DHA and EPA reverse cystic fibrosis-related FA
abnormalities by suppressing FA desaturase expression

and activity
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Abstract Patients and models of cystic fibrosis (CF) ex-
hibit consistent abnormalities of polyunsaturated fatty acid
composition, including decreased linoleate (LA) and doco-
sahexaenoate (DHA) and variably increased arachidonate
(AA), related in part to increased expression and activity of
fatty acid desaturases. These abnormalities and the conse-
quent CF-related pathologic manifestations can be reversed
in CF mouse models by dietary supplementation with DHA.
However, the mechanism is unknown. This study investi-
gates this mechanism by measuring the effect of exogenous
DHA and eicosapentaenoate (EPA) supplementation on
fatty acid composition and metabolism, as well as on meta-
bolic enzyme expression, in a cell culture model of CF. We
found that both DHA and EPA suppress the expression and
activity of A5- and A6-desaturases, leading to decreased flux
through the n-3 and n-6 PUFA metabolic pathways and de-
creased production of AA. The findings also uncover other
metabolic abnormalities, including increased fatty acid up-
take and markedly increased retroconversion of DHA to
EPA, in CF cells.Hll These results indicate that the fatty acid
abnormalities of CF are related to intrinsic alterations of
PUFA metabolism and that they may be reversed by supple-
mentation with DHA and EPA.—Njoroge, S. W., M. Laposata,
W. Katrangi, and A. C. Seegmiller. DHA and EPA reverse
cystic fibrosis-related FA abnormalities by suppressing FA
desaturase expression and activity. J. Lipid Res. 2012. 53:
257-265.
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Cystic fibrosis (CF) is the most commonly inherited ge-
netic disorder among Caucasians. Itis caused by mutations
in the gene for the cystic fibrosis transmembrane regula-
tor (CFTR) protein (1) thatlead to a myriad of phenotypic
effects in the gastrointestinal, pulmonary, endocrine, and
reproductive systems (2). This causes significant morbidity
and mortality, reducing the average lifespan of CF patients
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in the United States to 37 years (2). Among the pheno-
typic manifestations of CF patients are abnormalities in
blood and tissue polyunsaturated fatty acid (PUFA) levels
that are independent of absorption and nutritional status
(reviewed in Refs. 3-5). The most consistent of these ab-
normalities are decreased linoleate (LA; 18:2n-6) and do-
cosahexaenate (DHA; 22:6n-3). In addition, some studies
have shown increased arachidonate (AA; 20:4n-6), palmi-
toleate (16:1n-7), oleate (18:1n-9), and Mead acid (20:3n-
9). Similar findings are seen in animal (6-9) and cell
culture (10, 11) models of CF. The magnitude of fatty acid
alterations in CF patients correlates with disease severity,
suggesting a role for fatty acid metabolism in CF pathophys-
iology (12-17).

There is increasing evidence that these abnormalities
are due to differences in fatty acid metabolism in CF. PUFAs
of the n-3 and n-6 series are metabolized in a stepwise fash-
ion along parallel pathways (reviewed in Ref. 18). A com-
mon set of desaturase and elongase enzymes catalyzes the
conversion of LA through multiple steps to AA and ulti-
mately to docosapentaenoate (DPA; 22:5n-6). The same
enzymes convert linolenate (LNA; 18:3n-3) to eicosapen-
taenoate (EPA; 20:5n-3) and subsequently to DHA. Multi-
ple studies have demonstrated increased conversion of AA
to eicosanoids (19-22), stimulating increased metabolism
of LA to maintain AA (7, 10, 11) and accounting for the
decreased LA and increased AA levels seen in CF.

Recent studies in our laboratory have uncovered a po-
tential mechanism accounting for these metabolic changes
(23). In cell culture models of CF, decreased LLA and in-
creased AA and EPA levels in CF cells correlated with in-
creased expression and activity of the A5- and A6-desaturase
enzymes that catalyze conversion of LA to AA and LNA to
EPA. Similar increases in A9-desaturase and elongase-6
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enzymes are associated with increases in palmitoleate,
oleate, and Mead acid (24). CF cells have lower levels of
DHA and DPA with decreased metabolism from their pre-
cursors, EPA and AA, respectively. We originally hypothe-
sized that this was due to metabolic shunting of EPA and AA
away from DHA and DPA toward eicosanoid production.

