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ABSTRACT

Dengue, due to its global burden, is the most important arthropod-borne flavivirus disease, and early detection lowers fatality
rates to below 1%. Since the metabolic resources crucial for viral replication are provided by host cells, detection of changes in
the metabolic profile associated with disease pathogenesis could help with the identification of markers of prognostic and diag-
nostic importance. We applied "H nuclear magnetic resonance exploratory metabolomics to study longitudinal changes in
plasma metabolites in a cohort in Recife, Brazil. To gain statistical power, we used innovative paired multivariate analyses to
discriminate individuals with primary and secondary infection presenting as dengue fever (DF; mild) and dengue hemorrhagic
fever (DHF; severe) and subjects with a nonspecific nondengue (ND) illness (ND subjects). Our results showed that a decrease in
plasma low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL) discriminated dengue virus (DENV)-infected
subjects from ND subjects, and also, subjects with severe infection even presented a decrease in lipoprotein concentrations com-
pared to the concentrations in subjects with mild infection. These results add to the ongoing discussion that the manipulation of
lipid metabolism is crucial for DENV replication and infection. In addition, a decrease in plasma glutamine content was charac-
teristic of DENV infection and disease severity, and an increase in plasma acetate levels discriminated subjects with DF and DHF
from ND subjects. Several other metabolites shown to be altered in DENV infection and the implications of these alterations are
discussed. We hypothesize that these changes in the plasma metabolome are suggestive of liver dysfunction, could provide in-
sights into the underlying molecular mechanisms of dengue virus pathogenesis, and could help to discriminate individuals at
risk of the development of severe infection and predict disease outcome.

IMPORTANCE

Dengue, due to its global burden, is the most important mosquito-borne viral disease. There is no specific treatment for dengue
disease, and early detection lowers fatality rates to below 1%. In this study, we observed the effects of dengue virus infection on
the profile of small molecules in the blood of patients with mild and severe infection. Variations in the profiles of these small
molecules reflected the replication of dengue virus in different tissues and the extent of tissue damage during infection. The re-
sults of this study showed that the molecules that changed the most were VLDL, LDL, and amino acids. We propose that these
changes reflect liver dysfunction and also that they can be used to discriminate subjects with mild dengue from those with severe
dengue.

to the new WHO criteria, DENV infection is classified as dengue

Dengue, due to its global burden, is the most important arthro-
without warning signs, dengue with warning signs, and severe

pod-borne disease nowadays. Dengue is caused by dengue
virus (DENV), a positive-strand RNA virus with four distinct se-
rotypes: DENV serotype 1 (DENV1) to DENV4. Estimates of the
DENV infection burden at global levels indicate approximately
400 million cases per year and 500,000 cases of severe infection,
with death occurring in about 2.5% cases of severe infection (1).
Dengue disease is endemic in over 100 countries, and Latin Amer-
ica, Southeast Asia, and the Western Pacific are the most seriously
affected regions. However, the threat of an outbreak of dengue
fever now exists in Europe (2). Brazil is one of the most affected
countries in Latin America, and in 2015, DENV epidemiology
reached epidemic proportions, since more than 1,500,000 cases
and a total of 839 deaths, which corresponded to an 80% increase
compared to the incidence in 2014, were reported (3). The major-
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ity of dengue cases are asymptomatic, but in those with symptoms
the clinical manifestations of DENV infection range from a self-
limiting febrile illness to severe life-threatening disease. According
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dengue (4). This classification is aimed at facilitating clinical man-
agement of the disease and the triage of patients. However, the
former classification into dengue fever (DF), dengue hemorrhagic
fever (DHF), and dengue shock syndrome (DSS) (5) is more use-
ful when it comes to comparison with previous studies regarding
the pathogenesis of the disease. Vascular alterations, such as
thrombocytopenia and fluid accumulation, as well as liver en-
largement are clinical signs of DHF, and systemic plasma leakage
is characteristic of DSS. Clinical and laboratory data are rather
complex for characterization of the severity of dengue disease, and
several other factors have been associated with it, such as age, host
immunity, and viral genetics (6). The underlying molecular
mechanisms of dengue pathogenesis, however, are not fully un-
derstood. There is no specific treatment for dengue disease, but
early diagnosis lowers the fatality rate to below 1% (2). However,
a tetravalent vaccine in a phase 3 efficacy trial is being tested in
children in 5 Latin American countries. Recent results indicate
that the vaccine is efficacious and that immunization with the
vaccine leads to fewer hospitalizations (7).

