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background

 

Patients with cystic fibrosis have altered levels of plasma fatty acids. We previously dem-
onstrated that arachidonic acid levels are increased and docosahexaenoic acid levels are
decreased in affected tissues from cystic fibrosis–knockout mice. In this study we deter-
mined whether humans with mutations in the cystic fibrosis transmembrane conduc-
tance regulator (

 

CFTR

 

) gene have a similar fatty acid defect in tissues expressing CFTR.

 

methods

 

Fatty acids from nasal- and rectal-biopsy specimens, nasal epithelial scrapings, and plas-
ma were analyzed from 38 subjects with cystic fibrosis and compared with results in 13
obligate heterozygotes, 24 healthy controls, 11 subjects with inflammatory bowel dis-
ease, 9 subjects with upper respiratory tract infection, and 16 subjects with asthma.

 

results

 

The ratio of arachidonic to docosahexaenoic acid was increased in mucosal and submu-
cosal nasal-biopsy specimens (P<0.001) and rectal-biopsy specimens (P=0.009) from
subjects with cystic fibrosis and pancreatic sufficiency and subjects with cystic fibrosis
and pancreatic insufficiency, as compared with values in healthy control subjects. In na-
sal tissue, this change reflected an increase in arachidonic acid levels and a decrease in
docosahexaenoic acid levels. In cells from nasal mucosa, the ratio of arachidonic to do-
cosahexaenoic acid was increased in subjects with cystic fibrosis (P<0.001), as compared
with healthy controls, with values in obligate heterozygotes intermediate between these
two groups (P<0.001). The ratio was not increased in subjects with inflammatory bowel
disease. Subjects with asthma and those with upper respiratory tract infection had values
intermediate between those in subjects with cystic fibrosis and those in healthy control
subjects.

 

conclusions

 

These data indicate that alterations in fatty acids similar to those in cystic fibrosis–
knockout mice are present in CFTR-expressing tissue from subjects with cystic fibrosis.

abstract
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he mechanisms by which muta-

 

tions in the gene encoding the cystic fibro-
sis transmembrane conductance regulator

(CFTR) protein lead to the expression of cystic fibro-
sis are unclear. Explanations must take into account
the increased viscosity of ductal fluids as well as the
excessive host inflammatory response.

 

1-6

 

 Alter-
ations in the metabolism of fatty acids may have an
important role.

 

7

 

 A deficiency of essential fatty acids
has been described in patients with cystic fibrosis

 

8

 

that is characterized by a decrease in the plasma lev-
els of linoleic acid (18:2n¡6) and docosahexaenoic
acid (22:6n¡3) with a compensatory increase in the
levels of eicosatrienoic acid (20:3n¡9)

 

9-11

 

 (Fig. 1).
Similar changes have been observed in well-nour-
ished patients with cystic fibrosis

 

14,15

 

 and obligate
heterozygotes for mutant 

 

CFTR,

 

16

 

 suggesting that
this abnormality is due not to nutritional deficien-
cies but to CFTR dysfunction.

 

14

 

 The results of stud-
ies of fatty acids in erythrocytes from patients with
cystic fibrosis have been inconsistent.

 

12,17

 

 There-
fore, we examined whether alterations in arachidon-
ic acid (20:4n¡6), docosahexaenoic acid, and other
fatty acids are present in CFTR-regulated tissues
from patients with cystic fibrosis and whether such
abnormalities are specific to cystic fibrosis or are
present in other inflammatory disorders.

 

enrollment of subjects

 

The study was conducted from October 2000 to Sep-
tember 2003. All subjects provided written informed
consent before enrollment. The institutional re-
view board at the University of Massachusetts Med-
ical School (Worcester) and Beth Israel Deaconess
Medical Center (Boston) approved the protocols.
Subjects with cystic fibrosis met the consensus-
statement requirements for the diagnosis of this
disease

 

18

 

 and were followed at the UMass Memorial
Cystic Fibrosis Center (Worcester). A total of 38 sub-
jects with cystic fibrosis were enrolled (31 with pan-
creatic insufficiency and 7 with pancreatic sufficien-
cy), all of whom had pulmonary disease. Pancreatic
insufficiency was defined by the requirement for ex-
ogenous pancreatic enzymes for the treatment of
clinically diagnosed steatorrhea. Forced expiratory
volume in one second as a percentage of predicted
values, body-mass index (the weight in kilograms
divided by the square of the height in meters), and
the National Institutes of Health prognostic score,

as defined by Taussig et al.,

 

19

 

 were obtained. All
subjects were encouraged to eat high-fat (35 to 40
percent of calories), high-calorie diets and had reg-
ular visits with a nutritionist, in accordance with the
guidelines of the Cystic Fibrosis Foundation.