An important advance in understanding the role of
these metabolic abnormalities in the pathogenesis of CF
has come from mouse models. Studies in two different
mouse models of CF (6, 8) demonstrated normalization of
LA and AA levels in lung, intestine, and pancreas after di-
etary supplementation with DHA. Furthermore, this treat-
ment corrected the phenotypic manifestations of CF,
decreasing ileal villus height, pancreatic duct diameter,
and pulmonary inflammation stimulated by lipopolysac-
charide (6, 25). Similarly, CF patients treated with DHA
exhibited significant decreases in plasma AA levels (26—
28), accompanied in some cases by increased LA (29, 30).
Despite moving the fatty acid alterations in CF toward nor-
mal, the clinical outcomes in these small studies have been
inconsistent. DHA supplementation of CF patients, often
for short periods of time at low doses, reduced markers of
inflammation but did not convincingly improve symptoms
in most studies (reviewed in Refs. 3-5).

The mechanism by which DHA corrects these n-6 fatty
acid abnormalities in CF is unknown. As detailed above,
recent studies show that these abnormalities are associated
with increased expression and activity of A5- and A6-
desaturase (23), but they do not establish a causal relation-
ship. This requires demonstrating that the fatty acid
abnormalities can be corrected by reversing the observed
changes in enzyme activity. As these enzymes are regulated
primarily at the transcriptional level (31) and as DHA plays
a significant role in this regulation in metabolic tissues,
such as liver (32), we hypothesized that suppression of AA
production by DHA in CF is due to downregulation of
these enzymes. The current study tests this hypothesis by
examining the effects of DHA and the related n-3 fatty
acid EPA on the composition and metabolism of PUFAs in
CF cells and on the expression and activity of fatty acid
desaturases. The results establish a mechanistic link be-
tween enzyme expression and fatty acid composition al-
terations in CF.

MATERIALS AND METHODS

Materials

Radiolabeled fatty acids, includin [1-"C]LNA (55 mCi/
mmol), [1-"*C]LA (55 mCi/mmol), [1-"*C]EPA (55 mCi/mmol),
and [1-14C]AA (55 mCi/mmol), were purchased from American
Radiolabeled Chemicals. Free fatty acids and fatty acid methyl ester
(FAME) standards were purchased from NuChek Prep (Elysian,
MN). All HPLC grade solvents were purchased from Fisher Sci-
entific (Pittsburgh, PA), and IN-flow 2:1 liquid scintillation cock-
tail was purchased from IN/US Systems (Tampa, FL).

Cell culture

Sense (WT) and antisense (CF) human bronchial epithelial
cells (16HBE cells) were a kind gift of Dr. Pamela Davis (Case
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Western University, Cleveland, OH). The cells were grown in cul-
ture flasks precoated with LHC Basal media (Invitrogen, Carls-
bad, CA) containing a mixture of 3 ug/ml vitrogen (Angiotech
Biomaterials, Palo Alto, CA), 10 pg/ml human fibronectin
(Sigma-Aldrich, St. Louis, MO), and 0.1 mg/ml BSA (BSA; Sigma-
Aldrich). The cells were maintained at 37°C in 5% CO, in MEM +
glutamax (Invitrogen), supplemented with 10% horse serum
(Omega Scientific, Tarzana, CA), penicillin (100 U/ml), and
streptomycin (100 pg/ml). Horse serum was used because of its
higher concentration of LA, which allows fatty acid changes in CF
cells to be manifested (11). The medium was changed three
times per week.

Fatty acid supplementation

For each experiment, WT and CF cells were seeded onto 6-well
plates at $ x 10” and 1 x 10° cells/well respectively. The cells were
allowed to grow until 1 day postconfluence (typically 6 days), the
point at which fatty acid changes are maximized (11), after which
they were supplemented with 0, 5, 10, or 20 uM fatty acid for 24 h
without prior serum deprivation. The supplementation medium
was made by using free fatty acid dissolved in chloroform-methanol
(2:1). The fatty acids were dried under nitrogen, and medium
containing 10% reduced-lipid FBS or horse serum was added to
the tube and sonicated three times for 5 s each, allowing binding
by serum albumin.

