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Abstract

Coeliac disease (CD) patients may exhibit a pro-inflammatory profile and fatty acids (FA) can influence inflammation through a variety of
cellular pathways in them. The aims of the present study were to (1) evaluate the FA composition of erythrocytes obtained from newly
diagnosed CD patients by lipidomic analysis and compare it with that in healthy subjects and (2) determine the effects of 1-year
gluten-free diet (GFD) intervention. A total of twenty CD patients (five men and fifteen women; mean age 34-0 (SEm 1-7) years) were
evaluated at diagnosis and after 1 year of GFD intervention. A total of twenty healthy subjects (seven men and thirteen women; mean
age 40-2 (SEM 2-5) years) served as controls. CD patients on an unrestricted diet exhibited a significant 2:08-fold higher concentration of
arachidic acid when compared with healthy subjects, suggesting that it can be considered as a putative marker of CD. Besides, the arachi-
donic acid (AA):dihomo-y-linolenic acid ratio was 2-01-fold significantly lower in CD patients than in healthy subjects (P<0-01), underlying
an inefficient synthesis of PUFA from their precursors in terms of desaturase activity. In addition, mainly due to lower concentrations of
docosahexaenoic acid, the inflammation marker AA:docosahexaenoic acid ratio was 1-40-fold significantly higher in CD patients than in
healthy subjects. After 1 year of GFD intervention, FA concentrations in CD patients were still different from those observed in healthy
subjects. The lipidomic analysis of erythrocyte membranes confirmed the presence of an altered FA composition in CD patients and the
GFD’s ability to modify FA profile, even if 1-year GFD intervention seems to be not sufficient to restore FA concentrations to normality.
This procedure, being easier and non-invasive compared with the evaluation of the FA pattern of the intestinal mucosa, could offer
more potentiality for also evaluating therapeutic interventions in CD patients by using FA supplementation.
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Coeliac disease (CD) is an autoimmune disorder characterised
by villous atrophy of the upper small intestine caused by
intolerance to gluten in wheat and similar proteins in barley and
rye™. CD can present with a wide spectrum of symptoms
including both gastrointestinal (GI; e.g. diarrhoea, bloating and
abdominal pain) and extra-GI symptoms. CD therapy involves
a gluten-free diet (GFD), which allows CD patients to achieve
functional and structural restoration of the intestinal mucosa‘®.
Different autoimmune diseases sharing a persistent low-grade
inflammation (such as diabetes, Hashimoto’s thyroiditis and
psoriasis) exhibit an earlier atherosclerosis progression®.
Consistent with the immune and inflammatory conditions of
CD, an inflammatory profile and an increased risk for the deve-
lopment of inflammation-related conditions might also be
expected in CD patients(/“@. In this context, there is growing
evidence suggesting that excessive fatty acids (FA), namely

SFA, MUFA and PUFA and endogenous trans-FA, could play
an active role””. Notably, such an increase in FA may be related
to diet and radical stress conditions®.

Various dietary components including long-chain 7n-3 FA,
plant flavonoids and carotenoids have been demonstrated to
modulate oxidative stress, gene expression and inflammatory
mediator production®. Besides, FA composition of intestinal
membranes is important for epithelial function, and its
disorders may contribute to the pathophysiology of CD.

The composition of dietary FA is reflected in circulating FA
profile. Therefore, determination of FA in different biological
samples could be used to diagnose deficiency of some FA,
especially the essential FA (linoleic acid and a-linolenic
acid), in subjects adhering to restricted diets because of food
allergies or other diseases. However, the constituents of
complex lipids are extremely different, and the combinations

Abbreviations: AA, arachidonic acid; CD, coeliac disease; DGLA, dihomo-y-linolenic acid; FA, fatty acids; GFD, gluten-free diet; GI, gastrointestinal.
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and permutations at which they are assembled in individual
molecular lipid species further strengthen this difference.
Currently, an extensive list of lipid classes and their distinctive
molecular species that are present in a biological sample
can be obtained by lipidomic analysis and FA-based func-
tional lipidomics is gaining an important place among the
molecular diagnostic tools available to physicians™*'".
Methodologically, the complexity of the task is exemplified
by the human erythrocyte, which contains only a plasma
membrane’?. This membrane is known to contain up to
300 molecular species of glycerophospholipids formed by
different long-chain (C14—C22) FA, each present at a level
exceeding 2% of the total FA.

The content of FA in erythrocytes represents the result of
interactions among dietary FA and endocrine and immuno-
logical modifications’®, partly due to the long half-life
(120d) of erythrocytes. Under dietary restrictions that can
reduce the inflammatory status and immune response’’?,
an active role may be plausible for the individual FA pool.
In this perspective, its evaluation could be useful for evalua-
ting the relations with dietary restrictions due to a GFD and
investigating the non-immunological mechanism of the
gluten intolerance.

Contrasting data on FA profile in CD patients are available
in the literature, and these have mainly been obtained from
serum or tissue evaluations™®, but not from lipidomic
analysis of erythrocyte membranes. Thus, by applying this
methodology, the aims of the present study were (1) to evaluate
the FA composition of erythrocyte membranes in newly
diagnosed CD patients and compare it with that in healthy
subjects and (2) to investigate whether 1-year GFD intervention
can induce changes in FA composition in CD patients.

