3a 0.7±0.3a 0.4±0.0b 0.4±0.0b

C22:4n-6 0.7±0.1a 0.6±0.1a 0.1±0.0b 0.1±0.0b

C22:5 n-6 0.1±0.1 0.1±0.1 0.1±0.0 0.1±0.0

Total n-6 2.7±0.6a 2.5±0.7a 1.4±0.2b 1.4±0.1b

C18:3n-3 (ALA) 0.12±0.01a 0.12±0.03a 0.10±0.01b 0.10±0.01b

C20:5n-3 (EPA) 0.1±0.1a 0.1±0.1a 0.1±0.0a 0.1±0.0a

C22:5n-3 1.9±0.5a 1.8±0.4a 0.8±0.1b 0.7±0.1b

C22:6n-3 (DHA) 1.8±0.5a 1.6±0.4a 0.7±0.0b 0.6±0.1b

Total n-3 3.9±1.0a 3.6±0.8a 1.6±0.3b 1.5±0.2b

Total polyunsaturated fatty acids 6.6±1.6a 6.1±1.5a 3.0±0.4b 2.9±0.3b
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cantly decreased in both cell lines from 5 μg/ml of GLA
(Fig. 4a). The Δ5 desaturase index was minimal with
50 μg/ml of GLA (3.9, p<0.0001 and 1.5, p<0.0001 in
Chang and IOBA-NHC cells, respectively). The ratio of
the fatty acids precursors of “anti-inflammatory” PG
(dGLA+EPA) to the fatty acid precursor of “pro-inflam-
matory” PG (AA) was not modified by a GLA supple-
mentation in Chang cells and was significantly increased
only with the 50 μg/ml dose in IOBA-NHC cells (p<0.0001)
(Fig. 4b).

Effect of EPA supplementation on the levels of fatty acids
involved in prostaglandin synthesis in phospholipids
of the conjunctival stimulated cells

A supplementation in EPA induced an increase in EPA, the
precursor of the PGE3 in the phospholipids of conjunctival
cells (Fig. 3c). This increase was significant from 5 μg/ml
of EPA (p<0.005 in Chang cells and p<0.0001 in IOBA-
NHC cells). EPA supplementation induced a significant

decrease of the Δ5 desaturase index from 10 μg/ml
(p<0.0001 in Chang cells and p<0.01 in IOBA-NHC cells,
Fig. 4a). The rise in EPA induced a strong increase in the
ratio (dGLA+EPA)/AA (8.0 in Chang cells, p<0.0001 and
8.2 in IOBA-NHC cells, p<0.0001 for a supplementation
of 50 μg/ml, Fig. 4b).

Effect of GLA+EPA supplementation on the levels of fatty
acids involved in prostaglandin synthesis in phospholipids
of the conjunctival stimulated cells

A combined supplementation of GLA and EPA induced an
increase in the three PUFA precursors of PG, dGLA, AA,
and EPA (Fig. 3a, b and c). The increase in dGLA with a
supplementation of 25 μg/ml of both fatty acids was higher
than that observed with a supplementation of 25 μg/ml of
GLA alone, only in Chang cells (4.7 versus 1.7%,
p<0.0001). In opposition, the increase of AA was lower
with a combined supplementation of 25 μg/ml of both fatty
acids than that observed with 25 μg/ml of GLA alone, only

Table 2 Fatty acid composition
of phospholipids in conjunctival
cells stimulated or not with
interferon-γ (300 u/ml) for 48 h

Values are expressed as mean±
SD in percentage of total fatty
acids (n=7). For each fatty acid,
values with different superscript
letters (a, b, c) are significantly
different (p<0.05). nd not
detected (under the limit for the
detection by gas chromatogra-
phy, <0.05%); DMA
dimethylacetal