 

20

 

We also evaluated five groups of control subjects.
We studied 13 obligate heterozygotes: 12 were the
mothers of subjects who were homozygous for the

 

∆

 

F508 

 

CFTR

 

 mutation, and 1 was a father with an
identified 

 

∆

 

F508 mutation. We studied 11 subjects
with inflammatory bowel disease (8 with Crohn’s
disease and 3 with ulcerative colitis), which was di-
agnosed endoscopically in the proper clinical con-
text of chronic diarrhea and the exclusion of other
causes. The diagnosis of acute upper respiratory
tract infection in nine control subjects, which was
presumed to be viral in nature, was based on the
presence of a self-limited acute pharyngitis and rhi-
nitis in the absence of an identified bacterial cause
in otherwise healthy subjects. Twenty-five control
subjects with physician-diagnosed asthma were en-
rolled. Twenty-three used daily inhaled corticoste-
roid therapy to control their symptoms, and the
other two used beta-agonists. Blood from all 25
subjects with asthma was sent to Ambry Genetics
for 

 

CFTR

 

 gene analysis. All 

 

CFTR

 

 exons, at least 20
bases 5' and 3' into each intron, as well as select por-
tions of introns associated with specific mutations,
were analyzed. Only subjects with asthma who had
no known 

 

CFTR

 

 mutations (other than V470) were
included in the analysis. A total of 24 healthy con-
trols were recruited at both sites after a review of
their medical history. Exclusion criteria for all con-
trol subjects included a family history of cystic fi-
brosis or features consistent with the presence of
cystic fibrosis (chronic lung disease, male infertility,
chronic sinusitis, and chronic pancreatitis) or the
use of drugs that affect fatty acids (systemic cortico-
steroids, isotretinoin, and ursodiol).

 

tissue procurement

 

A single physician obtained nasal-biopsy specimens
(approximately 3 mm) from the inferior turbinate
after the submucosal injection of 1 percent lido-
caine. The inferior turbinate was chosen because
this is where CFTR function is directly examined in
patients with cystic fibrosis by means of testing of
nasal potential difference.

 

21

 

 Rectal tissue, which
also expresses CFTR,

 

22,23

 

 was obtained with the use
of a suction-biopsy catheter placed 5 cm from the
anal verge. All biopsy specimens were immediately

t

methods
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placed into a glass vial containing 1.2 ml of chloro-
form–methanol (2:1 vol/vol) containing 30 µl of
heptadecanoic acid (1 mg per milliliter) (17:0) in
chloroform–methanol (1:1 vol/vol) as an internal
standard. No complications occurred.

Scrapings of nasal mucosa from the inferior tur-
binate were obtained with a plastic Rhinoprobe (Ar-
lington Scientific). A 2-cm row of cells was scraped
from the inferior turbinate as described previously
for the purification of CFTR messenger RNA,

 

24

 

 and
this procedure was repeated five to eight times to ob-
tain sufficient tissue. Scrapings were placed in 10 ml
of sterile normal saline and centrifuged at 400

 

¬g

 

 for
five minutes at room temperature; the cell pellet was
washed once and then processed for fatty-acid analy-
sis after extraction with chloroform–methanol.

 

blood and lipid analysis

 

Peripheral venous blood was obtained from subjects
at the time of biopsy or nasal mucosal scraping, col-
lected in a heparin-treated tube, and centrifuged at
400

 

¬g

 

 for 15 minutes at room temperature. The
plasma was then removed, and the lipids were ex-
tracted by the addition of chloroform–methanol
(2:1 vol/vol). The lipid samples were then vortexed,
sonicated, and centrifuged at 400

 

¬g

 

.

 

25

 

 The organic
phase of each sample was removed, and fatty acids
were methylated.

 

25

 

 Fatty acid methyl esters were
quantified by gas chromatography–mass spectrom-
etry with the use of a gas chromatograph (HP5890
Series II, Hewlett–Packard) equipped with a Supel-
cowax SP-10 capillary column (Supelco) attached to
a mass spectrometer (HP-5971, Hewlett–Packard).