Methods
Participants

Cases for the present case—control study were recruited from
among the outpatients of the National Institute of Digestive
Diseases, IRCCS ‘Saverio de Bellis’, Castellana G. (Ttaly).

They were screened and recruited according to the following
inclusion criteria: age > 18 years; active symptoms for at least
2 weeks; a minimum average of 3-0 on the seven-point Likert
scale of the Gastrointestinal Symptom Rating Scale-irritable
bowel syndrome composite symptom score; the assumption
of a free diet.

Exclusion criteria included metabolic and endocrine dis-
orders; hepatic diseases, renal diseases, or CVD; constipation;
fever and intense physical activity; previous abdominal surgery;
history of malignancy; secondary causes of intestinal atrophy;
pregnancy and lactose intolerance; and giardiasis. In addition,
cases were excluded if they reported the use of medication
for the treatment of irritable bowel syndrome for 2 weeks
before evaluation, antibiotics or probiotic agents, and other
drugs known to cause abdominal pain. All the women were
examined during the follicular phase of the menstrual cycle.

Cases were first diagnosed to have CD on the basis of both
positive antitransglutaminase antibodies and antiendomysium

antibodies. In the case of a positive serological test, biopsies
from the proximal part and from the distal part of the duodenum
were taken to confirm the diagnosis. Cases were considered
to have CD if confirmed by histological evidence, according to
the modified Marsh—Oberhuber criteria (grades 3b—3¢)".
After diagnosis, CD patients were instructed to follow a
specific GFD as reported in Table 1 and given additional
counselling during the follow-up visit. CD patients were
evaluated at diagnosis and at least 12 months after the start of
GFD intervention. Dietary compliance assessment during the
1-year visit was based on the assessment of coeliac serology,
self-reported compliance, and the opinion of the patient’s

Table 1. Dietary suggestions for standardised consumption of
gluten-free products

Foods Quantity/d Nutritional facts (100 g)

Breakfast  Twice-baked  Four Energy 1719kJ
sliced bread  slices (329) Protein 2.2g
(or) Fat6-2g
Saturated fat 3-4g
Carbohydrates 83-0g
Sugar 5-2¢g
Fibre 5-2¢g
Energy 1896 kJ
Protein 5-4 g
Fat 14-7g
Saturated fat 7-8
Carbohydrates 72-0g
Sugar 21-0g
Fibre 3-1g
Energy 1539 kJ
Protein 8-3g
Fat1.5¢g
Saturated fat 0-4g
Carbohydrates 78-0g
Sugar 449
Fibre 2.0g
Energy 966 kJ
Protein 3-4g
Fat3-5¢g
Saturated fat 0-5g
Carbohydrates 43-0g
Sugar 3-0g
Fibre 5-7g
Energy 1844 kJ
Protein 4.5¢g
Fat 10-8g
Saturated fat 6-2g
Carbohydrates 78-6 g
Sugar 3-5¢g
Fibre 2.2¢g
Energy 770kJ
Protein 4-1g
Fat0-7g
Saturated fat 0-2g
Carbohydrates 39-0g
Sugar 2.2g
Fibre 1-0g
Energy 965 kJ
Protein 2.9g
Fat 5-0g
Saturated fat 0-7 g
Carbohydrates 39-7g
Sugar 3-89
Fibre 6-3g

Biscuits Four
biscuits (28 g)

Lunch Pasta* A portion (80 g)

Homemade
bread

One slice (489)

Snack Crackers A portion (359)

Dinner Pasta* A portion (40 g)

Sliced bread  Three

slices (60 9)

* Pasta could be substituted by naturally gluten-free food.
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physician. The physicians categorised each patient’s compli-
ance with the GFD as strict compliance; partial compliance
with occasional lapses (i.e. two to three lapses per month or
no more than one lapse per week); and non-compliance or
no gluten restriction at all. When discrepancy was observed
among the assessments, the physician reassessed the patient
to determine the final categorisation.

As controls, healthy subjects were enrolled from among
the administrative staff of our institute. They reported that
they did not have metabolic, endocrine or immunological dis-
eases, dyspepsia, or other GI diseases and did not take any
medication. Information on the health status of these subjects
was obtained during an examination consisting of an inter-
view on the current diet, lifestyle, and medical history and
a physical examination. Negative antiendomysium antibodies
and antitransglutaminase antibodies were criteria for inclusion
in the study. Besides, metabolic parameters (blood glucose,
glycated Hb, lipid profile, body weight and blood pressure)
had to be in the normal range.

The present study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all procedures
involving human subjects/patients were approved by the local
Scientific and Ethics Committees. Written informed consent
was obtained from all the patients and healthy subjects. The
clinical trial on CD was registered at http://www.clinicaltrials.
gov (register no. NCT01574209).

Analytical measurements

All the analytical measurements were performed at the time of
enrolment. In CD patients, the measurements were repeated
during the follow-up visit, after being on the GFD intervention
for at least 12 months.

