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Abstract

PUFA might modulate inflammatory responses involved in the development of severe dengue. We aimed to examine whether serum PUFA
concentrations in patients diagnosed with dengue fever (DF) were related to the risk of progression to dengue haemorrhagic fever/dengue
shock syndrome (DHF/DSS). A secondary aim was to assess correlations between fatty acids (FA) and inflammatory biomarkers in patients
with DF. We conducted a prospective case—control study nested within a cohort of patients who were diagnosed with DF and followed during
the acute episode. We compared the distribution of individual FA (% of total FA) at onset of fever between 109 cases who progressed to DHF/
DSS and 235 DF non-progressing controls using unconditional logistic regression. We estimated correlations between baseline FA and
cytokine concentrations and compared FA concentrations between the acute episode and >1 year post-convalescence in a subgroup. DHA
was positively related to progression to DHF/DSS (multivariable adjusted OR (AOR) for DHA in quintile 5 . 1=5-34, 95% CI 2-03, 14-1;
Pyena = 0-007). Dihomo-y-linolenic acid (DGLA) was inversely associated with progression (AOR for quintile 5 ». 1=0-30, 95% CI 0-13, 0-69;
Pyena =0-007). Pentadecanoic acid concentrations were inversely related to DHF/DSS. Correlations of PUFA with cytokines at baseline were
low. PUFA were lower during the acute episode than in a disease-free period. In conclusion, serum DHA in patients with DF predicts higher
odds of progression to DHFE/DSS whereas DGLA and pentadecanoic acid predict lower odds.
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Dengue is the most common mosquito-borne viral infection
worldwide, affecting as 100 million people
annually™?. The typical presentation of dengue is as a febrile
illness with a variety of accompanying symptoms. In a few
cases, the disease can progress to a life-threatening syndrome
characterised by plasma leakage. The factors that induce pro-
gression from dengue fever (DF) to these potentially fatal forms
of the disease, including dengue haemorrhagic fever (DHF) and
dengue shock syndrome (DSS), are uncertain. They may

involve secondary infections by new viral serotypes, agent
(3

many as

virulence and host characteristics

Among the host factors that could influence the risk of
developing DHEF/DSS, the nutritional status could play an
important role because many nutrients serve key immunomo-
dulatory functions. For example, vitamin E supplementation to

patients with DF resulted in increased platelet counts in India®®;

25-hydroxy vitamin D levels were positively related to severe
dengue in Colombia® and India® whereas 1,25-hydroxyvitamin
D was inversely associated with DHF/DSS in Nicaragua'”, and
Zn and Cu serostatus were related to dengue disease severity
in cross-sectional studies in Indonesia® and India®. Fatty
acids (FA) are salient amidst the nutrients that could affect
pathophysiological pathways leading to severe forms of den-
gue virus (DENV) infection. FA influence the organisation of
cell membranes and the composition of lipid rafts through
their incorporation as phospholipids and sphingolipids®.
Lipid raft microdomains play an essential role in DENV protein
synthesis and replication®”. In addition, some n-3 PUFA,
including EPA (20:5n-3) and DHA (22:6%-3) could reduce
expression of pro-inflammatory cytokines through different
mechanisms including down-regulated gene expression in
mononuclear cells, decreased synthesis of pro-inflammatory

Abbreviations: AA, arachidonic acid; D5D, A5-desaturase; DENV, dengue virus; DF, dengue fever; DGLA, dihomo-y-linolenic acid; DHF, dengue haemorrhagic
fever; DSS, dengue shock syndrome; FA, fatty acid; SCD, stearoyl-coA-desaturase.
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eicosanoids derived from 7-6 PUFA, reduced chemotaxis and
lymphocyte proliferation, enhanced apoptosis of Th-1 cells, and
decreased endothelial activation and dysfunction®. Some 7-6
PUFA, including arachidonic acid (AA, 20:4n-6), are con-
sidered pro-inflammatory while others such as dihomo-y-lino-
acid (DGLA, 20:37-6) exhibit anti-inflammatory
properties'®. Despite the potential of FA to regulate path-
ways involved in the aetiology of severe dengue, they have not
been systematically studied in the context of this infection.

Some investigations indicate that FA concentrations are altered
(14,15)

lenic

during the acute stages of dengue infection . Because
therapies to prevent progression of DF to DHF/DSS are virtually
inexistent, identifying modifiable factors associated with risk of
these severe forms of the disease is a high research priority.

We conducted a prospective case—control study nested in a
cohort of patients who were diagnosed with DF and followed
during the acute episode. The primary aim was to investigate
the associations of FA concentrations in serum collected <96 h
from the onset of fever with progression to DHF/DSS. A sec-
ondary aim was to determine whether serum FA could be
affected by acute inflammation at the early stages of DF. This
was realised by assessing the correlations between inflamma-
tory biomarkers and FA and by comparing FA concentrations
during the acute episode and a disease-free period, after >1
year post-convalescence from the disease.