 

Figure 1. An Overview of the n¡3, n¡6, and n¡9 Biosynthetic Pathways.

 

In the n¡3 pathway, the essential fatty acid 

 

a

 

-linolenic acid is converted to eicosapentaenoic acid and docosahexaenoic 
acid. In the n¡6 pathway, the essential fatty acid linoleic acid is converted to arachidonic acid. Eicosatrienoic acid is 
formed in the n¡9 pathway from oleic acid. Levels of some fatty acids, such as eicosapentaenoic acid and docosahexae-
noic acid, can be affected by exogenous intake. Modified from Biggemann et al.

 

12

 

 and Sprecher.

 

13
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Total ion monitoring was performed, encompass-
ing mass ranges from 50 to 550 atomic mass units.
The mass of fatty acid methyl esters was determined
by comparing areas of unknown fatty acid methyl
esters with a fixed concentration of internal stan-
dard (equivalent to 30 µg of heptadecanoic acid for
nasal-biopsy and rectal-biopsy specimens and 15 µg
for nasal mucosa scrapings and plasma). All speci-
mens were analyzed in a blinded fashion. In addi-
tion, samples from different groups of subjects were
mixed in with the assay batches.

 

statistical analysis

 

Demographic characteristics are summarized as
means (

 

±

 

SD) and compared between groups with
the use of analysis of variance. Data on fatty acids are
summarized as medians and interquartile ranges.
Exclusions based on lipid analyses were made be-
fore statistical analyses were performed. The levels
of fatty acids in nasal- and rectal-biopsy specimens
were compared among three groups of subjects with
use of the nonparametric Jonckheere–Terpstra test

 

26

 

for a priori ordered groups. The fatty acids from na-
sal-mucosa scrapings and plasma lipids were com-
pared among groups with the use of Kruskal–Wallis
tests for unordered groups. If the result of the glob-
al test was statistically significant, then Wilcoxon
rank-sum tests were used to compare groups in a
pairwise fashion and exact two-sided P values were
reported. The analysis used SAS software, version
8.0 (SAS Institute), and StatXact software, version 5
(Cytel Software).

 

fatty acids in nasal-biopsy 
and rectal-biopsy specimens

 

The demographic characteristics of the subjects
with cystic fibrosis and the healthy control subjects
who underwent a biopsy are shown in Table 1. No
subject had a weight loss of more than 5 percent in
the month before biopsy collection. For technical
reasons, data could not be analyzed from one sub-
ject with cystic fibrosis and pancreatic insufficiency
and four healthy control subjects who underwent
nasal biopsy and from three subjects with cystic fi-
brosis and pancreatic insufficiency and two healthy
control subjects who underwent rectal biopsy.

Table 2 shows the mole percentages of each fatty
acid in nasal-biopsy specimens. There were signif-
icant differences between subjects with cystic fibro-
sis and pancreatic insufficiency and healthy control

subjects only for linoleic acid (P=0.01), arachi-
donic acid (P=0.008), and docosahexaenoic acid
(P=0.01).

Since the biologic effects of fatty acids are depen-
dent not only on the absolute levels of a particular
fatty acid but also on the ratio of n¡6 to n¡3 fatty
acids,

 

28

 

 Figure 2 shows the individual data points
for arachidonic acid and docosahexaenoic acid, as
well as for the ratio of arachidonic to docosahexae-
noic acid. Arachidonic acid levels were increased,
with reciprocal changes in docosahexaenoic acid, in
subjects with cystic fibrosis and pancreatic insuffi-
ciency, as compared with healthy control subjects
(Fig. 2). The median ratio of arachidonic to doco-
sahexaenoic acid in the subjects with cystic fibrosis

results

 

* Plus–minus values are means ±SD. NA denotes not analyzed. Age, forced ex-
piratory volume in one second (FEV

 

1

 

) (normal >80 percent

 

27

 

), and body-mass 

 

index (normal, 19 to 25

 

27

 

) did not differ significantly among the groups.