A blood sample was collected after an overnight fast,
immediately centrifuged and stored at —80°C until analysis.
Routine biochemical analyses were conducted to evaluate
the values of fasting serum total cholesterol (mmol/1), HDL
(mmol/D, LDL:HDL ratio, TAG (mmol/D), ferritin (mg/D), erythro-
cyte sedimentation rate (mm/h), C-reactive protein (mg/D,
leucocyte count (10°/1) and platelet count (10°/1). LDL values
were calculated according to the Friedewald formula™®.

Antiendomysium antibodies were detected using an indirect
immunofluorescence technique and antitransglutaminase
antibodies using ELISA (Eurospital).

The plasma concentrations of IL-6 and IL-8 were measured
in duplicate using commercially available sandwich ELISA kits
(Human IL-6 ELISA and Human IL-8 ELISA; BD Biosciences).

Erythrocyte isolation

In both CD patients and controls, a blood sample was col-
lected from the cubital vein into an evacuated blood collection
tube containing EDTA. Erythrocytes were separated using
Ficoll-Hypaque (Pharmacia) density gradient centrifugation.
The pellet was washed three times with four volumes of
0-9% NaCl and then erythrocytes in the pellet aliquot were
counted using a Sysmex-Toak 1000 cell counter (Gelman
Instrument). Each sample was stored at —80°C until analysis.

Lipidomic analysis

Lipidomic analysis was performed by Lipinutragen srl
(Bologna, Italy). The total lipid fractions, obtained by
fractionation of erythrocytes from the study groups, were
extracted with 2:1 chloroform—methanol (v/v)(m, and the
extracts were examined by TLC for the presence of lipid
classes, as described previously, which were identified by
reference compounds to be phospholipids mixed with
TAG"®. The extracts were treated by transesterification with
KOH/MeOH (0-5M) for 20min at room temperature(m) . FA
methyl esters were subsequently extracted with 7-hexane
and 1 pl of these solutions was used for analysis.

FA methyl esters were analysed by GC (Agilent 6850) equip-
ped with a 60m X 0-25mm X 0-25 um (50 %-cyanopropyD-
methylpolysiloxane column (DB23, Agilent) and a flame
ionisation detector. Injector temperature was 230°C.

The oven conditions were as follows: temperature started
from 195°C, held for 26 min, followed by an increase of 10°C/
min up to 205°C, held for 13min, followed by a second
increase of 30°C/min up to 240°C, and held for 10 min. A con-
stant pressure mode (29 pounds per square inch) was chosen
with hydrogen as the carrier gas.

Methyl esters were identified by comparison with the
retention times of authentic samples. GC/MS spectra were
recorded on a Clarus 500 GC apparatus equipped with a
Clarus 5608 mass spectrometer (GC/MS transfer line temperature
230°C (Perkin Elmer)) and a 60m X 0-25mm X 0-25 wm (50 %-
cyanopropylphenyD-dimethylpolysiloxane column (DB225ms,
Agilent), using an injector temperature of 230°C, a split ratio
of 50:1 and helium as the carrier gas at a constant flow of
1-2ml/min, with the following oven conditions: temperature
started from 195°C, held for 52 min, followed by an increase of
3°C/min up to 205°C, held for 10 min, followed by a second
increase of 3°C/min up to 225°C, held for 15min, and a final
increase of 5°C/min up to 230°C and held for 10 min.

Sample size calculation

The present study aimed to detect a change in the FA profile
considering that at least 75% of the patients would report
the absence of diarrthoea after 1 year of GFD intervention
as detected by the Gastrointestinal Symptom Rating Scale
cluster ‘diarrhoea syndrome’ (three items: increased frequency
of evacuation, loose stools and urgent need to defaecate;
maximum score: 21).

Considering a magnitude of the difference between the
means in cluster ‘diarrhoea syndrome’ of 37 and a standard
deviation of 4-0 at a significance level of 0-05 (two tailed), nine-
teen patients per group were required to have 80% power to
detect a significant difference between the study groups.

Statistical analysis

All results are expressed as means with their standard errors
unless otherwise specified. The Kruskal-Wallis test (with
Dunn’s post hoc test) was used to assess differences among
the study groups.
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Outpatients from the centre (n 220)

Excluded (n 23)

- Not meeting the inclusion

. criteria (n 35)
Other (n 5)

Y

Patients fulfilling the inclusion criteria (n 157)

Adhesion to the study

CD patients (n 41)
protocol

\
Declined to participate (n 3)
Organic disease (n 1)

CD patients strict compliance
analysed after 1-year GFD
intervention (n 20)

| Study completed |

Fig. 1. The flow of participants through the study. CD, coeliac disease; GFD,
gluten-free diet.

All the differences were considered significant at the 5%
level. A specific statistical package for exact non-parametric
inference (Stata Statistical Software: Release 9; StataCorp,
2005) was used.