Genomics (8, 9) and proteomics (10-12) have been used by dif-
ferent research groups in an attempt to identify early markers of den-
gue disease and/or its severity. More recently, metabolomics, the
study of low-molecular-weight metabolites of physiological rele-
vance, has proved an important tool for studying the changes in host
metabolism during the course of viral infections (13—17). Since the
metabolic resources crucial for viral replication are provided by host
cells, the detection of changes in the metabolic profile associated with
the pathological condition could help with the identification of mark-
ers of prognostic and diagnostic importance as well as the develop-
ment of specific treatment strategies. In this sense, it has been dem-
onstrated that infection of endothelial cells with the four DENV
serotypes provoked significant alterations in the levels of extracellular
metabolites, including amino acids and tricarboxylic acid (TCA) cy-
cle intermediates (18). Different responses to the four serotypes were
observed, which could be related to the broad range of manifestations
and different DENV infection outcomes observed in the clinical set-
ting. In addition, it was recently shown that gender discriminates the
urine metabolic profile in subjects with DENV infection, and, like the
in vitro study, changes in the levels of TCA cycle intermediates and
amino acids contributed to the discrimination of groups according to
infection outcomes (19).

Metabolomic data from human studies are often characterized by
large variations among subjects, as opposed to the changes observed
in animal and cultured cell studies (20). Therefore, small changes
may be overlooked, and both the response and the impact may differ
among subjects (21). Considering the broad variation in responses to
DENV infection among individuals, which makes it difficult to iden-
tify markers of severity, one strategy is to evaluate longitudinal
changes in metabolite levels. Indeed, it has been reported that longi-
tudinal changes in the plasma metabolome and the levels of lipid
mediators resolved with time in individuals with primary infection
presenting as DF (22). The authors proposed that these changes are
compatible with a self-limiting febrile illness.

Despite these reports, a comprehensive exploratory analysis of
the metabolic changes occurring during human DENV infection
is required, especially when it comes to identifying markers of
dengue severity and intraindividual responses.

In the current study, we applied nuclear magnetic resonance
(NMR) exploratory metabolomics to study the overall longitudi-
nal changes in plasma metabolites in a well-characterized cohort
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in Recife, Brazil, from whom samples were collected during an
outbreak of DENV3 infection. In order to gain statistical power,
we used innovative statistical analysis of paired multivariate data
to discriminate individuals with primary and secondary infection
presenting as DF and DHF. In addition, results for DENV-in-
fected subjects were compared to those for subjects presenting
with a nonspecific fever, which highlights the specificity of the
results to DENV infection and dengue disease.

MATERIALS AND METHODS

Dengue cohort. The cohort of subjects with clinical dengue was estab-
lished in Recife, Brazil, from 2004 to 2006 and has been described in detail
elsewhere (23). In brief, patients =5 years old with suspected DENV in-
fection were invited to enroll in the study. Sequential blood samples were
collected within 30 days from the start of the symptoms. DENV infection
was confirmed by serology (IgM and IgG), reverse transcription-PCR
(RT-PCR), and/or virus isolation. Laboratory and clinical information
was used to classify dengue cases into those with DF and those with DHF,
according to previous WHO criteria (5). Classification of primary and
secondary infection was performed by serology and RT-PCR, taking into
account the IgM and IgG results for both acute- and convalescent-phase
serum samples.

All subjects or their guardians signed an informed written consent.
This cohort was approved by the ethics committee of the Brazilian Min-
istry of Health (CONEP: 4909, process no. 25000.119007/2002-03, CEP
68/02). The study was also reviewed by the Johns Hopkins University
Institutional Review Board and approved under protocol JHM-IRB-3:03-
08-27-01.

Patient sample selection. In the present study, 96 samples from 48
DENV-infected subjects were selected. For each subject, we analyzed 2
samples obtained at different times, corresponding to (i) the onset of
symptoms, usually fever, and (ii) the defervescence phase, i.e., days 3 to 5
after the onset of symptoms.

Thirty-four samples from 17 volunteers presenting with nonspecific
nondengue (ND) illness, i.e., subjects with a febrile illness of unknown
etiology and with negative results for DENV, were included in this study.
By working with samples from subjects with ND-related illness as a con-
trol group, we preserved the characteristics of the cohort study conducted
from 2004 to 2006, according to the classification criteria used during the
period of the study (23). Additionally, the use of samples from the ND
group was crucial for the metabolomic approach, since samples were col-
lected during the same period and handled in exactly the same way as
samples from subjects with DENV infection until NMR analysis. The
importance of standardized sample handling and processing for metabo-
lomic analysis is highlighted elsewhere (24).