 

Table 1. Demographic Characteristics of Subjects Who Underwent Rectal 
and Nasal Biopsies.*

Group
Total
No. Sex Age

Body-Mass
Index FEV

 

1

 

M/F yr %

 

Subjects with cystic fibrosis
Pancreatic insufficiency
Pancreatic sufficiency

10
7

6/4
4/3

21.2±8.4
24.3±11.4

22.0±4.1
25.0±4.7

67.7±19.4
76.6±23.6

Healthy control subjects 11 4/7 26.5±7.2 NA NA

 

* Values are expressed as mole percentages.

 

† P values were calculated with the use of the Wilcoxon rank-sum test.

 

Table 2. Complete Fatty Acid Analysis of Nasal-Biopsy Tissues from Subjects 
with Cystic Fibrosis and Pancreatic Insufficiency and Healthy Control 
Subjects.

Fatty Acid
Healthy Controls

(N=7)*

Subjects with
Cystic Fibrosis
and Pancreatic
Insufficiency

(N=9)* P Value†

 

median (interquartile range)

 

16:0 26.3 (22.4–27.6) 28.5 (26.4–29.2) 0.09

18:0n¡6 19.4 (14.6–20.4) 21.2 (20.6–22.7) 0.06

Oleic acid 17.7 (16.6–26.5) 17.7 (16.8–18.5) 0.80

Linoleic acid 18.0 (13.6–18.6) 11.4 (10.2–13.0) 0.01

Dihomo-

 

g

 

-linololenic acid 2.10 (1.67–3.45) 2.41 (2.28–2.52) 0.90

Arachidonic acid 10.7 (9.7–13.6) 15.2 (13.2–15.9) 0.008

22:4n¡6 0.71 (0.42–0.85) 0.94 (0.78–0.99) 0.06

Docosahexaenoic acid 2.04 (1.17–2.44) 1.11 (1.02–1.25) 0.01
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was 13.0, as compared with 5.8 in healthy control
subjects (P<0.001). No overlap in the individual
data points was observed. Although approximately
25 percent of the subjects with cystic fibrosis were
having an acute exacerbation of their pulmonary dis-
ease at the time of tissue procurement, the range of
values for the ratio of arachidonic to docosahexae-
noic acid was similar in subjects with an acute pul-
monary flare (median, 12.3; range, 9.0 to 13.0) and
those without a flare (median, 13.7; range, 11.2 to
16.3). Similarly, there was no significant difference
in these values when male subjects (median, 13.0;
range, 12.3 to 16.3) were compared with female
subjects (median, 12.4; range, 9.0 to 14.4).

Subjects with cystic fibrosis and pancreatic
sufficiency were also studied, since they may have
unique fatty acid profiles owing either to less se-
vere CFTR dysfunction than subjects with pancreatic
insufficiency

 

29

 

 or to improved nutritional status.
The median ratio of arachidonic to docosahexaeno-
ic acid in subjects with cystic fibrosis and pancreatic
sufficiency was 10.7, which was intermediate be-
tween the values in subjects with cystic fibrosis and
pancreatic insufficiency and healthy control subjects
(P<0.001 by the Jonckheere–Terpstra test).

In rectal tissue, the median docosahexaenoic acid
level was lower (P=0.05) in subjects with cystic fi-
brosis and pancreatic insufficiency than in healthy
controls, with no significant differences in arachi-
donic acid levels (Fig. 3). The median ratio of arach-
idonic to docosahexaenoic acid of 12.0 in rectal-
biopsy specimens from subjects with cystic fibrosis
and pancreatic insufficiency was similar to the ratio
in nasal mucosal biopsy specimens and was signif-
icantly higher than the median value of 5.6 in healthy
controls (P=0.02). There was no significant differ-
ence between subjects with pancreatic sufficiency
and those with pancreatic insufficiency.

 

fatty acid levels in scrapings 
of nasal epithelia mucosa

 

The demographic characteristics of the subjects
from whom nasal epithelial scrapings were obtained
are shown in Table 3. The individual data points for
arachidonic and docosahexaenoic acids and the ra-
tio of these two fatty acids are shown in Figure 4.
Docosahexaenoic acid levels in nasal mucosal scrap-
ings were similar to those in nasal-biopsy speci-
mens. The range of arachidonic acid values was
larger in nasal mucosal scrapings than in biopsy
samples. The median ratio of arachidonic to doco-
sahexaenoic acid in nasal mucosal cells was 9.1 in

 

Figure 2. Levels of Arachidonic Acid and Docosahexa-
enoic Acid and the Ratio of Arachidonic to Docosahexa-
enoic Acid in Nasal-Biopsy Specimens from Nine Sub-
jects with Cystic Fibrosis and Pancreatic Insufficiency, 
Seven Subjects with Cystic Fibrosis and Pancreatic 
Sufficiency, and Seven Healthy Control Subjects.