Fatty acid composition analysis

After 24 h incubation with or without fatty acid supplementa-
tion, cells were washed twice in ice-cold PBS, scraped, and trans-
ferred to a glass tube, and 10 pg heptadecanoate was added as an
internal standard. Lipids extraction was performed using a modi-
fication of the method of Folch et al. (33). Specifically, the cells
were pelleted by centrifugation (100 g, 8 minutes) and dissolved
in 6 vol of chloroform-methanol (2:1 v/v). They were then incu-
bated on ice for 10 min, vortexed, and centrifuged (1,100 g, 10
minutes). The lower organic phase was transferred to a new glass
tube and dried completely under nitrogen. Fatty acids were
methylated using boron trifluoride (BFs; 14% in methanol;
Sigma Aldrich) and a methanolic-base reagent (34) by adding
0.5 ml 0.5 N methanolic NaOH (Acros Organics, Geel, Belgium)
to the sample, vortexing, and heating at 100°C for 3 min, fol-
lowed by addition of 0.5 ml BF; at 100°C for 1 min. FAMEs were
extracted by sequential addition of 1 ml hexane and 6.5 ml satu-
rated NaCl solution. The sample was then vortexed and centri-
fuged (500 g, 4 minutes). The upper hexane layer was used for
quantification of FAMEs by gas chromatography (GC) using an
Agilent 7980A GC system (Agilent Technologies, Santa Clara,
CA) equipped with a Supelcowax SP-10 capillary column (Su-
pelco, Bellefonte, PA) coupled to a mass spectrometer (model
5975C, Agilent Technologies). FAME mass was determined by
comparing areas of unknown FAME:s to that of the internal stan-
dard. Results were expressed as the molar percentage (mol%) of
each FAME relative to the total FAME mass of the sample, as pre-
viously described (10).

Fatty acid labeling experiments

After a 24 h incubation with or without fatty acid supplementa-
tion, the cells were incubated with medium containing 4.1 pM
[1-"'C]LA, LNA, AA, or EPA for 4 h and then harvested. Lipids
were extracted and methylated as above, except that the final
hexane layer was dried under nitrogen and reconstituted in 50 wl
acetonitrile for HPLC analysis. Samples were separated by re-
verse-phase HPLC using a 4.6 x 250 mm, 5 pwm Agilent Zorbax
Eclipse XDB-C18 column on an Agilent 1200 series instrument. A
guard column (4.6 x 12.5 mm, 5 pm) was paired with the analytical



column. For separation, a gradient system consisting of solvent A
(HPLC grade Hy0 + 0.02% H,PO,) and solvent B (100% HPLC
grade acetonitrile) was used, with a flow rate of 1 ml/min. For n-3
fatty acids, the following program was used: 76% B for 0.5 min,
76-86% B for 10 min, hold for 20 min, 86-100% B for 2 min,
hold for 18 min, and then reconstitution of the starting condi-
tions. For n-6 fatty acids, the program was 58% B for 25 min,
58-61% B for 2 min, hold for 8 min, 61-100% B for 15 min, hold
for 20 min, and then reconstitution of the original conditions.
Peaks were identified by UV detection at 205 nm, and their iden-
tity was determined by comparing peak retention time with that
of unlabeled FAME standards. Radiolabeled peaks were quanti-
fied using a B-RAM scintillation detector (counting efficiency
>90% for "*C with 5 CPM background) coupled to the HPLC in-
strument. Results are expressed as percentage of total measured
counts in the sample.

Quantitative real-time PCR

Total RNA was isolated from sense and antisense cells using
TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. RNA samples were treated with DNase I (DNA-free kit;
Ambion, Inc., Austin, TX), and first strand cDNA was synthesized
from 2 ug total RNA with random hexamer primers, using Taq-
Man Reverse Transcription Reagents (Applied Biosystems, Foster
City, CA). The qPCR reaction was carried out in a total volume of
20 pl, using 10 pl 2x Power SYBR Green PCR Master Mix (Ap-
plied Biosystems), 50 ng of reverse-transcribed total RNA, and
156 nM forward and reverse primers. Primer design and se-
quences were as previously described (23). All reactions were
performed in triplicate in 96-well plates on a CFX96 system (Bio-
Rad), and the data were analyzed using CFX Manager software
(Bio-Rad). The relative amount of mRNA was calculated using
the comparative C; method, with RPLPO mRNA serving as an
invariant control.

Statistical analysis
Quantitative data for multiple groups (WT and CF cells, with
or without fatty acid supplementation) were compared using two-

way ANOVA with Bonferroni posttest for pair-wise comparisons
using Prism 5 (GraphPad Software, La Jolla, CA).

RESULTS

Experiments were performed in a cell culture model of
CF, 16HBE human bronchial epithelial cells stably trans-
fected with a plasmid expressing the first 131 nucleotides
of the CFTR gene in either the sense (WT cells) or anti-
sense (CF cells) orientation (35). Compared with WT cells,
CF cells exhibit significant loss of both CFTR expression
and function (35), and they exhibit fatty acid abnormali-
ties similar to those of CF patients (11).