Therefore, five groups of different subjects were compared in this
study: patients with DF during primary infection (DFp), patients with DF
during secondary infection (DFs), patients with DHF during primary in-
fection (DHFp), patients with DHF during secondary infection (DHFs),
and subjects with a ND-related illness.

Plasma samples for NMR metabolomics. Frozen plasma samples
were quickly thawed and diluted 2-fold with isotonic saline solution
(0.9%, wt/vol) in water and deuterium oxide (D,0; 20%, vol/vol). Sam-
ples were centrifuged at 10,000 X gand 4°C for 10 min. The supernatant
(550 wl) was used for analysis in 5-mm NMR tubes.

Sample processing and NMR analysis were conducted according to
standardized protocols (25). All samples were randomly assayed.

"H NMR spectroscopy of plasma samples. 'H NMR spectra were ac-
quired on a Bruker 400-MHz Avance DRX spectrometer (Bruker Biospin,
Germany), operating at 400.13 MHz with a probe temperature of 300 K.
One-dimensional spin echo spectra were acquired using the Carr-Purcell-
Meiboom-Gill (CPMG) sequence to selectively highlight the signals from
low-molecular-weight metabolites by attenuating the signals from mac-
romolecules through a T2 filter. Each plasma spectrum was acquired us-
ing 16 dummy scans and 1,024 scans, 32,000 time domain points, a spec-

August 2016 Volume 90 Number 16


http://jvi.asm.org

tral width of 20,000 ppm, a relaxation delay of 2 s, an acquisition time of
1.36 s, and a spin echo delay of 400 ps. Suppression of the water peak was
achieved by water irradiation during the relaxation delay.

Prior to Fourier transformation, free induction decays were multi-
plied by an exponential function corresponding to a line broadening of 0.3
Hz and zero filling.

Multivariate data analysis. The data used for multivariate statistical
analysis by supervised multilevel sparse partial least-square discriminant
analysis (sPLS-DA) were derived from the NMR spectrum data points.
NMR spectra were manually phased, baseline corrected, referenced to the
a-glucose anomeric doublet at 8 5.23 ppm, and aligned using icoshift
software. The signals for the water region (8 4.45 to 5.15 ppm), the peaks
for the ethanol (8 1.18 and 3.66 ppm) used for antiseptic swabbing that
contaminated samples during collection, and the N-acetyl signals of acet-
aminophen (3 2.2 to 2.3 ppm) from the common medication taken by
patients were excluded before postprocessing of the spectra.

The spectra were normalized by probabilistic quotient normalization
(26) to reduce the effects of sample dilution or concentration of the com-
pounds and were binned at 0.005 ppm (8 data points). A generalized log
transformation was applied prior to multivariate statistical analysis (27).
Data were built into a matrix where each row corresponded to an obser-
vation (subjects) and each column corresponded to a variable (fre-
quency). The data matrix was complete for all plasma samples analyzed in
this study and for all variables assessed; thus, there were no missing values.

NMR data were processed using NMRLab (28) in MATLAB (The
MathWorks, Inc., Natick, MA). All subgroups of samples from patients
with DFp, DFs, DHFp, and DHFs and ND subjects were analyzed using
sPLS-DA (21). By fitting this statistical model, we aimed at the identifica-
tion of the dimensions composed by the spectra that best discriminate the
morbidity classes. This approach takes into account the correlated struc-
ture of our observations within individuals, since samples obtained at 2
different times were analyzed for each subject, and describes separately the
effects of infection within and among subjects. Therefore, possible varia-
tions within each subject from the onset of symptoms to the defervescence
phase are taken into account by fitting this statistical model.

The model-fitting exercise relied on the function multilevel of the
mixOmics package (29, 30) in the R software environment (31). This
function requires as input the specification of the number of components
(Meomp) to be included in the model (1, = 3) and the number of
variables kept on each component [keepX = ¢(50, 50, 50), where keepX is
the input number of variables on each component and 50 is the number of
variables]. We chose these input parameters after a performance-tuning
exercise. We also identified the metabolites associated with the frequen-
cies that contributed the most (provided the highest loads) to the discrim-
ination of the groups. It is important to mention that even though 50
input variables were used, there were no restraints for the algorithm to
consider in the fitting of all available variables. We assessed model uncer-
tainty and validity by plotting the classification error rate as a function of
the number of components based on the leave-one-out validation strat-
egy. This validation method results in the use of 1 observation as the
validation set and the remaining observations as the training set (n — 1,
where 7 is the number of observations). Under this strategy, one observa-
tion at a time is left out of the model-fitting exercise and used for valida-
tion purposes. During the model fitting, the input was the training set,
comprising all remaining observations except the one left out. The process
was repeated for all observations in our sample. The average error across
all trials was computed and used to evaluate the model. Potential candi-
date metabolites were selected according to the loading factors, which
correspond to the relative weight of each original variable when calculat-
ing the components.