 

Data analysis was not possible for one subject with cyst-
ic fibrosis and pancreatic insufficiency and four healthy 
control subjects. Horizontal lines indicate the median 
values. There were significant differences among the 
three groups in the levels of arachidonic acid (P=0.008) 
and docosahexaenoic acid (P=0.002) and in the ratio of 
arachidonic to docosahexaenoic acid (P<0.001) with the 
use of the Jonckheere–Terpstra test. The group of 
healthy control subjects had a significantly lower ratio 
than the subjects with cystic fibrosis and pancreatic suf-
ficiency (P=0.02) and the subjects with cystic fibrosis 
and pancreatic insufficiency (P<0.001) with use of the 
Wilcoxon rank-sum test.
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subjects with cystic fibrosis and pancreatic insuffi-
ciency and 5.5 in obligate heterozygotes, and values
in both groups were significantly different from the
median value of 3.2 in healthy controls (P<0.001 for
each comparison).

Other inflammatory diseases were also exam-
ined. Eight of the 11 subjects with inflammatory
bowel disease (7 with Crohn’s disease and 1 with
ulcerative colitis) had mild to moderately active dis-
ease requiring therapy, with a weight loss of no more
than 5 percent in the month before sample collec-
tion. The median ratio of arachidonic to docosahex-
aenoic acid was lower in subjects with inflammatory
bowel disease than in healthy control subjects and
subjects with cystic fibrosis (P=0.03 and P<0.001,
respectively) (Fig. 4). This difference was mostly due
to the increase in docosahexaenoic acid levels.

Upper respiratory tract infection in otherwise
healthy subjects was associated with a greater range
of values, with the median ratio of arachidonic to
docosahexaenoic acid intermediate between that
observed in subjects with cystic fibrosis (P<0.001)
and healthy control subjects. As a control for chron-
ic airway inflammation, nasal scrapings from 25
subjects with asthma were obtained. Nine of these
subjects were excluded from the analysis owing to
the presence of known 

 

CFTR

 

 mutations, novel vari-
ants of unknown functional significance, or inade-
quate samples. Of the remaining 16 subjects, 11
(69 percent) had two copies of the V470 polymor-
phism, 4 had one copy (25 percent), and 1 had no
copies (6 percent). In total, 26 of 32 alleles (81 per-
cent) had the V470 variant. As shown in Figure 4,
arachidonic acid levels were higher in the subjects
with asthma than in the subjects with cystic fibrosis
(P=0.01) and healthy control subjects (P=0.04),
whereas levels of docosahexaenoic acid were inter-
mediate between these two groups (P<0.001 for the
comparison of healthy controls and subjects with
cystic fibrosis). The median ratio of arachidonic to
docosahexaenoic acid in subjects with asthma was
6.9, which was intermediate between that in sub-
jects with cystic fibrosis (9.1, P<0.001) and healthy
control subjects (3.2, P<0.001).

 

fatty acid profiles in plasma

 

The fatty acid profile in plasma was examined to de-
termine whether there were alterations in the levels
of fatty acids similar to those in the tissues (Table 4).
Linoleic acid and eicosatrienoic acid were also ex-
amined to determine whether an essential fatty acid–
like deficiency was present in our subjects, like that

 

Figure 3. Levels of Arachidonic Acid and Docosahexa-
enoic Acid and the Ratio of Arachidonic to Docosahexa-
enoic Acid in Rectal-Biopsy Specimens from Seven Sub-
jects with Cystic Fibrosis and Pancreatic Insufficiency, 
Seven Subjects with Cystic Fibrosis and Pancreatic Suffi-
ciency, and Nine Healthy Control Subjects.