Methods
Study design

This was a case—control study nested within a cohort of patients
diagnosed with DF who were followed during the acute epi-
sode. Ambulatory patients with suspected dengue were
recruited during non-epidemic (May 2003-September 2009)
and epidemic (October 2009-December 2010) periods at
healthcare centres in five areas of Bucaramanga, a city in
northeast Colombia. Eligible participants had an acute febrile
syndrome caused by DENV infection, had onset of symptoms
<96 h before consultation, and were >5 years of age. Exclusion
criteria were as follows: history of diabetes, acquired immu-
nodeficiency syndrome, haematological disorders, cancer or
CVD; or, at baseline, DHF or DSS (case definition below), major
bleeding, hypoalbuminaemia, effusions or shock. At the time of
recruitment, we elicited information on sociodemographic
characteristics, medical history and symptoms through a ques-
tionnaire. Height and weight were measured on calibrated
instruments with the use of standardised techniques and a
complete physical examination was carried out. Blood samples
were obtained to determine haematocrit, platelet counts and
albumin concentration. To identify the occurrence of DHF/DSS,
we followed participants during the acute episode daily at their
homes until the 7th day of disease or the day of hospital dis-
charge if they were admitted. Data collected during this period
included signs and symptoms of DHF/DSS, as well as daily
haematocrit measures. To detect thrombocytopenia, a DHF/
DSS diagnostic criterion, we started daily platelet count mea-
surements when patients had spontaneous haemorrhage, signs
of effusion, oedema, a haematocrit change >10% or a platelet

count <120 000/mm?>. We saw the patients again in the con-
valescent period, 7-15d after the onset of symptoms, and
obtained a new blood sample. DENV infection was con-
firmed according to a diagnostic algorithm that included IgM
seroconversion from the acute to the convalescent samples
(shift from negative to positive or a titre increase >4) plus
either a positive result for NS1 antigen or viral genome
amplification per RT-PCR in acute serum (<96h from the
onset of fever). IgM antibodies were determined with use of
an enzyme-linked immunosorbent assay (Panbio Dengue
IgM Capture ELISA; Alere), NS1 antigen was quantified with
the ELISA NS1 Dengue kit (Panbio; Alere), and RT-PCR
amplification of viral RNA was conducted with the QIAamp
Viral RNA kit (Qiagen). We determined whether DENV
infection was secondary with use of the Panbio Dengue 1gG
Capture ELISA test (Alere).

Case definition. Cases were patients who developed DHF or
DSS during follow-up, according to the 1997 WHO criteria,
prevalent at the time™®. DHF cases met all of the following
criteria: a platelet count <100000/mm?®, any spontaneous
haemorrhage or >1 positive tourniquet test, and evidence of
plasma leakage (i.e. pleural effusion, ascites, hypoalbuminae-
mia <30g/1 or an increase in haematocrit >10%). A haemo-
concentration of 10 %, instead of 20 %, was chosen because this
criterion has greater sensitivity in identifying dengue-related
complications?” and has been associated with severe morbidity
in patients from areas endemic for dengue™®. DSS cases had all
criteria above plus any reading of mean arterial pressure
<70 mmHg or pulse pressure <20 mmHg during follow-up.
The study was conducted according to the guidelines laid
downin the Declaration of Helsinki. All participants gave written
informed consent before recruitment. Among children, written
consent was sought from the primary care provider and assent
from the children was confirmed before recruitment. The study
protocol was approved by the Medical Ethics Committee of the
Industrial University of Santander. The University of Michigan
Health Sciences and Behavioral Sciences Institutional Review
Board approved the use of data and samples from the study.

Study population

We recruited 820 participants into the cohort. Of them, 173
(21-1%) developed DHF/DSS during follow-up. For the case—
control study, we selected all 109 cases (63-0% of all cases in
the cohort) whose first available serum sample (at the time of
the initial consultation) had been collected within 96 h from the
onset of fever (‘acute’ serum sample) and had sufficient volume
for FA quantification. Next, we randomly selected a group of
controls among the patients who did not reach DHE/DSS cri-
teria during follow-up, using a 2:1 ratio of controls per case plus
an additional 10% in anticipation of losses due to lack of an
acute serum sample. The final number of controls was 235.
Selected controls were comparable to those not selected with
respect to sex, age, socio-economic status, hours with fever
before consultation and signs of severity. Nevertheless, selected
controls were more likely to have become infected during the
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epidemic period and were taller and heavier compared with
non-selected controls. Selected cases were compared with non-
selected cases in the same manner as controls.

A post-convalescence blood sample was obtained in a sub-
group of fifteen cases and twenty-nine controls who were vis-
ited at home after a median 1-8 years (range 1-3-2-5) from the
acute episode.