Cell line Chang IOBA-NHC

Stimulation Control n=7 IFN-γ n=7 Control n=7 IFN-γ n=7

C16:0 16.7±2.9a 17.4±0.5a 16.7±0.7a 17.2±0.4a

C18:0 6.1±1.3a 5.7±0.3a 7.8±0.9b 7.5±0.8b

Other saturated fatty acids 2.4±0.4 2.3±0.4 1.9±0.5 2.2±0.3

Total saturated fatty acids 25.2±2.0a 25.4±0.8a 26.4±1.3ab 26.9±0.8b

C16:1n-9 1.0±0.2a 1.0±0.2ac 0.8±0.1b 0.9±0.1bc

C16:1n-7 12.4±1.5a 11.4±0.3ab 10.6±1.5b 10.9±1.7b

C18:1n-9 20.7±0.4a 20.4±0.4a 24.7±1.0b 24.1±1.1b

C18:1n-7 21.8±0.4a 23.0±1.7a 18.5±1.1b 18.0±0.9b

Other monounsaturated fatty acids 2.4±0.2 2.7±0.3 2.7±0.1 2.7±0.3

Total monounsaturated fatty acids 58.3±2.4a 58.5±1.5a 57.3±1.5a 56.6±1.2a

C18:2n-6 (LA) 1.6±0.2a 1.7±0.1a 1.7±0.0a 1.7±0.1a

C18:3n-6 (GLA) nd nd nd nd

C20:3n-6 (dGLA) 0.15±0.02a 0.16±0.02a 0.30±0.03b 0.32±0.03c

C20:4n-6 (AA) 3.9±0.9a 3.8±0.5a 3.3±0.4a 3.3±0.3a

C22:4n-6 0.6±0.1a 0.6±0.0a 0.4±0.0b 0.4±0.0b

C22:5 n-6 0.3±0.0 0.3±0.0 0.2±0.1 0.2±0.0

Total n-6 fatty acids 6.6±1.1a 6.6±0.7a 5.9±0.4 a 5.9±0.3a

C18:3n-3 (ALA) nd nd 0.1±0.0 nd

C20:5n-3 (EPA) 0.5±0.2a 0.4±0.1a 0.6±0.1a 0.6±0.0a

C22:5n-3 1.2±0.2a 1.2±0.2a 0.9±0.1b 0.9±0.0b

C22:6n-3 (DHA) 1.8±0.3a 1.7±0.2a 1.5±0.1a 1.6±0.1a

Total n-3 fatty acids 3.5±0.7a 3.3±0.4a 3.1±0.2a 3.1±0.1a

Total polyunsaturated fatty acids 10.1±1.7a 9.9±1.1a 9.0±0.6a 9.0±0.5a

DMA 16:0 3.6±0.6a 3.6±0.3a 4.0±0.1a 4.2±0.2a

Other DMA 2.7±1.3 2.6±1.1 3.3±0.1 3.3±0.1

Total DMA 6.3±1.7a 6.2±0.9a 7.3±0.2a 7.5±0.2a
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in IOBA-NHC cells (8.4 versus 13.7%, p<0.0001). The
incorporation of EPA was also diminished with the
combined supplementation as compared to a supplemen-
tation with EPA alone, only in IOBA-NHC cells (5.3
versus 10.7%, p<0.0001). These modifications favored
the anti-inflammatory synthesis of PG since the Δ5
desaturase index decreased and the ratio (dGLA+EPA)/
AA increased (Fig. 4a and b). The Δ5 desaturase index
was significantly lower with a combined supplementation
of 25 μg/ml of EPA and GLA as compared to a
supplementation of EPA alone (p<0.0001). As compared
to the GLA supplementation, this decrease was not
significant. The ratio (dGLA+EPA)/AA was significantly
higher with a combined supplementation of EPA and GLA
as compared to a supplementation of GLA alone (p<0.05
in Chang cells and p<0.0001 in IOBA-NHC cells) but

significantly lower as compared to a supplementation of
EPA alone (p<0.0001 in both cell lines).