Additionally, according to the loading factors for sPLS-DA, the differ-
ences in the concentrations of the relevant metabolites were assessed at the
univariate level by using the nonparametric Kruskal-Wallis test (P <
0.05). Significance was evaluated by Dunn’s multiple-comparison test.

A word of caution is required when interpreting the P values associated
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TABLE 1 Demographic characteristics of ND subjects and DENV-
infected subjects”

Value for the following group:

ND subjects ~ DENV-infected
Characteristic (n=17) subjects (n = 48)
Mean (range) age (yr) 32.4 (5-63) 32 (6-84)
No. (%) of subjects by gender
Female 12 (70) 29 (66)
Male 5 (30) 19 (34)
No. (%) of subjects with DENV3 — 48 (100)
infection
No. (%) of subjects with the following
dengue disease classification:
DF — 25 (52)
DHF — 23 (48)
No. (%) of subjects with primary
infection presenting as:
DF — 14 (29)
DHF - 11 (23)
No. (%) of subjects with secondary
infection presenting as:
DF — 11 (23)
DHF — 12 (25)

“—, not applicable.

with the significance tests reported in our work. Since the null hypotheses
being tested were suggested by the same data used as input to calculate the test
statistics, our Pvalues do not express the nominal values indicated and should
be regarded as informal approximations of the actual values. As a positive
side, however, these exercises elicit potential null hypotheses worth testing
against fresh new samples obtained in future studies. Null hypotheses formu-
lated aprioristically in this way could then be formally tested and lead to P
values that express their proper nominal values.

RESULTS

Subjects’ demographic characteristics and metabolite profiles
from "H NMR spectra. Table 1 shows the demographics of the ND
subjects and subjects with DENV infection from whom the sam-
ples used in the present study were collected. It can be seen that the
age of the DENV-infected subjects ranged from 6 to 84 years.
Adults, i.e., individuals =18 years old, corresponded to the ma-
jority of the DENV-infected patients (73%). In addition, 66% of
the samples from DENV-infected patients analyzed were from
female subjects, whereas males accounted for 34% of the DENV-
infected patients. Female subjects represented the majority of
DHEF cases. These demographic characteristics of the subjects are
in agreement with DENV infection statistics reported in Brazil.

According to disease classification, 52 and 48% of the samples
from patients with DENV infection that were used for these anal-
yses were from individuals with DF and DHEF, respectively.
Among the samples from patients with DF, 29% were from pa-
tients with primary infections and 23% were from patients with
secondary infections. Among the samples from patients with
DHEF, 23 and 25% were from patients with primary and secondary
infections, respectively.

Typical NMR spectra of samples from DFs, DHFs, and ND
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FIG 1 Aliphatic region (8 "H 0.5 to 3.0 ppm) of representative NMR spectra of plasma acquired using the Carr-Purcell-Meiboom-Gill sequence from samples
from ND subjects (light blue), DFs patients (dark blue), and DHFs patients (black). All representative samples were obtained at the onset of symptoms. *, peaks
for ethanol used for antiseptic swabbing that contaminated samples during collection; N-acetyl acetaminophen, signals for acetaminophen derived from

common medication taken by the patients.

subjects are shown in Fig. 1. Visual differences in the acetate, glu-
tamine, and alanine peaks and the very-low-density lipoprotein
(VLDL)/low-density lipoprotein (LDL) and N-acetyl glycopro-
tein residual signals can be seen. Representative NMR spectra of
samples from all subjects at the onset of symptoms and at the
defervescence phase of the disease are shown in Fig. S2 to S6 in the
supplemental material.

To characterize the differences in the metabolic profiles among
all subgroups, multilevel sPLS-DA was used for overall group
comparisons (Fig. 2), for discriminating ND-related illness and
primary and secondary infections presenting as DF and DHF (Fig.
3A to D), for identifying differences among patients with primary
and secondary infection presenting as DF and DHF (Fig. 4A to F),
and for investigating longitudinal variations among the individu-
als in each subgroup separately (Fig. 5A to D).