Results
Participant characteristics

The flow of participants through the study is shown in Fig. 1.
A total 220 individuals with GI symptoms resembling irritable
bowel syndrome were recruited between January 2010 and
November 2012. Of these patients, thirty-five did not fulfil
the inclusion criteria; twenty-three were excluded due to

refusal to undergo endoscopy or refusal to adhere to dietary
requirements; and five did not participate in the study due
to other reasons. A total of 157 patients met the inclusion
criteria, and forty-one adult newly diagnosed CD patients
with diarrhoea as the prevalent GI symptom were identified.
Among these patients, three declined to participate and one
had an organic disease. After 1 year of GFD intervention,
twenty CD patients were found to have strictly complied to
the dietary requirements (five men and fifteen women; mean
age 340 (sEM 1-7) years; mean BMI 22:5 (sEM 0-5) kg/mz) and
were included in the analysis. These patients were evaluated
at diagnosis and at least 12 months after the start of GFD inter-
vention (13:6 (seM 1-2) months). The healthy control group
comprised twenty-eight subjects; among these, eight did not
complete the study. Thus, twenty healthy subjects (seven men
and thirteen women; mean age 402 (SEM 2-5) years; mean
BMI 248 (seM 0-8) kg/m?®) completed the study. The anthropo-
metric and medical data are reported in Table 2.

Apart from diarrhoea, the main presenting GI symptoms in CD
patients were abdominal pain (11-0%) and dyspepsia (4:6%).
Villous atrophy was partial in 45 % and total in 55%. The most
common non-GI symptoms in the majority of CD cases were
anaemia (20-7%) and osteopaenia (6:0%). Follow-up blood
samples were obtained during the 1-year follow-up visit.

Serum lipid concentrations at baseline and after the GFD
intervention are reported in Table 3. Either before or after
1 year of GFD intervention, CD patients exhibited significantly
lower total cholesterol (P=0:004), LDL (P=0-004) and TAG
(P=0:005) concentrations and LDL:HDL ratio (P=0-006) in
comparison with healthy subjects. There were no significant
differences in HDL concentrations among the study groups.
Besides, after 1 year of GFD intervention, all the lipidic variables
in CD patients remained substantially unchanged (data ana-
lysed by Kruskal—Wallis test with Dunn’s multiple comparison
test). There was a 4-4 kg increase in the mean weight (95 % CI
2-7,5-35) from the baseline mean weight of 66-9 (sp 4-0) kg.

Table 2. Anthropometric and medical data of healthy controls and coeliac disease (CD) patients at
diagnosis and after 1 year of gluten-free diet (GFD) intervention*

(Mean values with their standard errors; n 20)

CD patients CD patients after
Healthy controls at diagnosis GFD intervention P
Smokers 4 5 4 0-90
Alcohol intake 0.92
No 15 14 14
1-2 glasses/d 5 6 6
>2 glasses/d 0 0 0
BMI (kg/m?) 0-32
Mean 24.8 22-5 232
SEM 0-8 05 1.0
Systolic blood pressure (mmHg) 0-53
Mean 120-5 119-3 115.9
SEM 2.0 3.0 2.9
Diastolic blood pressure (mmHg) 0-38
Mean 727 69-7 72.2
SEM 1.8 1.8 1.6
Number of co-morbid diseases 1 1 1 1-0
Physical activity (yes) 8 9 8 0-93

*Evaluated using the Kruskal—Wallis test and Dunn’s multiple comparison test and the x 2 test for categorical variables.
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Table 3. Serum lipid concentrations in healthy controls and coeliac disease (CD) patients at
diagnosis and after 1 year of gluten-free diet (GFD) intervention*

(Mean values with their standard errors; n 20)

CD patients
Healthy CD patients after GFD
controls at diagnosis intervention
Mean SEM Mean SEM Mean SEM P
Total cholesterol (mmol/l) 4.78° 0-19 3.75° 0-16 3.66° 0-08 <0-0001
HDL (mmol/l) 1.282 0-06 1.14° 0.03 1.212 0-04 0-045
LDL (mmol/l) 2.912 0-18 2.18° 0-15 2.02° 0-08 0-003
LDL:HDL ratio 2.32° 0-15 1.93° 0-14 1.69° 0-05 0-01
TAG (mmol/l) 1.302 0-16 0-94° 0-05 0-94° 0-06 0-01

1791

2P Mean values within a row with unlike superscript letters were significantly different (P<0-05; Dunn’s test).
* Evaluated by the Kruskal—Wallis test and Dunn’s multiple comparison test.

Inflammatory markers in coeliac disease patients before
and after 1 year of gluten-free diet intervention and
healthy controls

The mean values of erythrocyte sedimentation rate and
C-reactive protein concentrations were significantly higher in
CD patients, either before or after 1 year of GFD intervention,
than those in healthy subjects, but there were no significant
differences in leucocyte and platelet counts and ferritin
concentrations (Table 4).