Effect of PUFA supplementation on prostaglandin
production

Prostaglandin production in the conjunctival cells. Effect
of IFN-γ

The production of PGE1 and PGE2 was only slightly
stimulated by IFN-γ but this increase was not significant
(Table 3). It was significantly higher in IOBA-NHC cells
than in Chang cells (p<0.0001 for PGE1 and p<0.01 for
PGE2). The IOBA-NHC cells produced more PGE2 than
PGE1 (×17, p<0.05 for the control cells and ×20, p<0.005
for the stimulated cells, respectively).
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Fig. 4 Effect of GLA and/or
EPA supplementations on the
ratio between PUFA precursors
of PG in the phospholipids of
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Effect of GLA and/or EPA supplementation on prostaglandin
production in conjunctival stimulated cells

A supplementation with GLA induced a significant increase
in the production of PGE1 (with 50 μg/ml in Chang cells,
p<0.05, and with 10 μg/ml, p<0.0001 and 50 μg/ml,
p<0.005 in IOBA-NHC cells) (Fig. 5). As compared to the
non-supplemented cells, PGE1 production was maximal
with 50 μg/ml of GLA in Chang cells (×26) and with

10 μg/ml in IOBA-NHC cells (×17). PGE2 production was
increased from 5 μg/ml of GLA (p<0.05 in Chang cells and
p<0.01 in IOBA-NHC cells). As compared to the non-
supplemented cells, PGE2 production was maximal with a
50 μg/ml GLA supplementation in Chang cells (×11,
p<0.0001) and with a 25 μg/ml GLA supplementation in
IOBA-NHC cells (×5, p<0.0001). The production of PGE1
and PGE2 was not significantly modified by the EPA
supplementation. A combined supplementation of EPA and

Table 3 Prostaglandin production in conjunctival cells stimulated or not with interferon-γ (300 u/ml) for 48 h

Cell line Chang IOBA-NHC

Stimulation Control
n=3

IFN-γ
n=4

Control
n=4

IFN-γ
n=4

[PGE1] (ng/ml) 0.50±0.37 1.02±0.70 8.83±8.68 9.65±10.29

[PGE1] control cells / [PGE1] stimulated cells 0.52±0.42 1.00 0.45±0.27 1.00

n=4 n =4 n=4 n=4

[PGE2] (ng/ml) 2.33±0.39 5.04±3.09 145.8±118.0 193.2±154.5

[PGE2] control cells / [PGE2] stimulated cells 0.56±0.23 1.00 0.82±0.19 1.00

Values are expressed as mean±SD in ng/ml of supernatant and in the ratio of the concentrations in the control cells/concentrations in stimulated
cells (normalized) (n=3–4)
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EPA supplementations on pros-
taglandin production in the con-
junctival cells stimulated with
IFN-γ (300u/ml) for 48 h. a
PGE1, b PGE2. Normalized
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GLA did not change the production of PGE1 but increased
the production of PGE2, only in Chang cells (with 10μg/ml of
GLA and EPA, p<0.05 and 25 μg/ml, p<0.01). However,
these increases remained lower than those observed with a
supplementation with GLA alone (with 10 μg/ml, p<0.001
and 25 μg/ml, p<0.0001).

Discussion

In this study, we show that different PUFA supplementa-
tions in the culture medium induce incorporation of these
fatty acids and of their metabolites in the neutral lipids and
the phospholipids of the human conjunctival cells. This
result demonstrates the possibility to modulate the content
of the precursors of PG, dGLA, AA, and EPA in
conjunctival epithelial cells. The level of DHA, which
exhibits anti-inflammatory properties, was slightly modified
with a supplementation in EPA, suggesting that a supple-
mentation in DHA should be recommended to increase the
level of this fatty acid. The supplementations with GLA
and/or EPA induced modifications in the PUFA metabolism,
leading to the formation and incorporation of atypical fatty
acids in the neutral lipids. Among the PUFA conversion
enzymes, the limiting steps are those that involve the Δ6 and
Δ5 desaturases [23, 24]. In particular, PUFA supplementa-
tion inhibited the desaturase activity [25]. In this way, we
have observed in our study an unusual accumulation of
C24:4 n-6 and C24:5 n-3, that are substrates of Δ6
desaturase. We have observed that the supplementation in
GLA induced the formation of C22:3 n-6 by the direct
elongation of dGLA at the expense of the synthesis of AA
that involves the Δ5 desaturase. The fatty acids C18:4 n-3
and C20:4 n-3 are the intermediate metabolites between α-
linolenic acid (ALA) and EPA. Their accumulation and the
formation of C16:4 n-3 by β-oxidation of the C18:4 n-3
may be due to the retroconversion of the EPA added to
the culture medium. Indeed, the C16:4 n-3 and C18:4 n-3
were formed from successive β-oxidation of EPA [26]. This
study highlighted the formation of C16:3 n-6 by successive
β-oxidation of AA added in the culture medium. In our
study, C16:3 n-6 may be formed directly by β-oxidation of
the GLA added.

