Polyenoic Fatty Acid Ratios Alter Fibroblast
Collagen Production Via PGE, and PGE
Receptor Subtype Response
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Previous experiments have shown that dietary n6 and n3
polyenoic fatty acids (PFA) have different effects on collagen
production, a process that may be related to the formation of
prostaglandins (PG). This study tested the hypothesis that
fibroblast collagen production could be regulated by different n-
6:n-3 PFA ratios and that the effects were mediated by PGE, and
altered signaling via the different PGE receptor subtypes.
Compared to a bovine serum albumin control, eicosapentaenoic
acid (EPA; 20:5 n-3) treated cells significantly (P < 0.05)
increased both collagen production and collagen as a percent-
age of total celiular protein (C-PTP), but arachidonic acid (AA;
20:4 n-6) reduced collagen production and C-PTP. As the
amount of AA decreased and that of EPA increased, collagen
production and C-PTP increased, especially when ratio of n-6:n-
3 PFA was less than 1:1. C-PTP was significantly correlated with
the amount of PGE; in the medium. AA- or EPA-treated cells
produced similar C-PTP when incubated with 10~® M indome-
thacin, a cyclooxygenase inhibitor. Addition of exogenous PGE,
to cell cultures treated with 10°® M indomethacin for 48 hrs
decreased C-PTP in both AA and EPA groups. Decreased C-PTP
was observed in AA-treated cells exposed to EP1, EP2, and EP4
PGE receptor agonists and in EPA-treated cells exposed to EP2
and EP4 agonists. AA-treated cell responded to activators of
cyclic adenosine monophosphate and protein kinase C by
decreasing C-PTP, but EPA-treated cells were unresponsive. In
conclusion, collagen production in 3T3-Swiss fibroblasts in-
duced by different n-6:n-3 PFA ratios was correlated with PGE,
production and altered responsiveness and signaling via the
different PGE receptor subtypes. Exp Biol Med 229:676-683, 2004
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t is essential to control collagen formation in theé
Itherapies of fibroproliferative diseases (1) and for propef

healing of injuries (2). Although some mechanisms for
the regulation of type I collagen gene expression have been
identified (3), multiple factors such as transforming growth
factor beta (4), connective tissue growth factor (5), matrix
metalloproteinases (6), and integrins (7) influence collagen
production.

The different effects of dietary n-3 and n-6 polyenoic
fatty acids (PFAs) on collagen formation provide 2
promising approach to study these mechanisms. Previous
studies identified that linoleic acid (18:2 n-6) suppressed
collagen formation in avian chondocytes (8). In porcine
medial collateral ligament fibroblasts, eicosapentaenoic acid
(EPA; 20:5 n-3) increased collagen production (CP), and the
amount of collagen as a percentage of total cell protein (C-
PTP) and arachidonic acid (AA; 20:4 n-6) decreased them.
The prostaglandin E, (PGE,) production was increased in
AA-treated cells and decreased in EPA-treated cells (9)-
Other studies showed that PGs can suppress type I collagen
gene expression in fibroblasts at the transcriptional level
(10). These results provide evidence that the effects of n-3
and n-6 PFAs on collagen production may be partly
associated with PGE,.

The various biological effects of PGE, are mediated
primarily through an autocrine G-protein PGE receptor that
exists as four subtypes, EP1, EP2, EP3, and EP4, These
receptors are associated with different signal transduction
pathways including different messenger molecules, such as
cyclic adenosine monophosphate (cAMP), protein kinase C
(PKC), and calcium (11). The fatty acid-induced changes in
collagen production that are mediated by PGE, may be
linked to different EP receptor activities and production of
corresponding messengers.

The purpose of this study was to test the hypothesis that
collagen production in murine 3T3-Swiss fibroblasts could
be regulated by exposure to different n-6:n-3 PFA ratios and
that these effects were mediated, in part, by PGE, and
changes in the signaling via the different PGE receptor
subtypes.
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Material and Methods

Reagents. Reagents were purchased from Sigma (St.
Louis, MO) unless specified otherwise.