Laboratory methods

Serum fatty acids. Samples were shipped frozen to the Uni-
versity of Michigan where total serum FA were quantified at the
Regional Comprehensive Metabolomics Resource Core. Total
lipids were extracted from 200pl serum per the methods
described by Bligh & Dyer™. About 10ul of 4mm non-
adecanoic acid (C19:0) was added as an internal standard.
Boron trifluoride-methanol was used to derivatise the FA por-
tion of the total lipids into their methyl esters as previously
described®”. To extract the methyl esters, a 2:1 hexane—water
mixture was added and the sample was centrifuged. The hex-
ane layer containing the methyl esters was removed from the
aqueous layer and dried, and the methyl esters were resus-
pended in 100-200 pl of hexane, according to the volume of the
original sample. About 1-2 pul was injected via an autosampler
and analysed on a gas chromatographer (Model 6890N; Agilent)
equipped with a flame ionisation detector and a 100m X
0-25 mm X 0-2 pm SP-2560 column (Sigma-Aldrich). To quantify
FA, known amounts of C19: 0 and other authentic methyl esters
were used to create a calibration curve. The authentic methyl
esters were also used to identify FA in samples based on their
retention times. Eluted peaks were analysed with Chemstation
software (Agilent). FA concentrations were expressed as the
percentage of each FA relative to the total FA concentration
(FA %). This FA % was estimated by dividing the area of each FA by
the total area. The limit of detection for pentadecanoic acid
(C15:0), atype of FA present at low concentrations, was 50 pmol.

The activity of key enzymes in FA metabolism was estimated from
desaturation and elongation indices calculated as the product/sub-
strate ratios: stearoyl-coA-desaturase (SCD) as 18:11-9/18:0,
elongaseas 18:11-7/16: 1n-7, AG-desaturase as 18 : 3n-6/18 : 21-6
and A5-desaturase (D5D) as 20 : 472-6/20 : 3n-0.

Cytokines. We determined concentrations of pro- and anti-
inflammatory cytokines that may be independent predictors of
progression to DHF/DSS. Interferon (IFN)-y, 1L-10, IL-6 and
TNF-a were measured at the University of Michigan Cancer
Center Immunology Core with the use of Luminex assays
(Thermo Fisher Scientific Inc.) in all acute sera and in the
samples collected post-convalescence.

Dengue virus serotype. DENV serotypes were identified in a
subsample of forty-nine controls and twenty-eight cases using
conventional and real time RT-PCR assays. Viral RNA was iso-
lated from serum using the commercial kit QIAamp® Viral RNA.
Conventional RT-PCR tests were performed following the
Lanciotti protocol®”. Real-time RT-PCR were conducted with

the CDC Kit DENV-1-4 Real-Time RT-PCR (Centers for Disease
Control and Prevention)(zm.

Data analysis

Variables. Case (DHF/DSS) status was the outcome of interest.
FA % were the primary exposures and enzyme activity indices
were secondary exposures. We considered as covariates base-
line characteristics that could confound the associations
between FA status and progression to DHF/DSS. These inclu-
ded sociodemographic (age, sex, socio-economic status),
anthropometric (height and BMI as nutritional status indicators),
clinical (time since the beginning of fever, early signs of
severity), virological (secondary infection, serotype) and
immunological (cytokine concentrations) characteristics.

Comparison of controls and cases. We first compared the
distribution of baseline covariates between controls and DHF/
DSS cases, which were categorised as presented in Table 1.
Case—control differences were tested with the use of y* and
Wilcoxon rank-sum tests for categorical and continuous char-
acteristics, respectively.

Fatty acids and progression to dengue haemorrhagic fever/
dengue shock syndrome. We compared the distribution of FA
between controls and cases using means and standard devia-
tions and the Wilcoxon rank-sum test. Next, we categorised
each FA into quintiles according to the distribution among
controls and estimated OR with 95% CI with the use of
unconditional logistic regression. Tests for linear trend were
conducted by introducing into the models a variable repre-
senting the median values of each quintile as a continuous
predictor. Multivariable-adjusted OR and 95% CI were esti-
mated for each FA in models that included as covariates sex,
age, hours with fever before consultation, and IL-10 and TNF-a
concentrations at the time of consultation. Finally, we fitted a
model with simultaneous adjustment for the FA that were
statistically significant predictors of DHF/DSS progression in
multivariable analyses and that remained significant in the final
model at P<0-05.

Acute inflammation and fatty acids. To ascertain whether
acute inflammation in the course of DENV infection was related
to FA concentrations, we estimated sex- and age-adjusted
partial Spearman’s correlation coefficients between the cyto-
kines (IFN-y, IL-10, IL-6 and TNF-a) and each FA separately
for controls and cases. Next, we estimated the correlations
between the analytes measured in the samples collected after
>1 year post-convalescence. We also examined the pre-
valence of thrombocytopenia at baseline by FA quintiles since
platelet count is a strong predictor of progression to severe
dengue.