The plasma concentrations of IL-6 and IL-8 in healthy
subjects and CD patients, either before or after 1 year of
GFD intervention, are shown in Fig. 2 (a) and (b), respect-
ively. The mean plasma IL-6 concentration was 378 (SEM
0-52) pg/ml in healthy subjects, 548 (sem 1-24) pg/ml in CD
patients on an unrestricted diet and 2-89 (sem 0-63) pg/ml in
CD patients on a GFD for 1 year. There were significant differ-
ences in IL-6 concentrations among the study groups
(P=0-00D). In response to the GFD intervention, IL-6 concen-
trations in CD patients decreased by 487 % when compared
with the initial values, and Dunn’s test showed that there
were significant differences in the IL-6 concentrations of CD
patients before and after 1 year of GFD intervention (P<0-05).

The mean plasma IL-8 concentration was 949 (SEM
1-59) pg/ml in healthy subjects, 2851 (sem 7-73) pg/ml in CD
patients on an unrestricted diet and 10-87 (sem 1-56) pg/ml
in CD patients on a GFD for 1 year. In addition, there were

significant differences in IL-8 concentrations among the study
groups (P<0-0001). After 1 year of dietetic treatment, IL-8
concentrations decreased in CD patients by almost 62% com-
pared with the initial values, reaching that found in healthy
subjects. Dunn’s test showed that IL-8 concentrations in CD
patients on an unrestricted diet were significantly different
from those in both healthy subjects and CD patients on a
GFD (P<0-05; data analysed by Kruskal-Wallis test with
Dunn’s multiple comparison test).

Fatty acid profile

The lipidomic profile of the erythrocyte membranes of CD
patients is summarised in Table 5. When compared with that
of healthy subjects, the lipidomic profile of CD patients
exhibited significantly lower concentrations of palmitic acid
(16:0; P=0-02), stearic acid (18 : 0; P=0-008), oleic acid (18:1;
P=0-04), linoleic acid (18:2; P=0-01) and DHA (22:6n-3;
P=0-04) and higher concentrations of arachidic acid (20:0;
P<0:0001), eicosadienoic acid (20 : 2; P=0-03), dihomo-y-lino-
lenic acid (DGLA; 20 :371-6; P=0-01), eicosatrienoic acid (20:
3n-3; P=0-04), docosapentaenoic acid (22:5n-3; P=0-0005)
and (20 : 41 FA (P=0:009).

As regards SFA, the concentrations of arachidic acid (20:0)
were 2-08-fold higher in CD patients, suggesting that this SFA
can be considered as a peculiar marker of active disease.

Table 4. Markers of systemic inflammation in healthy controls and coeliac disease (CD) patients at diagnosis and

after 1 year of gluten-free diet (GFD) intervention*®
(Mean values with their standard errors, n 20)

Healthy CD patients CD patients after
controls at diagnosis GFD intervention
Mean SEM Mean SEM Mean SEM P

ESR (mm/h) 10-442 114 19.06° 2-59 12.042° 0-59 0-019
C-reactive protein (mg/l) 1.772 0-26 4.71° 0-49 4.48° 0-51 < 0-0001
Leucocyte count (10%/1) 6060° 279-3 6340% 525.0 61872 412.0 0-938
Platelet count (10%/1) 236 800% 16206 268625% 22386 230375% 16251 0-299
Ferritin (mg/l) 59.79% 14.33 29.142 7-66 37.06% 4.82 0-207

ESR, erythrocyte sedimentation rate.

abMean values within a row with unlike superscript letters were significantly different (P<0-05; Dunn’s test).
* Evaluated by the Kruskal—Wallis test and Dunn’s multiple comparison test.
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Fig. 2. Distribution of IL-6 (a) and IL-8 (b) in healthy subjects (n 20) and coeliac disease (CD) patients on an unrestricted diet (n 20) and after 1 year of gluten-free
diet (GFD) intervention (n 20). Values are means, with their standard errors represented by vertical bars (Kruskal—Wallis test and Dunn’s post hoc test). ®° Mean
values with unlike superscript letters were significantly different (P<0-05; Dunn’s test).

SFA are substrates of the A9-desaturase enzymes: stearoyl-CoA
desaturase-1 and -2. These rate-limiting enzymes transform
the SFA palmitic and stearic acids into palmitoleic and oleic

acids, respectively®. Their activity can be represented by the

A9-desaturase index (oleic acid:stearic acid ratio); its reciprocal,
defined saturation index, can be considered an indicator of
membrane fluidity. In CD patients on an unrestricted diet, SFA
were mainly converted into MUFA, as palmitic acid (16:0) was

Table 5. Lipidomic profile of erythrocyte membranes of healthy controls and coeliac disease (CD) patients at diagnosis and after 1 year of gluten-free

diet (GFD) intervention*®
(Mean values with their standard errors, n 20)