Cell Culture and Fatty Acid Enrichment. Mouse
fibroblast (3T3-Swiss albino; American Type Culture
Collection CCL-92, Rockville, MD) were maintained as
Subconfluent monolayers in six-well plates (Corning Costar,
Cambridge, MA) with Dulbecco’s modified Eagle’s me-
dium, 4 mM L-glutamine, 1.5 g/l sodium bicarbonate, 4.5 g/
! glucose, and 10% bovine calf serum (Hyclone, Logan,
UT). To test the effects of fatty acids on collagen formation,
Subconfluent cultures grown for 24 hrs in maintenance
Mmedium were washed twice and changed to fresh medium
Minus calf serum. In place of serum, the control medium
Was supplemented with 5 mg/ml fatty acid—free bovine
serum albumin (BSA), and the fatty acid—enriched test
media were supplemented with different ratios of #-6 and n-
3 BSA-loaded fatty acid soaps with a final concentration of
25 uM. The test media were supplemented with different
ratios of AA to EPA (1:25, 1:10, 1:5, 1:1, 5:1, 10:1, and
25:1) or AA and EPA alone. Cells were grown for 48 hrs in
the test media before the addition of treatments, described
below.

Collagen Formation. After the initial 48-hr PFA
enrichment, the media was replaced with fresh fatty acid—
enriched medium containing 50 pM ascorbic acid and 5 pCi
of *H-proline (Amersham, Arlington Heights, IL), with or
Without treatments for 24 hrs. Cells were harvested and
assayed for collagen, total protein, and DNA.

Treatment with PGE,, PGE, Agonists and
Activators, and Inhibitors of cAMP, PKC, and
Calcium. These treatments were performed to determine
Whether fatty acids altered the response of cells to PGE; via
the PGE receptors (EP receptors) and to confirm whether
there were differences in the signaling from the EP
Teceptors. Cells for this experiment were treated with 10°°
M indomethacin (INDO) during the 48-hr fatty acid
enrichment to suppress endogenous PGE; production. After
the 48-hr fatty acid enrichment, cells were washed and then
incubated with fresh fatty acid-enriched medium containing
SO pM ascorbic acid and 5 pCi of *H-proline plus the
following treatments for 24 hrs before the cells were
harvested. For EP receptor agonist treatments, all cells were
incubated with the following reagents at 107°, 10™%, and
107'° M: INDO as a baseline control, exogenous PGE,
(Cayman Chemical, Ann ' Arbor, MI) and different EP
Teceptor agonists (EP1, 17-phenyl-trinor-PGE,; EP2, butap-
rost; EP3, sulprostone; EP2-4, misoprostol; Cayman
Chemical, Ann Arbor, MI). To confirm that the signaling
from the EP receptors was altered by faity acid enrichment,
cells were treated with cCAMP activator, forskolin 250 pi;
CAMP inhibitor, SQ22536 1 mM (Signal Transduction
Products, San Clemente, CA); PKC activator, phorbol 12-
myristate 13-acetate (PMA, 10 pM); PKC inhibitor H-7
(A.G. Scientific, San Diego, CA), 10 pM; calcium activator,

calcium ionophore (A23187, 10 uM); and calcium chelator/
inhibitor, ethylene glycol bis(2-aminoethyl ether)-N,N,N’
N’-tetraacetic acid (EGTA, 1 mM). At the end of the
experiment, cells were harvested to determine collagen
production, total protein, and DNA.

Fatty Acid Analysis. To verify the incorporation of
the fatty acids into the cell membranes, fatty acid
compositions were analyzed as previously described (8).
Briefly, cells were harvested using a cell-scraper and were
pelleted and suspended in 100% methano! and quenched
with liquid N, before freezing at —70°C. Lipids were
extracted with chloroform/methanol (2:1, vol./vol.), and
polar lipids were isolated by solid-phase extraction. Lipids
were saponified and fatty acid methyl esters prepared using
14% boron trifluoride in methanol. Fatty acid methyl esters
were analyzed using a gas chromatography and were
identified by comparison of their retention times with those
of standards (GLC 422; Nu-Chek-Prep, Elysian, MN). Fatty
acid compositions were expressed as area percentages.