Change in fatty acid concentrations from the acute episode
to post-convalescence. In the subgroup with a post-
convalescence blood sample, we estimated the difference in FA
concentrations between after >1 year of recovery and the acute
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Table 1. Characteristics of dengue fever controls and dengue haemorrhagic fever/dengue shock syndrome cases at the time of

uncomplicated dengue fever diagnosis (baseline)
(Mean values and standard deviations; medians and ranges)

Controls Cases
(n 235) (n109)
Characteristics Mean sD Mean SD P
Sociodemographic and anthropometric (%)
Sex
Male 50-2 486 078
Age (years) 265 161 268 133 0-29
Median 224 238 0-29
Range 5-0-86-0 5.0-72-0
<15 years (%) 298 14.7 0-003
Low socio-economic statust 332 333 0-98
Short staturef 126 15.2 0-51
Underweight§ 6:6 76 073
Obesityll 85 9.5 075
Clinical (%)
Episode in the epidemic period{ 38-3 239 0-008
72 to <96 h with fever before consultation 65-5 55-1 0-06
Spontaneous haemorrhage 89 92 0-94
Orthostatic hypotension 12.3 156 0-41
Tourniquet test positive 395 491 0-10
Thrombocytopenia** 149 50-0 <0-0001
Virological (%)
Secondary infection 272 276 0-94
Serotypett 0-01
1 34.7 107
2 82 321
3 34.7 42.9
4 225 14.3
Immunological
Interferon-y (pg/ml) 41.8 535 53-0 65-0 017
IL-10 (pg/ml) 1384 2115 198-1 2425 0-0001
IL-6 (pg/ml) 4.9 9.8 51 36 <0-0001
TNF-a (pg/ml) 14.7 88 165 106 017

DENV, dengue virus.

* x2 and Wilcoxon rank-sum tests for dichotomous and continuous characteristics, respectively.

1 Strata 1 and 2 (out of five) of the local government’s socio-economic status classification of households for tax and planning purposes.

1 For participants <18 years of age, height-for-age <—1 Z according to the WHO sex-specific growth reference for school-aged children and adolescents.
For participants >18 years of age, height <—1 Z of the sex-specific distributions of controls (<151 cm for women and <167 cm for men).

§ For participants <18 years of age, BMI-for-age <—2 Z according to the WHO sex-specific growth reference for school-aged children and adolescents.

For participants >18 years of age, BMI <18.5kg/m?.

(51)

Il For participants <18 years of age, BMI-for-age >2 Z according to the WHO sex-specific growth reference for school-aged children and adolescents.

For participants >18 years of age, BMI >30 kg/m?.

4] The epidemic period occurred between October 2009 and December 2010.

** Platelet count <100 000/mm?.

11 DENV serotyping was conducted in a subsample of forty-nine controls (20-9 %) and twenty-eight cases (25-7 %).

episode with the use of a repeated-measures linear regression
model with each FA as the continuous outcome and order of
measurement as the predictor. An exchangeable covariance
matrix was specified to account for within-subject correlations.
Participants with a post-convalescence sample were more likely
to have been recruited during the epidemic period, were
younger and of lower socio-economic status, and consulted
later after the onset of fever than those without these samples.
They also differed with respect to some of the FA at baseline.

Associations of dengue virus serotype with fatty acids.
Because DENV serotype is a strong independent predictor of
progression to severe dengue®” and we lacked this informa-
tion on the majority of participants, we examined the associa-
tions of serotype with serum FA in the subset with available

data to explore whether serotype could have confounded the
key associations between FA and case status. We compared the
distribution of FA by serotype with the use of Wilcoxon rank-
sum tests.

All analyses were carried out with Statistical Analysis Software
version 9.4 (SAS Institute Inc.).

Results
Characteristics of controls and cases

In all, 50% (n 173) of participants were female. Age was 26-6
(sp 15-2) years (range 5-806); 25 % of participants (12 86) were <15
years old. Compared with controls, cases were older, consulted
earlier after the onset of fever, had lower platelet counts and had
higher cytokine concentrations at baseline (Table 1).
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Fatty acids and progression to dengue haemorrhagic fever/
dengue shock syndrome

Mean pentadecanoic (15:0) and stearic (18:0) acid concentra-
tions were significantly lower in cases compared with controls
(Table 2, online Supplementary Fig. S1), whereas behenic acid
(22:0) levels were higher. There were no significant differences in
MUFA concentrations by case status. Mean concentrations of the
long-chain 7-3 PUFA docosapentaenoic acid (DPA) and DHA and
of the 7#-6 PUFA DGLA, AA and adrenic acid were significantly
higher in cases compared with controls (Table 2, online Supple-
mentary Fig. S1). SCD and D5D activities were higher in cases

than controls. When the FA exposures were considered in quin-
tiles of their distributions among controls (online Supplementary
Table S1), pentadecanoic acid and DGLA were inversely asso-
ciated with case status whereas DHA, AA, SCD and D5D were
positively related to progression to DHF/DSS, after adjustment for
sex, age, hours with fever before consultation and IL-10 and TNF-a
concentrations. In a multivariable model adjusted for these FA,
simultaneously pentadecanoic acid, DHA and DGLA remained
significantly associated with progression to DHF/DSS (Table 3)
whereas the associations with AA and SCD were attenuated and
became non-statistically significant. For pentadecanoic acid,
compared with patients in the lowest quintile those in the highest