To ascertain the effect of DHA treatment on total fatty
acid profiles, WT and CF cells were incubated in the pres-
ence or absence of 20 uM DHA for 24 h prior to measure-
ment of relative fatty acid concentrations (Fig. 1). In the
absence of DHA, the fatty acid profiles were similar to
those in prior studies (10, 11, 23). In particular, LA levels
were decreased in CF cells, with increased levels of 18:3n-
6, 20:3n-6, AA, and EPA, indicative of increased metabo-
lism of LA to AA and of LNA to EPA. The fatty acid profiles
were also indicative of decreased metabolism of AA and
EPA to downstream products in CF cells. Both 22:4n-6 and
DPA were significantly reduced in CF cells, as was DHA.

Levels of 22:5n-3 remained higher in CF cells, but this is
more likely due to markedly higher substrate (EPA) levels
than to increased metabolism. In fact, 22:5n-3/EPA ratios
were significantly lower in CF than WT cells (2.0 + 0.03
versus 10.5 + 0.6; P < 0.001) at baseline, suggesting de-
creased metabolism of EPA to 22:5 in the n-3 pathway.

As expected, DHA treatment increased DHA levels in
both types of cells, although the increase was much higher
in CF cells (6.9 mol%) than in WT cells (4.6 mol%), such
that DHA levels were significantly higher in DHA-treated
CF cells compared with their WT cell counterparts. DHA
treatment also caused a significant change in AA levels in
CF cells, which were reduced to WT cell levels. To deter-
mine whether this change was due to decreased metabo-
lism of LA to AA, CF and WT cells were incubated with
increasing concentrations of DHA for 24 h, followed by
[14C] LA for 4 h. Fatty acids were extracted, and conversion
of radiolabeled LA to AA was measured as described in
Materials and Methods. The results showed a dose-dependent
decrease in production of labeled AA corresponding to
increased LA (Fig. 2A), indicating suppression of LA to
AA metabolism by DHA. This decrease was observed in
both CF and WT cells, although CF cells appeared to be
more sensitive to DHA treatment, with greater suppression
of labeled AA production, particularly at 5 M and 10 uM
concentrations, shifting the curve to the left.

Unlike AA, EPA levels in CF cells were significantly in-
creased by DHA treatment, with no change in WT cells
(Fig. 1). It is unlikely that this is due to increased produc-
tion of EPA from LNA, as LNA levels are so low. Further-
more, labeling experiments with [14C]LNA (Fig. 2B)
indicated that conversion of LNA to EPA, which was mark-
edly higher in CF cells at baseline, was reduced to almost
WT levels by increasing concentrations of DHA. A second
possibility is that increased EPA levels are due to retrocon-
version of DHA to EPA, as has been previously described
(86, 37). In fact, calculated retroconversion [AEPA/
(AEPA+ADHA)] (38) is much higher in CF cells (20%)
than in WT cells (1%).

To determine the specificity of these effects, cells were
incubated with saturated and monounsaturated fatty ac-
ids. Incubation of WT and CF cells with 20 wM palmitate
(PA; 16:0) (Fig. 2C) or oleate (OA; 18:In-9) (data not
shown) had no effect on the metabolism of LA to AA.

DHA treatment further decreased metabolism of
AA in the n-6 pathway. Levels of the AA metabolite
22:4n-6 were significantly reduced in both WT and CF
cells (Fig. 1), whereas DPA levels were decreased in WT
cells only. DPA levels in CF cells, already very low, were
decreased but not by a statistically significant margin.
Labeling studies with [14C]AA confirmed a marked
decrease in AA to DPA metabolism (Fig. 3A) in WT
cells. This conversion was markedly reduced at baseline
in CF cells and showed a modest decline with DHA
supplementation.

The effect of DHA on EPA metabolism was complex.
Levels of the immediate elongation product of EPA,
22:5n-3, were reduced in CF cells with DHA treatment,
despite the significant increase in EPA levels (Fig. 1).
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Concentration (Mol%)

18:2 18:3 20:3 20:4 22:4
n-6 Fatty Acids

Fig. 1.