Collagen Assay. Collagen was assayed as described
previously (9). The media were collected and the cells
washed twice with cold phosphate buffered saline. The cells
were pelleted by centrifugation, and the phosphate-buffered
saline wash was combined with the media fraction. The cell
pellet was suspended in 1.0 ml of ammonium hydroxide-
Triton X-100 cell lysing solution (AT solution). Following a
15-min incubation at 37°C, 750 pl of the lysate is combined
with the media fraction. The two fractions, cell and media,
then underwent trichloroacetic acid (TCA) precipitation
(equal volume of 20% TCA added to the cell plus media
fraction). The acid-insoluble precipitate was then rinsed
several times with 10% TCA to remove free *H-proline. The
precipitate was redissolved in 0.05 N NaOH in 0.05 M TES
buffer plus 0.005 M CaCl,, and half of the solution was
incubated for 6 hrs at 37°C with protease-free type VII
collagenase in TES; the other half of the solution served as a
control. Following the digestion, TCA was again added to
precipitate the acid-insoluble proteins; however, the colla-
gen fragments generated by collagenase treatment remained
in solution. The supernatant and precipitate were counted in
a scintillation counter, and collagen production, noncollag-
enous production, and total protein production were
reported as decays per min (DPM)/ug DNA.

DNA Assay. The remaining 250 il of the AT solution
cellular-lysate from the collagen synthesis assay was used
for total DNA determination. Picogreen, 50 pl (Molecular
Probes, Eugene, OR), was added to 50 pl lysate or 50 pl
known DNA standards, and fluorescence of the dye binding
to double-stranded DNA was measured in a spectrofluor-
ometer. A DNA standard curve was generated by linear
regression, and sample DNA values were used to obtain the
unknown values.

PGE> Assay. Quantitation of total PGE, produced by
3T3-Swiss fibroblast cells was by an ELISA kit (Mono-
clonal PGE, EIA Kit-514010; Cayman Chemical, Ann
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Table 1. Fatty Acid Composition (Mean = SEM) of 3T3-Swiss Fibroblasts (Area%)?

BSA EPA AA
20:4 n-6 14.0 = 3.2%° 3.7 + 0.5% 387 = 0.9°
20:5 n-3 1.1 = 0.6% 26.0 + 1.9° ND
22:4 -6 0.9 = 0.2° 0.24 + 0.2% 49 = 1.1°
225 n-3 1.6 * 1.3% 6.7 + 0.4° 0.08 + 0.14°
n-6 polyenaic fatty acid 28.0 x 272 8.0 = 0.6° 47.5 + 0.4°
n-3 polyenoic fatty acid 4.5 + 1.4% 341 = 2.8° 1.04 = 0.1°
n-6:n-3 6.7 + 2.5° 0.2 = 0.01° 46.2 = 5.4°

—

“ Cells were treated with bovine serum albumin-soap loaded fatty acids (25 uM) for 72 hrs and then harvested for fatty acid analysis. Mean
values (n = 3) within rows having different superscripts are significantly different (P < 0.05) by one-way ANOVA and Tukey test. BSA, bovine
serum albumin; EPA, eicosapentaenoic acid; AA, arachidonic acid; ND, not detected; PFA, polyunsaturated fatty acids. The fatty acid analysis
from cells treated with different ratios of n-6 and n-3 fatty acids is not shown.

Arbor, MI), according to the manufacturer’s recommended
protocol.

Statistical Analysis. Data were presented as means
* SEM and analyzed by both one-way and two-way
ANOVA procedures of SAS (SAS Institute, Cary, NC), A
Tukey test was used to analyze significant main and
interaction effects. The correlation analysis was performed
by Prism software (GraphPad, San Diego, CA). P < 0.05
was considered statistically significant.