Table 2. Distribution of serum fatty acids (FA) percentage in dengue fever controls and dengue haemorrhagic fever/dengue shock

syndrome cases
(Mean values and standard deviations)

Controls Cases
(n 235) (n 109)
FA Mean SD Mean ) P
SFA (%)
14:0 myristic acid 0-35 0-22 0-30 0-16 012
15:0 pentadecanoic acid 016 0-06 0-15 0-06 0-02
16:0 palmitic acid 2343 2:31 2315 2-06 017
17 :0 margaric acid 0-37 0-08 0-36 0-11 0-08
18: 0 stearic acid 814 110 7-70 1.04 0-005
20: 0 arachidic acid 0-16 0-06 0-16 0-04 0-24
22:0 behenic acid 0-33 0-11 0-36 013 0-02
24:0 lignoceric acid 0-28 014 0-30 0-14 0-11
Total SFA 3321 280 3247 248 0-02
MUFA (%)
16: 1n-7 palmitoleic acid 1.82 0-61 1.77 0-54 0-79
18:1n-9 oleic acid 23-30 281 2362 2.98 0-54
18:1n-7 cis-vaccenic acid 2.28 0-56 2.36 0-59 0-08
20:1n-9 gondoic acid 0-19 0-07 0-20 0-06 0-30
24 :1n-9 nervonic acid 043 0-25 0-45 0-23 0-14
Total MUFA 2813 320 28-48 331 0-63
n-3 PUFA (%)
18:3n-3 a-linolenic acid 0-29 018 0-25 013 0-09
20:5n-3 EPA 0-27 012 0-30 0-14 0-22
22:5n-3 DPA 0-39 0-15 0-43 017 0-03
22:6n-3 DHA 1.50 072 1.72 111 0-01
Total long-chain n-3 PUFAt 216 0-80 245 115 0-005
Total n-3 PUFA 2:53 0-92 2.76 118 0-05
n-6 PUFA (%)
18:2n-6 linoleic acid 26-42 382 25.97 3-34 0-45
18:3n-6 y-linolenic acid 0-24 014 0-26 013 0-19
20:2n-6 EDA 0-23 012 0-24 0-09 0-41
20:3n-6 dihomo-y-linolenic acid 1.38 042 1-30 0-44 0-03
20:4n-6 arachidonic acid 6-08 1.47 6-62 1.48 0-006
22:4n-6 adrenic acid 0-48 0-39 0-73 0.97 0-006
Total long-chain n-6 PUFAL 817 1.70 8-89 2-01 0-006
Total n-6 PUFA 34.83 4.51 3512 411 0-39
18:2n-7ct CLA (%) 0-06 0-11 0-05 0-10 013
trans-FA (%)
16:1n-7 trans 023 015 0-22 0-09 0-92
18:1 trans 0-62 0-50 0-56 0-46 012
18:2 trans 0-38 0-25 0-35 017 0-28
Total trans-FA 1.23 075 113 0-60 0-14
Enzyme activity indices
Stearoyl-coA-desaturase 18:1n-9/18:0 2:91 0-51 314 0-68 0-008
Elongase 18:1n-7/16:1n-7 1.39 0-65 1.48 0-71 0-11
A6-Desaturase 18:3n-6/18:2n-6 0-009 0-006 0-100 0-005 0-20
A5-Desaturase 20:4n-6/20:3n-6 4.79 1.98 5.58 217 0-0001

DPA, docosapentaenoic acid; EDA, eicosadienoic acid; CLA, conjugated linoleic acid.

* Wilcoxon rank-sum test.
1 Sum of 20:5n-3 EPA, 22:5n-3 DPA and 22:6n-3 DHA.

1 Sum of 20:2n-6 EDA, 20:3n-6 dihomo-y-linolenic acid, 20:4n-6 arachidonic acid and 22:4n-6 adrenic acid.
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Table 3. Adjusted OR for progression to dengue haemorrhagic fever/dengue shock syndrome according to baseline characteristics and serum fatty acids

(FA) percentage
(Odds ratios and 95 % confidence intervals)