Healthy controls CD at diagnosis CD on GFD
Fatty acids Lipid names Mean SEM Mean SEM Fold changet Mean SEM P
SFA 50.74% 4.99 43.82° 6-35 —-1.16 46.05° 6-48 0-003
Palmitic acid 16:0 32.712 4.08 27.43° 4.90 -1.19 28-94° 4.96 0-02
Heptadecanoic acid 17:0 1.842 0-49 1.572 0-47 -1.17 1.672 0-68 0-45
Stearic acid 18:0 15.822 1.32 14.05° 1-55 -1.13 14.893P 2:23 0-008
Arachidic acid 20:0 0-372 0-12 0-77° 0-24 +2-08 0532 0-23 <0-0001
MUFA 19.95% 3:18 18.06° 3-09 -1.10 17.953P 2.52 0-02
Palmitoleic acid 16:1n-7¢c 1.242 0-52 1.52% 0-71 +1.22 1.29% 0-53 0-15
Oleic acid 18:1n-9¢c 16-272 2.07 14.67° 2:33 -1-11 14.992P 2.32 0-04
Cis-vaccenic acid 18:1n-11c 1.472 0-20 1.362° 0-30 —1-08 1.27° 0-19 0-03
Gondoic acid 20:1n9c 0.97% 2:18 0-512 0-27 -1.90 0-39% 0-14 0-08
n-6 PUFA 19.58% 3-30 17.68% 2.29 —-1-11 18.472 4.80 0-09
Linoleic acid 18:2n-6¢ 9.572 1-31 7-90° 1.07 —1.21 8.03° 1.58 0-01
Eicosadienoic acid 20:2n-6¢ 0-22% 0-061 0-32° 0-14 +1.45 0-282° 0-10 0-03
DGLA 20:3n-6¢ 2.032 114 2.98° 0-91 +1.47 2.672P 0-86 0-01
AA 20:4n-6¢c 7762 2-51 6-492 171 —-1.20 7-492 3-38 0-21
n-3 PUFA 10-20% 6-03 19-50° 8-41 +1.91 17-12° 9.07 0-002
ETE 20:3n-3¢c 0-192 0-08 0-65° 1.32 +3.42 0-282 0-14 0-04
EPA 20:5n-3c 0-83% 0-32 0-83% 0-55 0-85% 0-35 0-94
DPA 22:5n-3c 6-942 5.82 16-8° 8.78 +2.42 14.50° 9.37 0-0005
DHA 22:6n-3c 2.242 1-81 1.24° 0-71 —1.81 1.492° 1-18 0-04
Total trans 0-392 0-11 0-53% 0-22 +1-36 0-46% 0-12 0-08
Elaidic acid 18:1n-9t 0-23? 0-08 0-292 0-14 +1-26 0-26% 0-12 0-25
20:4n-6t 0-162 0-05 0-24° 0-11 +1.50 0-20%P 0-06 0-009
Oleic acid:stearic acid ratio 1.03% 0-10 1.042 012 1.00% 0-09 0-93
SFA:MUFA ratio 2.582 0-32 2.45% 0-31 -1.05 2.58?2 0-30 0-31
AA:DGLA ratio 5.022 2-99 250 1-42 —2.01 3.26%P 230 0-01
AA:DHA ratio 4.342 1-63 6-09° 214 +1-40 6-04° 235 0-02
Linoleic acid:DPA ratio 2.242 1.66 0-66° 045 -3.39 0-932° 076 0-019
Linoleic acid:ETE ratio 56-19% 16-80 33.36° 20-13 —1.68 39.39° 33-13 0-0012
n-6:n-3 ratio 2.412 116 1.14° 0-65 —-2-11 1.45° 0-89 0-02

DGLA, dihomo-y-linolenic; AA, arachidonic acid; ETE, eicosatrienoic acid; DPA, docosapentaenoic acid.

abMean values within a row with unlike superscript letters were significantly different (P<0-05; Dunn’s test).

*Data are expressed as a percentage of peak areas in the gas chromatograms. The peaks were identified using authentic references, and the identified peaks were >97 %
of the total GC peaks. Evaluated by the Kruskal—Wallis test with Dunn’s multiple comparison test.

1 Fold increase or decrease (+/—) between controls and CD patients before the GFD intervention.
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transformed into palmitoleic acid (16: 1), the concentrations of
which were 1-22-fold higher than those in healthy subjects.
However, the oleic acid:stearic acid ratio, related to endogenous
synthesis of MUFA, did not change significantly in CD patients
when compared with that in healthy subjects.

As regards the PUFA 7-6 family, the concentrations of lino-
leic acid were 1-21-fold lower, whereas those of its derivative
DGLA were 1-47-fold higher in CD patients than in healthy
subjects, indicating increased desaturation and elongation
of the 7-6 FA family. The increase in DGLA concentrations
was associated with a 1-20-fold lower concentration of
arachidonic acid (AA).

To determine the efficiency of PUFA synthesis from their
precursors in terms of desaturase activity, the AA:DGLA ratio
was calculated. This ratio was 2-01-fold significantly lower
in CD patients on an unrestricted diet (P<0-01), suggesting
either an inhibition of A5-desaturase activity or an augmen-
tation of A6-desaturase activity. The putative inhibition of
A5-desaturase activity or augmentation of Ao6-desaturase
activity was also observed after 1 year of GFD intervention.

As regards the n-3 series, the concentrations of DHA were
1-81-fold lower in CD patients than in healthy subjects
(P=0-04), while those of eicosatrienoic acid and docosapen-
taenoic acid were significantly higher in CD patients than in
healthy subjects (3-42-fold and 2-42-fold, respectively).