Results

Fatty Acid Analysis of 3T3-Swiss Fibro-
blasts. The cellular fatty acid compositions were signifi-
cantly altered in the lipid content analysis of 3T3-Swiss
fibroblasts when they were exposed to different enrichments
(Table 1). Cells that were treated with an increased ratio of
n-6 and n-3 fatty acid had significantly increased levels of
20:4, 22:4, and total n-6 fatty acids and decreased levels of
20:5, 22:5, and total n-3 fatty acids compared with the BSA
control (P < 0.05). The amount of total n-6 and »n-3 fatty
acids in the cells was significantly correlated (P < 0.05)
with the amount of AA (r = 0.74! for n-6 and ~0.736 for n-
3) and EPA (r = ~0.817 for n-6 and 0.926 for n-3) in the
medium,

Effect of n-6:n-3 Fatty Acid Ratio on Collagen
Production. EPA-treated cells had increased CP and
collagen as a percentage of total protein (C-PTP) compared
with AA-treated cells (Fig. 1). EPA-treated cells produced
significantly more collagen than the BSA control (EPA;
5448 + 652 DPM/ug DNA and BSA; 3374 £ 198 DPM/
ug DNA, P = 0.046). The amount of collagen produced by
AA-treated cells (969 *= 32 DPM/ug) was significantly
lower (P = 0.014) than the BSA control and the EPA-treated
cells (P < 0.001). We also analyzed the *H-proline
incorporation into the amount of total acid-insoluble protein
(TP) and the interaction effects for C-PTP. For TP, BSA-
control cells produced significantly more protein than AA-
treated cells (BSA; 14,769 = 557 DPM/ug DNA and AA;
11,155 = 399 DPM/ug DNA, P < 0.001), EPA-treated
cells were not significantly different from the control but
were significantly greater than AA-treated cells (13,750 =

208 DPM/ug DNA; P < 0.001). EPA-enriched cells
produced significantly more (P < 0.001) C-PTP than the
BSA-control (EPA; 39.5% % 4.1% and BSA; 22.9% *
1.7%, P = 0.008; Fig. 2). The amount of collagen as 2
percentage of total protein in AA-treated cells (8.7% *
0.2%) was significantly lower than the BSA-control (P =
0.043) and the EPA-treated cells (P < 0.001).

Different ratios of n-6 and n-3 fatty acid were used t0
determine the effect of PFAs on collagen formation. As the
amount of EPA increased and AA decreased, the TP, CP,
and collagen as a percentage of total protein increased,
especially when ratio of n-6:n-3 PFAs was less than 1:1.
The correlation analysis compared AA and EPA amounts
with CP and collagen as a percentage of total protein (C-
PTP). Both AA and EPA treatments had significant (P <
0.001) correlation with CP (r = —0.838 for AA and r =0.735
for EPA) and C-PTP (r = ~0.834 for AA and r = 0.797 for
EPA), and there was a significant correlation (r = 0.992)
between CP and C-PTP.
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Figure 1. Effect of different fatty acid ratios on collagen production
by 3T3-Swiss fibroblast (n = 3, = SEM). Cells were treated with
bovine serum albumin-soap loaded fatty acids (25 pM) for 72 hrs.
The amount of collagen is expressed as decays per min (DPM) from
3H-proline per microgram of DNA. Bars with different letters aré
significantly different (P < 0.05). BSA, bovine serum albumin; EPA,
eicosapentaenoic acid; AA, arachidonic acid.
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Figure 2. Effect of different fatty acid ratios on collagen production
as a percentage of total protein by 3T3-Swiss fibroblast (n=3, =
SEM). Cells were treated with bovine serum albumin-soap-loaded
fatty acids (25 pM) for 72 hrs. The amount of collagen and total
Protein were originally determined as decays per min (DPM) from “H-
Proline per microgram of DNA. Bars with different letters are
significantly different (P < 0.05). BSA, bovine serum atbumin; EPA,
eicosapentaenoic acid; AA, arachidonic acid.