22:5 18:3 205 225 226
n-3 Fatty Acids

Fatty acid composition of WT and CF cells with or without DHA supplementation. WT and CF cells

were cultured in complete medium for 6 days, after which medium was replaced with either unsupple-
mented medium or medium containing 20 wM DHA. After 24 h, the cells were harvested, and the total fatty
acid composition was measured by GC-MS as described in Materials and Methods. Data are expressed as the
molar percentage (mol%) of the total fatty acid mass. Bars represent mean + SEM (n = 3). Unlike letters
indicate significant differences in pair-wise comparisons. The findings are representative of at least two inde-

pendent experiments.

This diminution is confirmed by labeling studies that show
a 60% decrease in conversion of [14C]EPA to DHA in CF
cells (Fig. 3B). Levels of 22:5n-3 were essentially unchanged
in DHA-treated WT cells (Fig. 1). Labeled DHA produc-
tion from EPA actually increased at lower DHA concentra-
tions (b pM and 10 wM) and then showed a minimal
decline from baseline at 20 puM DHA (Fig. 3B).

To determine whether the effect of DHA was specific,
WT and CF cells were also incubated with EPA, and the
effects on fatty acid composition and metabolism were
measured. Fig. 4 shows the fatty acid composition of WT
and CF cells with and without 24 h incubation with 20 pM
EPA. Similar to what was observed for DHA treatment, CF
cells demonstrated a greater increase in EPA (5.0 mol%)
than WT cells (0.9 mol%), further increasing the EPA dis-
parity between the cells.

The effects of EPA on fatty acid metabolism were also
similar to those of DHA. EPA treatment led to decreased
levels of both 20:3n-6 and AA in WT and CF cells, corre-
sponding to a dose-dependent decrease in labeled LA in-
corporation into AA (Fig. 5A). There was a similar decrease
in conversion of LNA to EPA (Fig. 5B), although the ef-
fects of this change on EPA levels (Fig. 4) are obscured by
incorporation of exogenous EPA. In both cases, the effect
of EPA appeared to be greater in CF than in WT cells.
These data indicate that EPA suppresses metabolism of LA
and LNA, similar to DHA.

EPA also reduced further metabolism of AA in the n-6
pathway. Levels of the AA metabolites 22:4n-6 and DPA
were reduced in EPA-treated WT and CF cells (Fig. 4) ina
pattern almost identical to that of DHA treatment (Fig. 1).
Labeling studies with [14C]AA confirmed a marked de-
crease in AA to DPA metabolism (Fig. 6A) in WT cells.
This conversion was markedly reduced at baseline in CF
cells and showed a modest decline at 20 uM EPA.

As expected, increased EPA after treatment led to in-
creases in the EPA metabolites 22:5n-3 and DHA (Fig. 4).
However, the increases were more significant in WT than
CF cells. Conversion rates [calculated as A, oquc / (Agubstrace +
A, oauc) » Wwhere A represents the fatty acid level after DHA
treatment subtracted from the baseline level] were much
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higher in WT than CF cells for both 22:5n-3 (78% versus
27%) and DHA (42% versus 11%). Consequently, DHA
levels remained significantly lower in CF than WT cells.
These findings correlate with much lower conversion of
labeled EPA to DHA in CF cells at all concentrations of
EPA (Fig. 6B). For both CF and WT cells, this conversion
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Fig. 2. LA and LNA metabolism through the n-6 and n-3 path-
ways in WT and CF cells supplemented with DHA. WT and CF cells
were cultured in complete medium for 6 days, after which medium
was replaced with either unsupplemented medium or medium
containing 5, 10, or 20 uM DHA (A, B) or 20 uM PA (C). After 24 h,
the medium was replaced with reduced-lipid cell culture medium
containing either 4.1 uM [1-"'C]LA (A, C) or 4.1 uM LNA (B).
Cells were incubated for an additional 4 h and harvested. Levels of
labeled LA and AA (A, C) or LNA and EPA (B) were determined by
HPLC as described in Materials and Methods. Data are expressed as
percentage of total counts (dpm). Each point represents mean +
SEM (n = 3). The findings are representative of at least three inde-
pendent experiments.
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Fig. 3. AA and EPA metabolism through the n-6 and n-3 path-
ways in WT and CF cells supplemented with DHA. WT and CF cells
were cultured in complete medium for 6 days, after which medium
was replaced with either unsupplemented medium or medium
containing 5, 10, or 20 uM DHA. After 24 h, the medium was re-
placed with reduced-lipid cell culture medium containing either
4.1 uM [1-"*C]AA (A) or 4.1 pM EPA (B). Cells were incubated for
an additional 4 h and harvested. Levels of labeled AA and DPA (A)
or EPA and DHA (B) were determined by HPLC as described in
Materials and Methods. Data are expressed as percentage of total
counts (dpm). Bars represent mean + SEM (n = 3). The findings
are representative of at least three independent experiments.

was increased at lower concentrations of EPA (5 uM and
10 M) and then returned to roughly baseline levels at
20 uM (Fig. 6B), similar to the effect of DHA supplemen-
tation (Fig. 3B).