 

Data analysis was not possible for three subjects with 
cystic fibrosis and pancreatic insufficiency and two 
healthy control subjects. Horizontal lines indicate the me-
dian values. There were significant differences among the 
three groups in the levels of docosahexaenoic acid 
(P=0.01) and in the ratio of arachidonic to docosahexa-
enoic acid (P=0.009) but not in the levels of arachidonic 
acid (P=0.17) with the use of the Jonckheere–Terpstra 
test. The ratio in the group of healthy control subjects 
differed significantly from the ratio in the group with 
cystic fibrosis and pancreatic sufficiency (P=0.01) and 
in the group with cystic fibrosis and pancreatic insuffi-
ciency (P=0.02) with use of the Wilcoxon rank-sum test.
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described in other reports.

 

9-11

 

 Docosahexaenoic
acid levels were significantly lower in the plasma of
subjects with cystic fibrosis than in healthy control
subjects (P<0.001), with intermediate values ob-
served for obligate heterozygotes (P<0.001 for the
comparison with subjects with cystic fibrosis and
P=0.13 for the comparison with healthy control
subjects). In contrast, arachidonic acid levels did not
differ significantly among the groups (P=0.56).
There was no significant difference in linoleic acid
or eicosatrienoic acid levels between subjects with
cystic fibrosis and healthy control subjects.

Our data demonstrate an altered ratio of arachidonic
to docosahexaenoic acid in CFTR-expressing tissues
in subjects with cystic fibrosis. The biologic effects
of fatty acids depend not only on the absolute levels
of a particular fatty acid but also on the ratio of n¡6
to n¡3 fatty acids.

 

28

 

 The magnitude of these alter-
ations and the fatty acids involved are similar to our
earlier results in cystic fibrosis–knockout mice.

 

30

 

These data suggest that CFTR may have a role in cel-
lular fatty acid metabolism and that abnormalities in
fatty acids may affect the cystic fibrosis phenotype.

To determine whether acute or chronic inflam-
mation can modify fatty acids, we studied three con-
trol groups with inflammatory disease. Inflammato-
ry bowel disease was associated with very low ratios
of arachidonic to docosahexaenoic acid. Subjects
with asthma and acute upper respiratory tract infec-

discussion

 

* Ages are expressed as means (±SD) and differed significantly among the 
groups (P<0.001 by analysis of variance). All but three of the healthy control 

 

subjects are different from the ones who underwent nasal or rectal biopsy.

 

Table 3. Demographic Characteristics of Subjects Who Underwent Nasal 
Mucosal Scraping.*

Group Total No. Sex Age

 

M/F yr

 

Subjects with cystic fibrosis and pancreatic 
insufficiency

21 13/8 18.6±6.6

Subjects with asthma 16 9/7 19.1±6.0

Subjects with upper respiratory tract infection 9 3/6 28.5±6.4

Obligate heterozygotes 13 1/12 43.0±7.8

Subjects with inflammatory bowel disease 11 5/6 39.3±12.1

Healthy control subjects 16 7/9 28.8±3.6

 

Figure 4. Levels of Arachidonic Acid and Docosahexa-
enoic Acid and the Ratio of Arachidonic to Docosahexa-
enoic Acid in Nasal Mucosal Scrapings from 21 Subjects 
with Cystic Fibrosis and Pancreatic Insufficiency, 13 Ob-
ligate Heterozygotes, 16 Healthy Control Subjects, 11 
Subjects with Inflammatory Bowel Disease (IBD), 9 Sub-
jects with Upper Respiratory Tract Infection (URI), and 
16 Subjects with Asthma.

 

Horizontal lines indicate the median values. Overall, lev-
els of arachidonic acid (P=0.01) and docosahexaenoic 
acid (P<0.001) and the ratios of arachidonic to docosa-
hexaenoic acid (P<0.001) differed significantly among 
the six groups of subjects when analyzed by means of 
the Kruskall–Wallis test.
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tion had a median value intermediate between that
in subjects with cystic fibrosis and healthy control
subjects. On the basis of the finding of an increased
prevalence of 

 

CFTR

 

 gene mutations in subjects with
asthma,

 

31

 

 we performed 

 

CFTR

 

 sequencing in all sub-
jects with asthma, and those with mutations or vari-
ants were excluded. A large proportion of our sub-
jects with asthma had the M470V allele, which may
cause decreased CFTR function.

 

32

 

 The fatty acid ab-
normality in this group could be due to CFTR dys-
function, and such a possibility would be supported
by the finding that obligate heterozygotes have fatty
acid changes of similar magnitude. However, the
fact that subjects with acute upper respiratory tract
infection had fatty acid levels similar to those of the
subjects with asthma suggests that inflammation
may also explain this degree of fatty acid abnormal-
ity. The much greater change in the levels in sub-
jects with cystic fibrosis indicates that inflammation
alone is unlikely to explain all the changes in the
arachidonic and docosahexaenoic acid levels.