Effect of INDO and Exogenous PGE;. To deter-
mine the interaction of cyclooxygenase (COX) and PGE; in
collagen formation, we exposed the AA-, EPA-, and BSA-
treated cells to different concentrations (10’6, 1078, and
10719 1y of INDO, a COX inhibitor, for 72 hrs (Fig. 3).
When treated with a concentration of INDO greater than
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Figure 3. The effect of indomethacin (INDO) and exogenous
Prostaglandin E, (PGEy) on collagen as a percentage of total protein
in 3T3-Swiss fibroblasts (n = 3, = SEM). Cells incubated with {NDO
alone were treated for 72 hrs with bovine serum albumin-soap-
loaded fatty acids (25 uM) and INDO at 1075, 1078, and 107"° M.
Cells treated with PGE, were incubated with fatty acids and 10°%Mm
INDO for 48 hrs, and then fresh fatty acid-entiched medium added
containing PGE; at 1075, 1078, and 107'° M for an additional 24 hrs.
Bars with different letters are significantly different (P < 0.05). BSA,
bovine serum albumin; EPA, eicosapentaenoic acid; AA, arachidonic
acid. The control was cells treated with AA or EPA alone.

40 - c
s 17-phenyl-trinor-PGE,
[ ] butaprost

| sulprostone

—

£
9
2
o
= 30 [___| misoprostol
2 b
s i b
P b T
o
3
S 20 ] i
o H
o i:él - da
a :
© a a [ 5 M
T el
3 &
c 10— &
o |
m =
L
© .
o &
- |
© (@] e
M| &E5865 S a 566 & &6 5
L s O - - -
AA EPA

Figure 4. Effect of prostaglandin E receptor (EP) agonists on
collagen as a percentage of total cellular protein by 3T3-Swiss
fibroblasts (n = 3, = SEM). Cells were treated for 48 hrs with bovine
serum albumin-soap-loaded fatty acids (25 uM) and indomethacin
(INDO, 1078 M). The media were then replaced with fresh fatty acid—
enriched medium containing the EP agonists 17-phenyl-trinor-
prostaglandin E, (EP1 agonist), butaprost (EP2 agonist), sulprostone
(EP3 agonist), and misoprostol (EP4 agonist) each at 107°, 1078, and
107'° M. Bars with different letters are significantly different (P <
_0.05). EPA, eicosapentaenoic acid; AA, arachidonic acid; INDO,
indomethacin. Only significant results are shown.

107® M, AA-treated cells significantly increased and EPA-
treated cells significantly decreased collagen as a percentage
of C-PTP (P < 0.001) compared with cells without INDO.
There was no significant change in BSA-control cells.
Treatment with 107® M INDO blocked most fatty acid-
induced changes in C-PTP and approached the BSA control
level in EPA- and AA-enriched cells (AA: 24.3% = 1.3%;
EPA: 27.1% * 0.3%; and BSA: 26.5% =* 1.6%).

Furthermore, to determine the interaction of PGE, with
collagen formation, exogenous PGE, ( 1076, 1078, and 10710
M) was added to AA-, EPA-, and BSA-treated cells for 24
hrs after preincubation with 107 M INDO for 48 hrs to
retard the production of endogenous PGE,. All groups
treated with 107° M PGE, produced significantly less (P <
0.05) C-PTP than cells treated with 107° M INDO alone.
AA-treated cells also had significantly (P = 0.011) reduced
C-PTP when treated with 107 M PGE,. The AA-treated
cells had significantly less C-PTP than EPA-treated cells in
1071° M PGE, (AA: 20.1% * 0.9%; EPA: 29.2% * 0.6%,
P =0.038), but not in 107 M and 10~ M PGE,.

Effect of Different EP Receptor Agonists. AA-
treated cells had decreased collagen as a percentage of total
protein (C-PTP) when treated with EP1, EP2, and EP4



680

c

S 40~ HEEE Forskolin

o

= [ 1PMA

oY

= [ ] INDO Control

o =

= 30 a a
o a =3

@ T °
g -

£ 20

1
S b b

©

v 10

(4]