Multilevel sPLS-DA for overall group comparisons. In order
to have an overall picture of the discrimination pattern according
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FIG 2 Multilevel sPLS-DA score plots for plasma samples from DENV-in-
fected and ND subjects. sSPLS-DA models were constructed using NMR
metabolomics data for ND subjects and DENV-infected subjects with DFp,
DFs, DHFp, and DHFs. t1, samples obtained at the onset of symptoms; t2,
samples obtained at the defervescence phase; X-variate 1, component 1; X-
variate 2, component 2. Error rates were below 10%.
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to the plasma metabolite profiles for all 5 subgroups and the sam-
ples obtained at 2 different times, we performed an overall group
multilevel sPLS-DA (Fig. 2). Score plots of overall group compar-
isons showed that all 5 subgroups could be discriminated ac-
cording to plasma metabolite contents. The DFs group (Fig. 2,
dark blue) was more strongly discriminated from all other
groups. The ND group (Fig. 2, light blue) was also discriminated
from all other groups. There was no clear separation between the
DFp and DHFs groups when all groups were evaluated simultane-
ously. Variables that contributed to the discrimination of the
groups were VLDL and LDL, and valine, lactate, glutamine, ci-
trate, glycerophosphocholine, tyrosine, and betaine.

In addition to discriminating among the subgroups according
to metabolic profile, Fig. 2 also shows that the variations in plasma
metabolite levels within individuals over time did not contribute
to the overall separation of the groups. The loadings for the overall
group sPLS-DA are presented in Data Set S1 in the supplemental
material.

According to these results, the application of multilevel
sPLS-DA was appropriate for investigation of the metabolic pro-
files by "H NMR analysis since model uncertainty and validity
were less than 10% for all three components according to the
classification error rate (see Fig. S1 in the supplemental material).

Multilevel sPLS-DA for comparison of DENV-infected sub-
jects and ND subjects. The overall discriminatory metabolic pat-
tern shown in Fig. 2 was the starting point for more detailed anal-
yses of the metabolic profiles of DENV-infected subjects. The
plasma metabolites of the ND subjects (Fig. 2, light blue) could be
discriminated from the plasma metabolites of DENV-infected
subjects. In order to better investigate the metabolites with the
strongest power to discriminate between the groups of subjects
with DENV infection and ND subjects, a multilevel sSPLS-DA was
performed by considering two groups per analysis, and the score
plots for all analyses are presented in Fig. 3. sPLS-DA statistics
took into account the variations (between the time of onset of
symptoms and the defervescence phase of the disease) within each
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FIG 3 Multilevel sPLS-DA score plots for plasma samples from subjects with dengue virus infection compared to samples from ND subjects. (A) DFp patients;
(B) DFs patients; (C) DHFp patients; (D) DHFs patients. t1, samples obtained at the onset of symptoms; t2, samples obtained at the defervescence phase;
X-variate 1, component 1; X-variate 2, component 2. For all paired analyses, error rates were below 10%.

group. Therefore, in these analyses, we were able to observe sepa-
rately the effects of infection within and among subjects.

It can be seen that the metabolic profiles of samples from DFp
(Fig. 3a), DFs (Fig. 3b), DHFp (Fig. 3¢), and DHFs (Fig. 3d) pa-
tients could be strongly discriminated from the metabolic profile
of ND subjects. Error rates for all comparisons were less than 10%
(see Fig. S1 in the supplemental material). Additionally, according
to the score plots, it can be observed that the metabolic profile of
each group at the onset of symptoms and in the defervescence
phase did not contribute to the discrimination of the ND and
DENYV groups.

Loading factors for the comparison of the samples from DFp and
ND subjects indicated that an increase in alanine and tyrosine content
and a decrease in acetate, glutamine, and lactate content in samples
from DFp patients contributed to the separation from the ND group.
Additionally, a decrease in the residual signals of mobile VLDL and
the N-acetyl glycoprotein also contributed to the separation of the
samples from DFp and ND subjects. Comparison of the samples
from DFs and ND patients showed that an increase in the valine,
alanine, histidine, tyrosine, lactate, and choline metabolite content
and a decrease in acetate, citrate, VLDL, and N-acetyl glycoprotein
content in samples from DFs patients contributed to the difference in
the metabolic profile from that for the ND group.

When samples from DHFp and ND subjects were compared, a
decrease in valine, glutamine, tyrosine, and betaine content and an
increase in lactate, alanine, acetate, and formate content as well as
a decrease in VLDL content and an increase in the choline metab-
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olite content in DHFp patients contributed to the separation of
the groups. On the basis of loading factor analyses, samples from
DHFs patients could be discriminated from samples from ND
subjects by a decrease in valine, leucine, and isoleucine (branched
chain amino acid [BCAA]) content, a decrease in alanine, glu-
tamine, tyrosine, histidine, lactate, and choline metabolite con-
tent, and an increase in acetate, pyruvate, and citrate content.
Loading factor results for all analyses are presented in Data Set S1
in the supplemental material.