Two lines of evidence support the suggestion that
this fatty acid abnormality is caused by abnormal or
mutant CFTR and not by abnormal intestinal ab-
sorption of fat due to pancreatic insufficiency. First,
the ratio of arachidonic to docosahexaenoic acid
was abnormal in nasal and rectal tissue from sub-
jects with cystic fibrosis and pancreatic sufficiency,
who have normal assimilation of micronutrients
and macronutrients. Second, the ratio in nasal mu-
cosal scrapings from obligate heterozygotes was in-
termediate between values in subjects with cystic fi-
brosis and healthy control subjects. This finding is

in agreement with previous reports that CFTR func-
tion is not normal in obligate heterozygotes

 

33,34

 

 and
is associated with the development of cystic fibro-
sis–related diseases in humans such as sinusitis

 

35

 

and chronic pancreatitis.

 

36,37

 

The abnormal tissue levels of docosahexaenoic
acid cannot solely be due to the low plasma levels,
since fatty acid metabolism is cell-specific and the
fatty acids in cells of CFTR-regulated tissues may not
reflect the levels of fatty acids in the circulation.

 

38-41

 

The findings in cystic fibrosis–knockout mice that
the fatty acid abnormality is present only in affected
tissues and that plasma fatty acids were the same as
those in their wild-type littermates

 

30

 

 indicates that
the fatty acid defect can occur in the absence of alter-
ations in plasma fatty acids. Although future studies
should strictly control the dietary intake of fatty ac-
ids, especially eicosapentaenoic acid and docosa-
hexaenoic acid, diet alone does not fully explain the
fatty acid abnormality we identified.

Although the mechanism by which CFTR regu-
lates fatty acid metabolism is unknown, the low do-
cosahexaenoic acid levels may be important in the
excessive host inflammatory response in cystic fi-
brosis. Docosahexaenoic acid is converted to doco-
satrienes and 17S series resolvins, which are potent
antiinflammatory mediators that are normally gen-
erated during the resolution of inflammation.

 

42,43

 

Therefore, the low docosahexaenoic acid levels in
patients with cystic fibrosis may explain, at least in
part, the inflammatory state associated with this dis-
ease and may have important therapeutic implica-
tions. We have previously shown that oral adminis-

 

* Values are expressed as mole percentages.
† P values were calculated with the use of the Kruskal–Wallis test.
‡ P=0.002 for the comparison with the subjects with cystic fibrosis and pancreatic insufficiency by means of the Wilcoxon 

rank-sum test.
§ P=0.005 for the comparison with the subjects with cystic fibrosis and pancreatic insufficiency by means of the Wilcoxon 

rank-sum test.

 

¶P<0.001 for the comparison with healthy controls and obligate heterozygotes by means of the Wilcoxon rank-sum test.

 

Table 4. Profile of Plasma Fatty Acids.*

Fatty Acid
Healthy Controls

(N=14)
Obligate Heterozygotes

(N=13)

Subjects with Cystic Fibrosis
and Pancreatic Insufficiency

(N=13) P Value†

 

median (interquartile range)

 

Linoleic acid 25.6 (22.5–30.9) 28.9 (26.1–31.2)‡ 19.9 (19.1–25.9) 0.01

Eicosatrienoic acid 0.10 (0.05–1.05) 0.00 (0–0.17)§ 0.55 (0.24–0.84) 0.01

Arachidonic acid 7.0 (5.5–8.3) 7.7 (6.9–8.1) 7.7 (5.4–8.3) 0.56

Docosahexaenoic acid 1.72 (1.35–2.12) 1.26 (1.07–1.74) 0.60 (0.45–0.92)¶ <0.001
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tration of high doses of docosahexaenoic acid to
cystic fibrosis–knockout mice corrects the fatty acid
abnormality, reverses the histologic changes in the
pancreas and ileum, and decreases neutrophil lev-
els in mice with pseudomonas lipopolysaccha-
ride–induced pneumonia.

 

30,44

 

 It will be important
to determine whether correction of this fatty acid
defect represents a treatment for cystic fibrosis.
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