c

o

o

= 0

= ﬁ _

(&) AA EPA BSA

Figure 5. Effect of activators and inhibitors of cyclic adenosine
monophosphate, protein kinase C, and calcium on collagen
production as a percentage of total cellular protein by 3T3-Swiss
fibroblasts (n = 3, = SEM). Cells were treated for 48 hrs with bovine
serum albumin-soap-loaded fatty acids (25 pM) and indomethacin
(10°® M). Cells were then incubated with fresh fatty acid-enriched
medium for an additional 24 hrs with the addition of cyclic adenosine
monophosphate activator, forskolin 250 uM; cyclic adenosine mono-
phosphate inhibitor, SQ225636 1 mM, protein kinase C activator,
phorbol 12-myristate 13-acetate 10 uM; protein kinase C inhibitor H-7
10 uM; calcium activator, calcium ionophore (A23187) 10 pM,
Calcium chelator/inhibitor, EGTA,) 1 mM. BSA, bovine serum
albumin; EPA, eicosapentaenoic acid; AA, arachidonic acid. The
controls were cells treated with AA or EPA plus INDO (107 M). Bars
with different letters are significantly different (P < 0.05). Only
significant results are shown.

agonists. However, EPA-treated cells had decreased C-PTP
only when treated with EP2 and EP4 agonists (Fig. 4).
Compared -with the baseline control (cells treated for 72
hours with 10™® M INDO only), AA-treated cells had
significantly decreased C-PTP when exposed to 107 M 17-
phenyl-trinor-PGE, (EP1 agonist, 12.3% * 0.6%, P =
0.036), butaprost (EP2 agonist, 12.1% * 0.6%, P = 0.029),
or misoprostol (EP4 agonist, 11.4% * 0.8%, P = 0.015).
EPA-treated cells had significantly decreased C-PTP when
exposed to 107 M butaprost (17.0% * 0.4%, P = 0.041) or
misoprostol (14.7% *+ 0.8%, P = 0.004). Interestingly,
EPA-treated cells increased C-PTP when exposed to 10~ 10
M misoprostol (37.4 * 1.3%, P = 0.040). The EP3 agonist
sulprostone did not significantly change C-PTP for either
AA or EPA treatments.

Effect of Activators and Inhibitors of cAMP,
PKC, and Calcium. Activation of the EP receptor
subtypes induces different second-message molecules,
such as cAMP in EP2, EP3, and EP4 and PKC and
calcium in EPl. Only AA-treated cells exposed to
forskolin, a cAMP activator, and phorbol [2-myristate
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Figure 6. Effect of activators of cyclic adenosine monophosphate,
protein kinase C, and calcium on prostaglandin E, production by
3T3-Swiss fibroblasts (n = 3, + SEM). For the basal levels, cells
were incubated with bovine serum albumin—soap-loaded fatty acids
(25 uM) or bovine serum albumin (BSA) alone. Cells for all other
treatments were incubated for 48 hrs with BSA or the fatty acids plus
107® M indomethacin (INDO). The medium was then replaced with
fresh fatty acid-enriched medium with INDO (control) or with the
addition of prostaglandin E, (107" M); cyclic adenosine mono-
phosphate activator, forskolin 250 wM, calcium activator, calcium
ionophore (A23187) 10 uM: and protein kinase C activator, phorbo!
12-myristate 13-acetate 10 uM for 24 hrs. Bars with different letters
are significantly different (P < 0.05). EPA, eicosapentaenoic acid;
AA, arachidonic acid; BSA, bovine serum albumin; INDO, indome-
thacin.

13-acetate (PMA), a PKC activator, produced significantly
more C-PTP (forskolin: 10.9% * 1.3%, P = 0.003; PMA:
12.2% * 0.6%, P = 0.016) than cells treated with 10 M
INDO alone (Fig. 5).

PGE; Assay. In all groups, 48 hrs pretreatment with
107® M INDO inhibited endogenous PGE, production (Fig
6). AA-treated cells produced more PGE, compared with
either BSA- or EPA-treated cells (P < 0.001; AA: 1552.9%
+ 352.1 pg/ml; BSA: 509.5 = 87.8 pg/ml; and EPA: 299.8
£ 17.1 pg/ml), and EPA-treated cells produced less than the
BSA control (P < 0.05). When pretreated with INDO and
changed to fresh medium with exogenous PGE, (107" M)
or different pathway activators for 24 hrs, only AA-treated
cells exposed to forskolin (250 pM) or PMA (10 pM)
restored their PGE, production (850.3 £ 122.9 pg/ml in
forskolin and 491.3 = 121.1 pg/ml in PMA). This was &
significant increase (P < 0.001) compared with those
treated with INDO alone (61.5 * 198.8 pg/ml). Moreover,
the results from forskolin treatment were comparable tO
those using exogenous PGE, (977.5 = 141.7 pg/ml).
Correlation of the C-PTP with PGE, amount was significant
(r =-0.505, P < 0.001).