Our results emphasize the fact that a GLA supplemen-
tation affects the production of PGE1 and PGE2 in the
conjunctival epithelial cells. Hence, the conjunctiva should
be sensitive to PUFA supplementation, further modulating
the production of the inflammatory mediators such as PG.

The combination of n-6 and n-3 PUFA favored the
incorporation of fatty acids precursors of “anti-inflammatory”
mediators (dGLA and EPA) at the expense of AA, which is
precursor of “pro-inflammatory” mediators as a result of the
competing biochemical pathways of PUFA synthesis [27]. By

this way, AA/dGLA was lower than when GLA was added
alone and (dGLA+EPA)/AAwas higher than when GLA and
EPAwere added alone. A combined supplementation of GLA
and EPA decreased the incorporation of AA and the
production of PGE2 as compared to a GLA supplementation.
Despite the increase in dGLA, the production of PGE1 was
not induced when GLA and EPA were added together. This
could be due to the inhibitory effect of EPA on COX-2
required for the synthesis of PG as previously reported by
others [28]. As PGE2 were produced in higher amounts than
PGE1 [29], this inhibitory effect was observable only for
PGE1.

These results suggest that the efficacy of PUFA
supplementation observed in dry eye syndrome—a disease
inducing inflammation in the conjunctiva [4]—should not
only be due to the production of PG. Indeed, all dietary
supplementations aimed to modify PG production in tissue
will be limited by the fact that the PGE2 will always be the
major PG synthesized [29]. Indeed the production of PGE2
by COX-2 is favored at the expense of the production of
PGE1 and PGE3, due to the preferential incorporation of
AA versus dGLA and EPA into, and release from, the total
cellular phospholipid pool [30, 31]. The anti-inflammatory
effects of PUFA could be independent of the production of
PGs and may be due to the synthesis of other mediators
such as resolvins and neuroprotectins [32–34]. It has been
shown that a topical treatment with resolvin E1 may have
beneficial effect in dry eye mouse model (increase in tear
production and decrease in COX-2 activation on the cornea
[35]). The protective effects of PUFA may also be mediated
through transcription factors implicated in the inflammatory
response such as the nuclear factor κB (NF-κB) or the
peroxisome-proliferator activated receptor (PPAR) [36, 37].
EPA was already shown to inhibit the activation of NF-κB
on monocytic cells [37]. Despite the fact that IFN-γ
stimulation did not modify PG production, it has already
been described in Chang cells and IOBA-NHC cells as an
inflammatory inducer with the activation of NF-κB [38].

We have studied the immortalized Chang cells from
human origin [39]. Despite some similarities with in situ
conjunctival epithelium (presence of tight junctions, micro-
villosities, mucin secretion) and their widespread use in the
study of the expression of inflammation-related markers or
apoptosis [40], they may behave differently. To lessen the
impact of the use of Chang cell line, we have also included
IOBA-NHC cells in this study. These are non-transfected,
and spontaneously immortalized epithelial cell line from
normal human conjunctiva. These cells keep morphological
and functional epithelial characteristics [41]. Chang cells
and IOBA-NHC cells exhibit differences in phospholipid
and neutral lipid fatty acid compositions and PG levels but
we have found similar results in IOBA-NHC cells and in
Chang cells when PUFAwere added in the culture medium.
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This confirms that Chang cells and IOBA-NHC cells are
comparable for the lipid metabolism study.

In conclusion, we have shown that the conjunctiva,
which is a highly inflamed tissue during dry eye syndrome,
is able to incorporate and metabolize fatty acids that can be
present in the diet and to modulate the production of PGE1
and/or PGE2. Hence, GLA and EPA may be helpful in the
treatment of dry eye syndrome in addition to the conventional
therapies.
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