These results clearly show that several potential compounds
may have contributed to the discrimination of dengue patient
samples from ND patient samples. The overall changes in the con-
centrations of metabolites with the most discriminatory power
according to the sPLS-DA pairwise comparison of the ND and
DENV groups are presented in Table 2.

Multilevel sPLS-DA for comparison of dengue virus-infected
subject groups. We next sought to compare the groups with DF
and DHF in order to better investigate the metabolites with the
strongest power to discriminate each DENV-infected group. Mul-
tilevel sPLS-DAs were performed by considering two groups per
analysis, and the score plots for all analyses are shown in Fig. 4.

It can be seen that the multilevel sSPLS-DA was able to discrim-
inate subjects with DFp and DFs (Fig. 4A), DFp and DHFp (Fig.
4B), DFp and DHFs (Fig. 4C), DFs and DHFp (Fig. 4D), DFs and
DHFs (Fig. 4E), and DHFp and DHFs (Fig. 4F). Error rates for all
analyses were less than 10% (see Fig. S1 in the supplemental ma-
terial). As pointed out for the comparison of ND subjects and the
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2. For all paired analyses, error rates were below 10%.

DENV-infected groups, the score plots presented in Fig. 4 showed
that the metabolic profile of each group at the onset of symptoms
and in the defervescence phase did not contribute to the discrim-
ination of individuals with DENV infection.

According to the loading factors, several potential metabolites
contributed to the ability to discriminate between DENV-infected
subjects by paired analysis (see Data Set S1 in the supplemental
material). DFs patients could be discriminated from DFp patients
due to an increase in the residual signal of VLDL/LDL and that of
N-acetyl glycoprotein and to an increase in plasma valine, acetate,
and lactate concentrations and a decrease in plasma creatine con-
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centrations. Multilevel sPLS-DA showed that DHFp patients
could be discriminated from DFp patients by a decrease in the
VLDL/LDL content and in choline metabolite content. Addition-
ally, an increase in alanine, acetate, pyruvate, and glutamine con-
centrations and a decrease in citrate, tyrosine, and formate con-
centrations contributed to the ability to discriminate DHFp from
DFp subjects. DHFs patients could be discriminated from DFp
patients due to decreases in VLDL/LDL and N-acetyl glycoprotein
concentrations and choline metabolite broad resonances. Varia-
tions in the levels of low-molecular-weight metabolites that
contributed to the pattern of discrimination of DHFs and DFp
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FIG 5 Multilevel sSPLS-DA score plots for plasma samples obtained at two times from ND subjects (A), DFp patients (B), DFs patients (C), DHFp patients (D),
and DHFs patients (E). t1, samples obtained at the onset of symptoms; t2, samples obtained at the defervescence phase; X-variate 1, component 1; X-variate 2,

component 2. For all paired analyses, error rates were below 10%.

subjects were an increase in acetate, pyruvate, and citrate concen-
trations and a decrease in glutamine content. DHFp subjects
could be discriminated from DFs subjects due to a decrease in
VLDL/LDL resonances, an increase in plasma valine, lactate, and
formate concentrations, and a decrease in plasma alanine, histi-
dine, pyruvate, and creatine concentrations. DHFs patients could
be discriminated from DFs patients as a function of a decrease in
alanine, lactate, and histidine concentrations and an increase in
acetate, pyruvate, citrate, creatine, and tyrosine concentrations.
DHFs patients could be discriminated from DHFp patients due to
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a decrease in alanine, tyrosine, and formate concentrations and to
an increase in acetate, pyruvate, glutamine, and betaine concen-
trations and a broad signal of choline metabolites.

According to these results, several potential compounds may
have contributed to the discrimination of the different groups of
DENV-infected subjects according to disease severity and primary
or secondary infection. The overall changes in the levels of metab-
olites with the most power to discriminate each DENV group
according to the sPLS-DA pairwise comparison are presented in
Table 2.
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TABLE 2 Metabolites with the most power to discriminate ND subjects and DENV-infected groups according to sPLS-DA pairwise

multivariate statistics®

DFp DFs DHFp DHFs
versus ND
Lipid
Metabolism
VLDL/LDL | \ \: >
acetate N J 0 1
citrate - 18 - 1t
choline - a5 i N
metabolites
Amino acid
and protein
metabolism
alanine T 08 T N
tyrosine 1T T 1 1
glutamine J: J: J N
BCAA - 0 \: Y
histidine - 4 - N
creatine - - = =
Glucose
metabolism
lactate d 1 1 )
pyruvate - - - 1
Several
formate 1 -
N-acetyl A 2 5 =
glycoproteins
betaine - - N -