Discussion

During the healing process, the requirement for
collagen formation varies with the type of injury. Con-
nective tissues require enhanced production of healthy
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collagen without scarring, whereas vital organs need repair
without fibrosis. In addition to PGE,, collagen formation
may be influenced by growth factors such as transforming
growth factor beta (4) and connective tissue growth factor
(5), as well as matrix metalloproteinases (6) and integrins
(7. Therefore, potential therapies to control collagen
formation may require an approach targeting multiple
molecules or mechanisms.

We have observed that n-3 and n-6 PFA influence the
gene expression of numerous growth factors, matrix metal-
loproteases, tissue inhibitors of matrix metalloproteases,
integrins, and various transcription factors (12). For that
reason, PFA-induced changes in collagen formation could
potentially be used as an adjuvant for therapies designed to
enhance healthy collagen production or reduce fibrosis. In
Our experiments, the n-3 PFA, eicosapentaenoic acid (EPA)
significantly increased CP and collagen as a percentage of
total protein (C-PTP) in 3T3-Swiss fibroblasts, although the
total protein amount was less than the BSA control. AA, a
typical -6 PFA, decreased both the collagen production and
collagen as a percentage of total cellular protein. Previous
studies in our laboratory reported similar results with
Porcine ligament fibroblasts (9). Moreover, we also
investigated the effects of different n-6.n-3 PFA ratios on
collagen formation and found that collagen formation had a
high positive correlation with the amount of EPA and a
negative correlation with AA. When the n-6:n-3 PFA ratio
was less than 1:1, collagen formation increased in a dose-
dependent manner.

The changes in collagen formation by PFAs are
regulated in part by COX and PGs as well as different
cytokines (3). Increased PGE, can inhibit type I and III
collagen formation (13), and the suppression of type I
collagen gene expression is mediated at the transcriptiopal
level (10). Our studies also showed significant negative
correlation between collagen percentage and the amount of
PGE,. Because AA and EPA are progenitors of two-series
and three-series PGs, respectively, we hypothesized that
these PGs are involved in the different changes of collagen
formation with PFA enrichments. As PG precursors, AA
and EPA compete for COX, which can be inhibited
effectively by INDO (14). Our experiments verified the
hypothesis by the inhibition of endogenous PGE, by INDO
and the inhibition of collagen formation by exogenous
PGE,. AA- and EPA-treated cells incubated with 1078 M
INDO produced amounts of C-PTP similar to the BSA
control. Also, addition of exogenous PGE; significantly
decreased C-PTP in both AA- and EPA-treated cells
compared with INDO alone, but at 107'° M PGE,, EPA-
treated cells produced more C-PTP than AA-treated cells.
The COX product of EPA is PGE3, and EPA competes with
AA for this enzyme and reduces PGE; (15). The results of
our PGE, assay indicated more PGE, production from AA-
treated cells compared with EPA. In vivo studies in mice
also showed similar effects of n-3 and n-6 PFAs on PGE,
Production (16).