Characteristic Controls Cases Unadjusted OR* 95% CI Adjusted ORt  95% ClI Adjusted Pt
Sex 0-85
Female 117 56 1-00 1-00
Male 118 53 0-94 0-60, 1-48 0-95 0-57, 1.58
Age (years)
<15 165 93 1-00 1.00 0-003
>15 70 16 247 1.35, 4-49 2.75 1-41, 5:34
Hours with fever before consultation 0-02
<72 81 49 1-00 1.00
72 to <96 154 60 0-64 0-41, 1.02 0-52 0-31, 0-89
IL-10, per 200 pg/ml - 1.25 1-03, 1-53 1.23 097, 1.57 0-09
TNF-a, per 10 pg/ml - 1.22 097, 1.55 1.31 098, 1.74 0-07
15:0 pentadecanoic acid quintile§, % (median) 0-002
Q1 (0-11) 46 27 1-00 1-00
Q2 (0-14) 47 27 0-98 0-50, 1-91 0-67 0-32, 140
3 (0-16) 47 23 0-83 042, 1-66 0-55 0-26, 1-19
04 (0-19) 47 22 0-80 0-40, 1-60 0-53 0-24, 1-15
Q5 (0-24) 47 9 0-33 0-14, 0-77 0-24 0-09, 0-60
22:6n-3 DHA quintile§, % (median) 0-007
Q1 (0-81) 47 7 1-00 1.00
Q2 (1-11) 47 26 371 1-47, 9-39 4.44 1.67, 11-8
3 (1-37) 47 20 2-86 1-10, 7-39 4.57 1-64, 12.7
Q4 (1-68) 47 24 343 1.35, 8.72 5.58 2.01, 154
Q5 (2:26) 47 32 4.57 1-84, 114 5-34 2:03, 141
20:3n-6 dihomo-y-linolenic acid quintile§, % (median) 0-007
Q1 (0:91) 47 31 1.00 1.00
Q2 (1-14) 47 22 0-71 0-36, 1-40 0-51 0-24, 1-09
3 (1-34) 47 23 074 0-38, 1-46 0-58 027,124
Q4 (1-55) 47 17 0-55 027, 1-12 043 0-19, 0-96
Q5 (1-98) 47 16 0-52 0-25, 1-07 0-30 0-13, 0-69
A5-Desaturasell quintile (median) 0-0004
Q1 (2:89) 47 15 1.00 1.00
Q2 (3-80) 47 12 0-80 0-34, 1-89 097 0-38, 2:50
Q3 (4-50) 47 14 093 041, 215 0-85 0-34, 212
Q4 (5-16) 47 22 1.47 0-68, 3-17 1-40 0-60, 3-28
Q5 (6-77) 47 46 3.07 1.51, 6-23 328 1-42,7.58

* From unconditional logistic regression models with case status (dengue haemorrhagic fever/dengue shock syndrome) as the outcome and each covariate presented as predictor.
1 From an unconditional logistic regression model with case status as the outcome and predictors that included sex (one indicator for male), age (one indicator for <15 years), hours
with fever before consultation (one indicator for >72h), IL-10 (continuous), TNF-a (continuous), 15:0 pentadecanoic acid quintile (four indicators), 22:6n-3 DHA quintile (four
indicators) and 20 : 3n-6 dihomo-y-linolenic acid quintile (four indicators). Estimates for A5-desaturase were obtained from a model that excluded 20 : 3n-6 dihomo-y-linolenic acid

due to collinearity.

1 For sex, age, hours with fever before consultation and cytokines, Wald test. For FA, test for linear trend when a variable representing the median of each quartile was introduced

into the logistic regression model as a continuous predictor.
§ Percentage of total serum FA.
Il Ratio of 20:4n-6/20:3n-6.

had a 76% lower odds of progression (P=0-002). DHA was
positively related to case status in a non-linear manner; com-
pared with patients in the lowest quintile, odds of progression
were five times higher (OR: 4-96; 95% CI 2-05, 11-99; P=0-0004)
for patients with concentrations in the second quintile or above.
DGLA was inversely related to DHF/DSS progression; the OR
(95% CD between quintiles 5 and 1 was 0-30 (95 % CI 0-13, 0-69;
P=0-005). When D5D was substituted for DGLA in the model,
D5D was positively associated with DHF/DSS progression (Q5 v.
Q1 OR: 3-28; 95% CI 142, 7-58; P=0-006).

Acute inflammation and fatty acids

Correlations between FA and cytokine concentrations were
generally low (online Supplementary Table S2). DGLA was
weakly, inversely correlated with IL-10 at baseline but not post-
convalescence. DPA, DHA and D5D were related to low

platelet counts, whereas the 7-6 PUFA y-linolenic acid (GLA,
18:31-6) and DGLA were associated with less thrombocyto-
penia (online Supplementary Table S3). Pentadecanoic acid
was not related to platelet counts at baseline.

Change in fatty acid concentrations from the acute episode
to post-convalescence

Among the forty-four patients with post-convalescent samples,
concentrations of most SFA, MUFA and #7-3 and 7n-6 PUFA
changed from the time of the acute episode (online Supple-
mentary Table S4). Concentrations of SFA, except for palmitic
acid, tended to increase from the acute episode to post-
convalescence, whereas MUFA concentrations, except for pal-
mitoleic acid, decreased. a-Linolenic acid (ALA), EPA, DPA and
all 7-6 PUFA concentrations increased. DHA was higher during
the acute episode than post-convalescence, but the change was
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not statistically significant. There were no changes in trans FA.
DS5D activity decreased. Changes did not differ by case status
during the acute episode (online Supplementary Table S5).