DFs DHFp DHFs DHFp DHFs DHFs
versus DFp versus DFs versus DHFp
T ¥ - { - -
T t - t
- ) - -
-l - 0
T T - Pl \
- - -1 !
S - - ?
V- - r- -
- . - ¢ -
- - ! -
- - [ -
- t t ¢ 1 T
- - r- '
- ¢ - - -
Lo - - - 0

@ sPLS-DA pairwise models were built by taking into account the correlated structure of the samples (samples obtained at the onset of symptoms and the
defervescence phase). Model uncertainty and validity were assessed by plotting the classification error rate as a function of the number of components on the basis
of the leave-one-out validation strategy. For all models, error rates were below 10% (see Fig. S1 in the supplemental material). 1, an increase in the plasma
metabolite concentration in the first group compared to that in the second group; | , a decrease in the plasma metabolite concentration in the first group
compared to that in the second group; —, metabolites that did not contribute to the discrimination of groups; BCAA, branched-chain amino acids; ND, nondengue
patients; DFp, patients with primary infection presenting as dengue fever; DFs, patients with secondary infection presenting as dengue fever; DHFp, patients with
primary infection presenting as dengue hemorrhagic fever; DHFs, patients with secondary infection presenting as dengue hemorrhagic fever.

Multilevel sPLS-DA for comparing the time course of varia-
tions in plasma metabolite levels in all subject groups. Finally,
we applied sPLS-DA to observe fluctuations in plasma metabolite
content within subjects as a function of disease progression (Fig.
5). In these analyses, the correlated structure of our observations
within individuals, i.e., the plasma metabolite concentrations at
the onset of symptoms and in the defervescence phase of disease,
was taken into account. By fitting this statistical model, we aimed
to identify the dimensions composed by the spectra that best dis-
criminate, within subjects, the effects of infection.
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The multilevel analysis indeed showed differences in plasma me-
tabolite concentrations as infection progressed. The score plots of the
time course analysis are presented in Fig. 5A for ND subjects, in Fig.
5B for DFp subjects, in Fig. 5C for DFs subjects, in Fig. 5D for DHFp
subjects, and in Fig. 5E for DHFs subjects. It is important to mention
that these differences were seen in all groups, including the ND group.
Error rates for all analyses were less than 10% (see Fig. S1 in the
supplemental material), and loading factor results are presented in
Data Set S1 in the supplemental material.

In the case of ND subjects, loading factor results showed that
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TABLE 3 Metabolites with differences in levels between the onset of symptoms and the defervescence phase with the
most power to discriminate ND subjects and DENV-infected subjects according to sPLS-DA pairwise multivariate

statistics”

ND

Lipid Metabolism

VLDL/LDL -
acetate J

citrate -

choline metabolites -

Amino acidand protein
metabolism

alanine T
tyrosine -
glutamine -

BCAA 0
histidine 1
creatine -

Glucose metabolism

lactate -

pyruvate =

Several

formate -

N-acetyl glycoproteins

DFp DFs DHFp DHFs
defervescence phase versus onset of symptoms
T T - -
- 1 - -
- 0 ) -
0 0 - \
0 0 0 T
. \ - \
- 1 - -
i = = =
s 0 \ T
= 1 N s
- ) = =
t - { -

@ sPLS-DA pairwise models of uncertainty and validity were assessed by plotting the classification error rate as a function of the number of
components based on the leave-one-out validation strategy. For all models, error rates were below 10% (see Fig. S1 in the supplemental
material). 1, an increase in the plasma metabolite concentration in the defervescence phase of the disease compared to that at the onset of
symptoms for each group; | , a decrease in the plasma metabolite concentration in the defervescence phase of the disease compared to that at the
onset of symptoms for each group; —, metabolites that did not contribute to the discrimination of groups; BCAA, branched-chain amino acids;
ND, nondengue patients; DFp, patients with primary infection presenting as dengue fever; DFs, patients with secondary infection presenting as
dengue fever; DHFp, patients with primary infection presenting as dengue hemorrhagic fever; DHFs, patients with secondary infection presenting

as dengue hemorrhagic fever.

an increase in valine, alanine, and histidine content and a decrease
in acetate content from the first day of symptoms to the deferves-
cence phase discriminated the subjects. Metabolites with differ-
ences in content from the first day of symptoms to the deferves-
cence phase that contributed to the discrimination of DFp
subjects were an increase in plasma VLDL/LDL, N-acetyl glyco-
protein, choline metabolite, and tyrosine concentrations and a
decrease in the plasma creatine concentration.