The PGs derived from AA and EPA bind to four
different PGE receptors (EP receptors) that act through
different pathways. Activation of the EP1 receptor induces
an influx of calcium and activates PKC through an unclear
G protein—mediated pathway (17). The EP2 and EP4
receptors activate cAMP, whereas the EP3 receptor acts
by inhibiting cAMP activation (11, 17, 18). In this study,
there was a difference between n-6 and n-3 PFA-treated
cells in their response when exposed to different EP
agonists. Significant changes to collagen formation were
found in AA-treated cells exposed to EP1, EP2, and EP4
agonists and in EPA-treated cells exposed to EP2 and EP4
agonists. Incubation with ¢cAMP and PKC activators
induced a collagen percentage decrease in AA groups but
not in EPA groups. The 3T3-Swiss fibroblasts were
unresponsive to EP3 receptor agonists, and neither AA-
nor EPA-treated cells changed collagen formation when
exposed to sulprostone (EP3 agonist). Fibroblasts from
other sources have also been shown to be primarily
responsive to EP1, EP2, and EP4 agonists. In human
gingival fibroblasts, interleukin 1f-induced interfeukin 6
production was regulated by EP1, EP2, and EP4 agonists
(19), and in human embryo lung fibroblasts, expression of
type I collagen ol genes was primarily through the EP2
receptor (18). PGE, stimulated basic fibroblast growth
factor mRNA expression is mainly controlled through EP1
or EP2 and EP4 receptors in normal human fibroblasts (20).
Experiments about the effects of PFAs on gene expression
also observed differences related to EP receptors. Sellmayer
et al. (21) demonstrated that the effect of AA on early
growth-related genes (c-fos and Egr-1) in 3T3-Swiss
fibroblasts was mediated by PGE, and PKC via the EP1
receptor. Studies of AA-induced c¢-fos in human prostate
cancer cells showed that the effect of PGE, was mediated
via EP2 and EP4 receptors (22). The differences noted in the
responsiveness of cells to activation of the EP receptors may
be dependent on cell type.

Our studies indicated that EP1, EP2, and EP4 agonists
similarly reduced collagen as a percentage of total protein
(C-PTP) in AA-treated cells, but only EP2 and EP4 agonists
reduced C-PTP in EPA-treated cells. Moreover, our experi-
ments with activators and inhibitors of signaling molecules
confirmed that AA- and EPA-treated cells differed in their
response to EP agonists. The contribution of cAMP and
PKC to PGE, production have also been seen in rat
chondrocytes (23), human lung fibroblasts (24), and murine
BALBc/3T3 fibroblasts (10). In our experiments, forskolin
(cAMP activator) and PMA (PKC activator) decreased C-
PTP compared with the INDO control in AA-treated cells.
In EPA-treated cells, forskolin decreased C-PTP, but the
effect was not significant (P = 0.17). In addition, the amount
of PGE, in AA-treated cells increased a similar amount
following the addition of forskolin as it did following the
addition of exogenous PGE,.

The effects of PGE; on collagen formation have not
been studied. However, it is known that in NIH-3T3
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fibroblasts, both PGE; and PGE, induced COX-2 mRNA
via similar mechanisms, but PGE; may decrease COX-2
induction and PGE, synthesis through a negative-feedback
loop whereas PGE, increases COX-2 expression via a
positive feedback loop (15). In vivo studies of knockout
mice for intestinal polyposis showed that AA stimulated
more PGE, production by boosting COX-2 expression
through the EP2 receptor via a positive feedback loop (25).
The difference between PGE; and PGE, on COX-2 mRNA
could be partially responsible for the interesting result that
EPA-treated cells increased C-PTP in 107'° i misoprostol
(EP4 agonist). The EPA-induced collagen increase may
result from PGE; binding to EP2 and EP4 receptors and
down-regulating COX-2, resulting in decreased PGE,.
Alternatively, PGE; could compete with and inhibit the
binding of PGE, to EP2 and EP4 receptors, or low levels of
PGEj3 or EP4 agonists, and block PGE, without triggering a
secondary messenger response from the receptors (acting as
antagonists).

In addition to altered signaling from the EP receptors or
differential responsiveness to prostanoid type, the activation
of alternative pathways for collagen formation could also be
a factor in our results. We have previously shown in porcine
medial collateral ligament fibroblasts that increased collagen
production in EPA-treated cells was positively correlated
with increased interleukin 6 production, which has promoter
elements for the transcription factor, NF-xB (9, 26).
Activation of this transcription factor or other alternative
pathways (27) via transforming growth factor beta signaling
may result in the formation of some procollagen elements
that can act as profibrotic agents and that are insensitive to
EP1/EP3 activation or to treatment with forskolin and PMA
in EPA-treated cells.
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