The 7-6:1-3 ratio, expressed as AA:DHA ratio, is considered
to be a marker of inflammation. In the present study, a signifi-
cant 1-40-fold increase in this ratio was observed in newly
diagnosed CD patients, and it appeared to be mainly due to
significantly lower concentrations of DHA in CD patients
than in healthy subjects, while the concentrations of AA
were quite similar. This could underline that CD patients
have an intrinsic FA abnormality.

A compensatory significantly higher total content of the
trans-family FA was also observed in CD patients when
compared with healthy subjects, in particular, the increase
observed in (20:4#) FA content, which was 1-50-fold higher
in CD patients on an unrestricted diet than in healthy
subjects (P=0-009).

CD patients were evaluated for lipidomic profile 1 year
after GFD intervention. FA concentrations differed significantly
from those of controls. Significantly lower concentrations of
palmitic acid, cis-vaccenic acid and linoleic acid and higher
concentrations of docosapentaenoic acid were observed.
After 1 year of GFD intervention, the AA:DGLA ratio was
still lower than that in healthy subjects, thus suggesting a
persistent inhibition of desaturase activity up to 1 year of
GFD intervention. On comparison of CD patients before
and after the GFD intervention, the AA:DHA ratio was found
to be unaltered after dietetic treatment, putting in evidence
a persistent inflammation state. Overall, no differences were
found in FA profile apart from the concentrations of arachidic
acid (20:0), which were significantly lower in CD patients
on a GFD for 1 year than in those on an unrestricted diet
(P=0-02). No correlation between any of the FA and the
inflammatory parameters was found in the study groups
(data not shown).

Discussion

The main aims of the present study were to perform a lipi-
domic evaluation of FA content in the erythrocyte membranes
of CD patients and to investigate its relationship with
inflammation as well as the effects of a dietetic treatment
without gluten. The results indicated that a pro-inflammatory
FA profile was present in CD patients and that 1-year GFD
intervention was not sufficient to restore FA concentrations
to normality. Fig. 3 depicts standard de novo and elongation/
desaturation reactions involved in FA biosynthesis and
indicates where CD patients differ from healthy subjects.

In agreement with these observations, increased circulating
concentrations of IL-6 and IL-8, classical mediators of inflam-
mation, were found in CD patients when compared with healthy
subjects. This evidence sustained once more the systemic
inflammatory component of the disease”. These inflam-
mation-related biomarkers also seem to be actively involved
in slow inflammatory processes and to promptly respond to
GFD interventions, further supporting the notion that the
dietary treatment induces anti-inflammatory changes®?.

FA can influence inflammation through a variety of mecha-
nisms, including actions via cell-surface and intracellular
receptors/sensors that control inflammatory cell signalling
and gene expression patterns'*>’
exhibited a significant increase in the concentrations of ara-
chidic acid, a SFA, when compared with controls. In addition,
this SFA exhibited a significant decrease in concentrations after
1 year of GFD intervention, acting differently from the other
SFA, which were present at lower concentrations in CD
patients than in healthy subjects and substantially unaffected
by diet. This feature could make arachidic acid a potential bio-
marker of CD. Another remarkable finding from the present
study was the partial transformation of SFA into MUFA. SFA
can elicit desaturase activity. In particular, the transformation
of palmitic acid into palmitoleic acid was prominent in CD

. Patients with active CD

patients with a reduction of palmitic acid concentrations and
an elevation of palmitoleic acid concentrations in comparison
with healthy subjects. This elevation was not evident when
the total MUFA were considered, the concentrations of
which were lower than those in healthy subjects. The oleic
acid:stearic acid ratio, representative of the MUFA endogenous
synthesis, also did not exhibit significant differences among
the study groups. Discrepancies between the behaviours of
single FA and their class were also a distinctive trait for
other groups of FA, such as 7-6 and n-3 FA. This evidence
may reflect a different role and involvement of each single
FA in the evolution of CD.

As regards n-6 PUFA, overall this class of FA existed at lower
concentrations in CD patients than in healthy subjects. The
essential FA linoleic acid was found at lower concentrations
in patients with active disease than in healthy subjects. Data
reported in the literature have already demonstrated that the
concentrations of this FA were significantly lower in the
serum of patients with ‘chronic intestinal failure’ as well as
CDYM2D sreel er al M reported low concentrations of lino-
leic acid in the intestinal mucosa of CD patients, both before
and after the GFD intervention. Our data are consistent with
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Fig. 3. The standard de novo and elongation/desaturation reactions involved in fatty acid biosynthesis. The figure puts in evidence where coeliac disease (CD)
patients differ from healthy subjects. The reduction of arachidonic acid (AA) concentrations in CD patients, restored by 1-year gluten-free diet intervention, suggests a
different utilisation of dihomo-vy-linolenic acid (DGLA) as a substrate for other enzymes and a decrease in the conversion of DGLA into AA. FAS, fatty acid synthase;
HETYE, hydroxyeicosatetraenoic acid; LT, leukotrienes; PAF, platelet-activating factors; TXA, thromboxane. (A colour version of this figure can be found online at

http://www.journals.cambridge.org/bjn)

this report as the linoleic acid content in the erythrocyte
membranes of CD patients after 1 year of GFD intervention
was still lower when compared with that of healthy subjects.