Previous studies (23) have shown that the differences in
LA and LNA metabolism in CF cells are associated with in-
creased expression of A5- and A6-desaturase enzymes, which
are primarily regulated at the transcriptional level (31).
Therefore, we hypothesized that the effects of DHA and EPA
on metabolism may be due to changes in the expression of
these enzymes. To test this, we measured the expression of
the four major enzymes in the n-3 and n-6 metabolic path-
ways (A5- and A6-desaturases, plus elongases 2 and 5) by

Concentration (Mol%)

18:2 18:3 20:3 204 224
n-6 Fatty Acids

a -EPA

qRT-PCR in WT and CF cells after incubation with varying
concentrations of DHA and EPA (Fig. 7). At baseline, nRNA
levels of Ab- and A6-desaturases were significantly higher
(approximately 2-fold) in CF than WT cells (P< 0.05 for each
comparison). Incubation with as little as 5 WM DHA or EPA
reduced expression of these genes in CF cells to the level
of WT cells (Fig. 7A, B). Expression of elongases 2 and 5 was
either slightly decreased or unchanged (Fig. 7C, D). These
data suggest that the reduction of fatty acid metabolism
observed with both DHA and EPA incubation is due to
downregulation of desaturase gene expression.

To determine the specificity of these effects, WT and CF
cells were incubated with LNA, AA, PA, and OA, all at 20 wM.
Both LNA and AA reduced the expression of desaturases,
but to a lesser degree compared with DHA and EPA (not
shown). For example, LNA and AA reduced A6-desaturase
mRNA by 48% and 45%, respectively, whereas DHA and
EPA reduced expression by 68% and 73%, respectively, at
20 wM. Similar results were seen for Ab-desaturase. There
was little or no significant effect on gene expression after
incubation with PA (Fig. 7E) or OA (not shown).

DISCUSSION

While alterations in PUFA levels in CF are a well-estab-
lished phenomenon, a precise mechanism to explain these
changes has not been definitively established. A number
of hypotheses have been advanced, including increased
AA release and eicosanoid metabolism (4), changes in
thiol and phospholipid metabolism (5), and increased
flux within PUFA metabolic pathways (10). Work from our
laboratory provided correlative data suggesting that these
metabolic changes were due to increased expression and
activity of fatty acid desaturases (23, 24). The current study
demonstrates that treatment of CF cells with exogenous
DHA reverses the metabolic changes by suppressing ex-
pression of these enzymes. Specifically, DHA decreases ex-
pression of A5- and A6-desaturases, leading to decreased
conversion of LA to AA in the n-6 metabolic pathway,
thereby reversing the PUFA abnormalities. This study

Owt 99 d

225 18:3 20:5 22:5 226
n-3 Fatty Acids

Fig. 4. Fatty acid composition of WT and CF cells with or without EPA supplementation. WT and CF cells
were cultured in complete medium for 6 days, after which medium was replaced with either unsupple-
mented medium or medium containing 20 uM EPA. After 24 h, the cells were harvested, and the total fatty
acid composition was measured by GC-MS as described in Materials and Methods. Data are expressed as the
molar percentage (mol%) of the total fatty acid mass. Bars represent mean + SEM (n = 3). Unlike letters
indicate significant differences in pair-wise comparisons. The findings are representative of multiple inde-

pendent experiments.
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Fig. 5. LA and LNA metabolism through the n-6 and n-3 path-
ways in WT and CF cells supplemented with EPA. WT and CF cells
were cultured in complete medium for 6 days, after which medium
was replaced with either unsupplemented medium or medium
containing 5, 10, or 20 pM EPA. After 24 h, the medium was re-
placed with reduced-lipid cell culture medium containing either
4.1 pM [1—14C]LA (A) or 4.1 pM LNA (B). Cells were incubated for
an additional 4 h and harvested. Levels of labeled LA and AA (A)
or LNA and EPA (B) were determined by HPLC as described in
Materials and Methods. Data are expressed as percentage of total
counts (dpm). Bars represent mean + SEM (n = 3). The findings
are representative of at least three independent experiments.