Dengue virus serotype and fatty acids

The distributions of some FA varied significantly by DENV
serotype in the subset with available data (online Supplemen-
tary Table S6). Of the FA significantly associated with progres-
sion to DHE/DSS, only DHA was related to DENV serotype.
DHA of participants infected with serotypes 2 or 3 was lower
than that of patients infected with DENV 1 or 4.

Discussion

In this prospective investigation of patients diagnosed with DF,
serum DHA at the time of diagnosis was related to increased
odds of progression to DHF/DSS whereas the SFA pentadeca-
noic acid and the 7n-6 PUFA DGLA were associated with
decreased odds. In addition, increased D5D activity was related
to higher odds of progression.

The positive association of DHA levels with progression to
DHF/DSS is consistent with results from a small untargeted
metabolomics study”. Serum DHA within 4 d from the onset of
fever was higher in sixteen Nicaraguan children diagnosed with
DF who progressed to DHE/DSS compared with fifteen children
who did not progress. This finding is unexpected because DHA
contributes to the resolution of inflammation through different
pathways"® and effective resolution of inflammation should be
related to less risk of progression. Nevertheless, the association
should also be interpreted in light of the comparison of DHA
levels during the acute episode and post-convalescence. In our
study, DHA was higher during the acute episode than in a pre-
sumably disease-free period. Although this difference was not
statistically significant, it is in line with findings from a metabo-
lomics study of adults with DF in which DHA was higher during
the febrile stage of infection than it was 3—4 weeks after resolution
of the episode(m. An increase in DHA levels during acute DF has
been interpreted as an early attempt to initiate the resolution of
inflammation, which could start concomitantly with the initial pro-
inflammatory response(7’l/'). A more severe inflammatory process
during the early stages of DF predicts progression to DHF/DSS;
thus, a correspondingly more aggressive anti-inflammatory
response involving increased DHA levels could explain the
association of DHA with progression even in the absence of an
adverse causal effect of DHA. Of note, however, in our data, DHA
was generally not correlated with cytokine concentrations and the
association of DHA with progression was observed even after
controlling for these inflammation biomarkers. An adverse effect
of DHA cannot be discarded. Rodent models indicate that 7-3
long-chain PUFA supplementation can be detrimental in infec-
tions by intracellular pathogens including influenza A and herpes
simplex viruses by suppressing immune cell responses needed to
eradicate infected cells®®, although a study of mice showed no
effect on 7-3 PUFA on responses to vaccinia virus infection® .,
Evidence on the effects of PUFA on acute febrile illnesses in
humans is scant. Some studies suggest that 72-3 PUFA may reduce

the incidence of pneumococcal infection in the elderly and 7-3
PUFA supplementation to infants or school-age children has
resulted in decreased respiratory morbidity(%’3 D possibly of viral
aetiology. We also noted that DHA was positively associated with
thrombocytopenia at baseline. Whether this could be a mechan-
ism to explain a potential effect on progression to severe disease
is a matter of speculation. DHA might dampen the procoagulant
function of platelets through altered synthesis of thrombin pre-
cursor proteins®?; nevertheless, there is no evidence to suggest
that it may affect platelet numbers. Additional 7 vitro and non-
human experimentation is needed to clarify the role of 72-3 PUFA
in DENV infection before considering a potential therapeutic role
for these nutrients.

The inverse associations of pentadecanoic acid and DGLA with
progression to DHF/DSS are novel findings. Pentadecanoic acid is
an odd-chain SFA that, together with heptadecanoic acid (C17:0),
represents dairy fat intake®; its endogenous production is neg-
ligible®”.  Epidemiological studies have consistently shown
inverse associations of pentadecanoic and heptadecanoic acid
biomarkers with long-term cardiometabolic disorders®®, but the
biological mechanisms underlying these relations are uncertain.
Investigators have posited that one of the biological functions of
pentadecanoic acid involves the regulation of circulating pro-
pionic acid®?, a short-chain SFA produced by intestinal bacteria
through fermentation of dietary fibre. Propionic acid and other
short-chain SFA may be potential mediators of the effects of
microbiota on intestinal immunity and inflammation. These FA
regulate leucocytes’ recruitment, migration and activation through
production of cytokines, chemokines and eicosanoids®®. Whe-
ther these effects extend systemically in the event of an acute
infection such as dengue remains to be elucidated. We observed
a decrease in palmitic acid, the most abundant SFA, with a con-
comitant increase in palmitoleic acid from the acute episode to
post-convalescence. Palmitic acid can be synthesised endogen-
ously or ingested from diet, whereas palmitoleic acid can be
formed from palmitic acid by the SCD. If diet remained constant,
one could speculate that SCD activity might be dampened during
the acute dengue episode, but the clinical implications of this
potential effect are uncertain.