CD patients exhibited significantly higher DGLA concen-
trations, along with moderate and not significantly lower AA
concentrations, in comparison with healthy subjects. DGLA
derives from linoleic acid and is converted into AA. Both
of them are substrates for the peroxidase enzymes (cyclo-
oxygenase) that transform these FA into PGE1l and PGE2,
respectivelyQS) . Another metabolic DGLA pathway involves
the peroxidation enzymes (lipoxygenase) naturally existing
in neutrophils, macrophages, monocytes and epithelial cells,
which can inhibit the synthesis of pro-inflammatory meta-
bolites from AA. The inhibition of these metabolites
(leukotrienes) is considered to be the main mechanism for
the anti-inflammatory action of DGLA. A possible block in
DGLA metabolism, including the pathway leading to the
conversion into AA, could activate the synthesis of these
pro-inflammatory metabolites (such as PGE2, leukotrienes
and platelet-activating factors) from AA“?.

An alternative pathway could also be hypothesised,
considering that DGLA has a series of important functions as
a precursor for eicosanoids (e.g. PGE1) or other mediators
showing a regulatory activity in immune-related cell reactions.
In particular, the reduction of AA concentrations in CD

patients, restored by 1l-year GFD intervention, suggests a
different utilisation of DGLA as a substrate for other enzymes
and a decrease in the conversion of DGLA into AA (via
A5-desaturase). The significant elevation of trans-FA content
in CD patients in comparison with healthy subjects could
also explain the present findings. The elevation of the content
of trans-FA is harmful as these FA heavily interfere with the
desaturation of both 7-6 and n-3 FA, reducing, in this way,
the conversion of DGLA into AA and the availability of EPA
and DHA*?”,

Solakivi ef al.? evaluated serum FA profile in CD patients
before and after 1 year of GFD intervention and found a
decrease in the concentrations of AA and the 7-3 PUFA EPA
and DHA and a slight increase after GFD intervention in
patients relative to controls. In the present study, significantly
higher total concentrations of 7-3 PUFA were found in CD
patients than in healthy subjects. However, this was not true
for DHA, which was present at lower concentrations in CD
patients than in healthy subjects.

DHA is a precursor of resolvins; these substances are anti-
inflammatory mediators that could be pivotal in the evolution
of CD. Besides, the low concentrations of DHA in CD patients,
not completely restored by 1-year GFD intervention, could
be due to a reduced conversion of docosapentaenoic acid
into DHA. Probably, this is a consequence of the alterations
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in elongase and A6-desaturase activities®. Therapeutically,
this evidence may show interesting implications in the
management of CD. Supplementation with DHA is gaining
increasing importance for the treatment of different patho-
logical conditions, as it seems to be effective at countering
the pro-inflammatory effects of AA metabolites (e.g. cyclo-
oxygenase 2 expression or the release of PGE2 and IL-8)®”,

It is well known that a high 7-6:12-3 ratio predisposes to
inflammation®~3?. In this connection, when the AA:DHA
ratio was calculated, its value was found to be significantly
higher in CD patients, either before or after the GFD inter-
vention, than in healthy subjects. This evidence lets us
hypothesise, in agreement with data reported in the
literature'®| that intrinsic abnormalities in FA profile could
contribute to inflammation in CD patients.

Furthermore, trans-FA concentrations were higher in CD
patients than in healthy subjects. In particular, the concen-
trations of trans-FA (20:4) isomers were markedly elevated
in CD patients. It is known that these isomers can be
formed only during the free radical stress conditions, which
are likely to occur during inflammatory disorders1333%
Although preliminary, these data on trans-FA isomers, indica-
tive of the formation of sulphur-centred radical species,
suggest that these parameters may serve to follow up
radical stress involving lipids in CD patients®>. This infor-
mation can be useful for further studies, especially coupling
proteomic and lipidomic studies, which could give more infor-
mation of tandem damages influencing the disease outcome.

Finally, the effects of GFD on FA profile were evaluated
after 1 year of dietetic treatment. Notably, the different classes
of FA reacted differently to the GFD intervention, showing
that the treatment was not able to restore FA concentrations
to those observed in healthy subjects. Taken as a whole,
the present results let us hypothesise that 1-year GFD inter-
vention may be not sufficient to achieve a significant
restoration in intestinal functions and absorption, and hence
dietetic treatment for a prolonged period might be needed
to achieve a significant improvement of FA profiles.

Conclusions

The lipidomic analysis of erythrocyte membranes confirmed
the presence of an altered FA composition in CD patients.
Moreover, an appropriate dietary treatment with exclusion of
gluten can modify FA profile, even if 1-year GFD intervention
seems to be not sufficient to restore FA concentrations to
normality, suggesting an inadequate supply of long-chain
PUFA™. Lastly, this procedure, being easier and non-invasive
compared with the evaluation of the FA pattern of the intesti-
nal mucosa, could offer more potentiality for also evaluating
therapeutic in CD patients by using FA
supplementation.
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