demonstrates that altered desaturase activity plays a role in
abnormal fatty acid metabolism in CF. Furthermore, it
provides a mechanistic explanation for the observation
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Fig. 6. AA and EPA metabolism through the n-6 and n-3 path-
ways in WT and CF cells supplemented with EPA. WT and CF cells
were cultured in complete medium for 6 days, after which medium
was replaced with either unsupplemented medium or medium
containing 5, 10, or 20 pM EPA. After 24 h, the medium was re-
placed with reduced-lipid cell culture medium containing either
4.1 pM [1-14C]AA (A) or 4.1 M EPA (B). Cells were incubated for
an additional 4 h and harvested. Levels of labeled AA and DPA (A)
or EPA and DHA (B) were determined by HPLC as described in
Materials and Methods. Data are expressed as percentage of total
counts (dpm). Bars represent mean + SEM (n = 3). The findings
are representative of at least three independent experiments.
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that DHA therapy reduces AA levels in CF patients and
animal models (6, 25-30).

To test the specificity of the DHA effect, all of the experi-
ments were repeated using the related n-3 fatty acid EPA.
Interestingly, there was little difference in the effects of EPA
versus DHA on PUFA metabolism. Both caused downregu-
lation of desaturase gene expression and reduced metabo-
lism of LA and LNA to AA and EPA, respectively. Both had
similar effects on fatty acid composition. LNA, the precur-
sor of all n-3 fatty acids, and AA, an n-6 fatty acid, had
similar, although smaller effects. Saturated (PA) and mono-
unsaturated (OA) fatty acids had no effect. These in vitro
findings contrast with those in a mouse model (6), which
showed a beneficial effect of DHA treatment on CF pathol-
ogy, but no effect with EPA or LNA treatment. The reason
for this difference is unclear. Human trials (39) have shown
differences in metabolism using EPA alone or combinations
of EPA and DHA (29, 30, 40, 41). However, the individual
effects of EPA and DHA are difficult to disaggregate, as sup-
plementation with either of these fatty acids increases con-
centrations of the other. It is also possible that species
differences may play a role.

Unlike previous studies that have focused exclusively on
n-6 PUFA metabolism, the current work also examines the
n-3 pathway. As indicated above, these are parallel path-
ways in which the metabolic reactions are catalyzed by a
common set of enzymes. Although the metabolic altera-
tions at baseline and with PUFA treatment are similar in
direction, there are striking changes in degree that appear
to be accentuated in CF. For example, the n-3 pathway ap-
pears to be more active than the n-6 pathway, particularly
in CF cells, as was reported previously (23) and confirmed
in the current study (Figs. 1 and 2). This may reflect a
preference of the common desaturase and elongase en-
zymes for substrates of the n-3 pathway, as has been de-
scribed by others (42, 43). This difference is apparent in
the response to DHA and EPA, as these fatty acids induce
a greater decline in LA to AA than in LNA to EPA metabo-
lism and a greater effect in CF than WT cells (Figs. 2 and
5). However, the disparity in EPA levels observed between
WT and CF cells has not been consistently described in
patients. The most likely explanation for this is that dietary
n-3 fatty acids, particularly LNA, are relatively underrepre-
sented in the Western diet (44).

The current DHA supplementation data identify an-
other source of EPA, that generated by retroconversion
from DHA. This is a previously described phenomenon
wherein DHA is shortened and desaturated by modified
B-oxidation in peroxisomes (36, 37). Interestingly, this
process appears to be markedly upregulated in CF cells
compared with WT cells. This finding suggests that retro-
conversion may be a second mechanism of increased EPA
and decreased DHA levels in these cells. It also raises the
possibility that DHA retroconversion is a regulated pro-
cess, as has been suggested by others (45). This may have
implications for the n-3 dietary treatment regimens for
many diseases, including CF. Furthermore, CF may be a
particularly good system for the study of this poorly under-
stood metabolic pathway.
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Fig. 7. Changes in Ab- and A6-desaturase mRNA expression with
DHA and EPA supplementation. WT and CF cells were cultured in
complete medium for 6 days, after which medium was replaced
with either unsupplemented medium or medium containing 5, 10,
or 20 uM DHA (A-D, left) or EPA (A-D, right). After 24 h, the cells
were harvested, and total RNA isolated as described in Materials
and Methods. qRT-PCR was performed using primers for the mRNA
sequences of Ab-desaturase (FADSI) (A), A6-desaturase (FADS2)
(B), elongase 2 (ELOVL2) (C), or elongase 5 (ELOVL5) (D). As a
control, A5- and A6-desaturase mRNA levels were measured after
exposure to 20 pM PA for 24 h (E). Relative expression was deter-
mined by the AAC; method using ribosomal protein RPLPO as a
control. Data points represent mean = SEM (n = 3). The findings
are representative of at least three independent experiments.