DGIA is a long-chain 7-6 PUFA synthesised endogenously
from linoleic acid through desaturation and elongation. D5D can
convert DGLA into AA, a pro-inflammatory FA and other acute
viral infections, including influenza,
of the lipoxygenase pathway increasing the synthesis of pro-
inflammatory oxylipins derived from AA®”. Nevertheless, DGLA
is generally considered anti-inflammatory because it can interfere
with eicosanoid biosynthesis and can be converted to pros-
taglandin E,, a suppressor of chronic inflammation™®. An
increase in DGLA relative to AA could acutely attenuate the
synthesis of pro-inflammatory eicosanoids derived from AA,
including four-series leukotrienes, two-series prostaglandins and
platelet-activating factor, which may be involved in the patho-
physiology of severe dengue”. Consistent with this possibility,
increased activity of D5D, the enzyme that converts DGLA into
AA, was related to higher odds of progression to DHF/DSS. We
found that DGLA was inversely correlated with IL-10 at baseline,
especially among cases, and elevated IL-10 seemed to predict
progression to DHF/DSS in this and other studies®®3”. This could

induce up-regulation
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indicate that a potential protective effect of DGLA on progression
to severe dengue might be mediated through reduced inflam-
mation. Another intriguing potential mechanism could be related
to virucidal activity against encapsulated viruses that some long-
chain 7-6 PUFA have shown in vitro“°™® DGLA breastmilk
concentrations were inversely related to cell-free and cell-
associated HIV load in milk in a study of Tanzanian HIV-
infected women“®. Non-causal explanations are also plausible.
We noted that DGLA concentrations were lower during the acute
episode than in an apparently disease-free period in a subgroup
of participants. Assuming there were no major changes in diet
between the two measurements, this opens the possibility that
acute inflammation during the early stages of the disease influ-
ences DGLA concentrations and that an inverse association of
DGILA with progression to severe dengue be only a reflection of
early inflammatory status. Notwithstanding this possibility, DGLA
supplementation increases blood DGLA in a dose-response
manner™1® and should not be discarded as a potential inter-
vention that could be considered for testing in the treatment of
acute DF.

This study has several strengths. Reverse causation bias was
minimised by the prospective nature of the design. Recall bias
was avoided with the use of objective measures of exposure.
We had an opportunity to control for important potential con-
founders, including inflammatory biomarkers that predict pro-
gression of the disease to severe forms. We compared exposure
status between the acute episode and an apparently healthy
period in a subsample of participants; this approach is stronger
than using a different set of healthy controls. Some limitations
are also worth noting. Selection bias could occur if the selection
of controls is not independent of exposure status. We noted that
selected controls differed from the cohort’s non-cases in some
characteristics that could be related to FA status, including body
weight; thus, it is not possible to completely rule out selection
bias. Second, confounding could have occurred if an unmea-
sured predisposing factor for progression was related to FA
concentrations at the onset of the febrile episode. Third,
because FA concentrations are conventionally expressed as
percent of total FA in the sample, associations observed with
higher levels of a given FA could also represent those due to
lower levels of another and vice versa. Fourth, pentadecanoic
acid is present at low concentrations which are prone to mea-
surement error. The confidence bounds around the OR were
wide. Nevertheless, the mean serum C15:0 concentration in
this population, 0-16%, was the same or very close as that
reported in other settings including Costa Rica®®” and the Uni-
ted States“® | lending support to the external validity of this
finding. Fifth, random error may have occurred due to differ-
ences in the timing of the last meal since the acute serum
sample in this study was not always a fasting sample. Serum FA
concentrations do not necessarily reflect long-term intake as
some may change from day to day depending on the FA
composition of recent meals. Correlations between long-term
intake and serum concentrations vary for different FA. They are
moderate to high for exogenous FA including odd chain SFA
and essential PUFA (ALA and LA) or for endogenous FA that
may nevertheless be abundant in diet such as oleic acid, EPA
and DHA“”. By contrast, serum FA that are not common in the

diet and mostly reflect endogenous hepatic metabolism, such as
GLA and DGLA, may not represent long-term intake”. Sixth,
the subsample of patients with postconvalescence samples was
not comparable with the rest of participants with regard to some
characteristics. Finally, lack of sample volume and funding
constraints prevented us from determining serotype in all study
subjects. DENV serotype is a strong predictor of progression to
severe disease and could have confounded the associations if it
were also related to exposure status. Nonetheless, the data do
not support this notion because only DHA was related to both
progression and serotype in the subset with available informa-
tion, and the directions of the serotype-DHA and serotype-
DHF/DSS associations would have caused an attenuation rather
than an exaggeration of a positive DHA-DHF/DSS relation.

In sum, serum DHA concentrations at the early stages of DF are
positively associated with progression to DHF/DSS whereas pen-
tadecanoic acid and DGLA concentrations are inversely related to
progression. Serum FA concentrations differ between an acute
dengue episode and an apparently healthy period. These results
should be confirmed in other populations as the next step in
identifying FA as eventual therapeutic targets in patients with DF.
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