In addition to their effects on LA and LNA metabolism,
DHA and EPA reduce metabolism of AA to DPA, particu-
larly in WT cells. This may also be due to decreased A6-
desaturase, which is involved in this pathway. It may also
be due to suppression of fatty acid elongases, which are
also regulated by these fatty acids (46). Interestingly, DHA
and EPA did not significantly reduce conversion of EPA to
DHA. In fact, at lower concentrations, the activity of this

pathway was actually increased. One possible explanation
is that the increased concentrations of these fatty acids
stimulate activity in their own metabolic pathway, perhaps
by mass action, which effectively cancels their effects on
enzyme expression.

A final metabolic abnormality highlighted by the cur-
rent data is a disparity in fatty acid uptake between WT
and CF cells. For both DHA and EPA, CF cells appeared to
incorporate more exogenous fatty acid than WT cells
(compare DHA and EPA levels in Figs. 1 and 4, respec-
tively), consistent with previous findings (10). The causes
of this observation are unknown, but it may indicate in-
creased fatty acid transport into CF cells. Recent studies
have highlighted the importance of fatty acid transport
and its regulation in metabolic diseases (reviewed in Ref.
47). It is possible that the differential effects of DHA and
EPA on desaturase gene expression in CF and WT cells
may be due to increased uptake of these fatty acids. Future
investigation of the mechanism of this disparity in CF may
contribute to the understanding of this process.

The complete link between CFTR mutations and the ob-
served PUFA abnormalities in CF remains unknown. How-
ever, theidentificationin thisstudy of a proximal mechanism,
upregulation of desaturase expression, is a step toward this
ultimate goal. A number of transcription factors are known
to participate in the PUFA-mediated regulation of A5- and
A6-desaturase expression (31, 48). Two of the most promi-
nent, sterol regulatory element-binding protein (SREBP)-1
and peroxisome proliferator-activated receptor (PPAR)«,
exhibit altered expression and/or activity in CF (49-51).
Identification of the relevant transcription factor may
identify signaling pathways connecting fatty acid metabo-
lism to CFTR.

An important caveat to this study is that it is restricted to
bronchial epithelial cells in culture. In contrast, Mailhot
et al. (52) showed no apparent increase in LA to AA me-
tabolism in CFTR-mnegative intestinal epithelial cells. In ad-
dition, Bhura-Bandali et al. (53) demonstrated decreased
incorporation of exogenous LA into pancreatic duct cells
carrying the AF508 mutation. While there are significant
methodologic differences between these results and the
current study, making direct comparison difficult, it is also
possible that the observed alterations are cell-type specific.
Future studies using animal models will attempt to recon-
cile these differences by assessing PUFA metabolism across
tissue types.

This study highlights the possible connection between
AA and the phenotypic manifestations of CF. AA is a
precursor of bioactive oxygenated metabolites known as
eicosanoids, which include prostaglandins and leukot-
rienes. Production of these metabolites is known to be
increased in CF, and several studies have drawn a con-
nection between eicosanoid alterations and disease
pathogenesis (54-59). It is plausible that the observed
benefit of n-3 fatty acid therapy in the CF mouse model
(6) and in a small subset of human trials (29, 30) is due
to its ability to normalize AA levels and, consequently,
reduce excessive production of eicosanoids. In fact,
changes in leukotriene metabolism have been noted in
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several of these trials (39-41). More extensive studies in
animal models and CF patients are required to confirm
these early observations.

CF remains a deadly disease in need of new therapeutic
approaches based on a better understanding of pathophys-
iology. The current study contributes to a mechanistic
explanation for the very consistent PUFA metabolic ab-
normalities observed in CF and provides a basis for under-
standing how dietary lipid therapy might be able to
modulate these changes. These findings provide an en-
hanced framework for future studies of the role of lipid
metabolism in the pathophysiology and therapy of this dis-
case Bl

The authors thank Eva Henderson and the Vanderbilt Molecular
Cell Biology Core Laboratory for primer design and testing and
qRT-PCR support.
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