Loading factor results showed that DFs subjects presented an
increase in the content of the BCAA isoleucine and valine as well as
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that of lactate, acetate, citrate, and tyrosine and a decrease in the
content of pyruvate, glutamine, and formate. Additionally, an in-
crease in VLDL/LDL and choline metabolite concentration be-
tween the first day of symptoms and the defervescence phase con-
tributed to the discrimination of DFs subjects. Metabolites with
different content between the first day of symptoms and the de-
fervescence phase that contributed to the discrimination of DHFp
subjects were a decrease in plasma lactate, pyruvate, citrate, and
N-acetyl glycoprotein concentrations and an increase in plasma
tyrosine concentrations. An increase in lactate and tyrosine con-
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FIG 6 Box plots of the variations in plasma metabolite concentrations observed in ND, DF, and DHF subjects. The variations in the CPMG spectra for all
compounds were measured. For all groups, numbers correspond to samples collected at the onset of symptoms (suffix 1) and at the defervescence phase (suffix

2). br, broad resonance; s, singlet; m, multiplet; dd, double doublet. *, P < 0.05

by comparison of the DENV-infected and ND groups (black brackets) and the

different DENV-infected groups (red brackets), as assessed by the Kruskal-Wallis test. Significance was evaluated by Dunn’s multiple-comparison test. AU,

absorbance units.

centrations and a decrease in glutamine and choline metabolite
concentrations between the first day of symptoms and the defer-
vescence phase were discriminatory in the case of DHFs subjects.

The overall changes in the content of metabolites with the most
discriminating power from the onset of symptoms to the defer-
vescence phase of the disease for each morbidity group according
to sPLS-DA are presented in Table 3.

Univariate statistics for comparison of metabolite levels in
ND and DENV-infected subjects. The potential differences in
plasma metabolite and lipid content in DENV-infected and ND
subjects observed in the multivariate analysis were further inves-
tigated at the univariate level (Fig. 6). Confirming the results pre-
sented in Table 2, VLDL/LDL content was significantly decreased
in all samples from DENV-infected subjects compared to those in
samples from ND subjects. Additionally, lipoprotein concentra-
tions in samples from DHF subjects presented a significant de-
crease compared to the content in samples from DFp subjects,

7438 jvi.asm.org Journal of

indicating that lipid metabolism is altered during DENV infection
and that it might be associated with disease pathogenesis.

The plasma glutamine concentration was also significantly de-
creased in samples from DHF subjects compared to that in sam-
ples from ND subjects. Interestingly, a decrease in the plasma
glutamine concentration also discriminated samples from DHFs
subjects from those of DFp subjects. As suggested for the plasma
lipoprotein concentration, the plasma glutamine concentration
might be associated with disease severity.

Additionally, univariate analysis showed an increase in acetate,
citrate, and formate concentrations and a decrease in the histidine
concentration in DHF subjects compared to their concentrations
in ND subjects. An increase in the formate content in samples
from DHFp subjects compared to that in samples from DFp sub-
jects was also observed. DFp subjects presented a significant de-
crease in N-acetyl glycoprotein levels compared to those in ND
subjects. The increase in the tyrosine concentration in samples
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from DHFs subjects compared to that in samples from DFp sub-
jects was also significant.

A decrease in the glutamine concentration and an increase in
choline metabolite and tyrosine concentrations discriminated
DHFs from DFp subjects. Additionally, as was observed in the
DHFp group, a decrease in the LDL/VLDL concentration discrim-
inated DHFs subjects from DFp subjects.

Univariate statistics for comparing time course variations in
metabolite levels in ND and DENV-infected subjects. The po-
tential differences in plasma metabolite and lipid concentrations
within individuals observed by the multivariate analysis were fur-
ther investigated at the univariate level (Fig. 7). In the ND group,
there was a significant increase in the valine and histidine concen-
trations in the defervescence phase of the disease compared to
those at the onset of symptoms. In DFp subjects, an increase in
N-acetyl glycoprotein, choline metabolite, and tyrosine concen-
trations was observed as a function of time. In DFs subjects, there
was also an increase in the valine concentration between the onset
of symptoms and the defervescence phase. In both DF groups, an
increase in VLDL/LDL content was observed from the first day of
symptoms to the defervescence phase. In the ND group, altera-
tions in lipoprotein concentrations were not observed as a func-
tion of time (data not shown).

Even though sPLS-DA showed patterns that could be used to
discriminate the DHFp and DHFs groups as a function of disease
progression (Fig. 5D and E), at the univariate level there were no
significant differences in metabolite concentrations between the
defervescence phase and the time of onset of symptoms (data not
shown).

DISCUSSION

The search for biological markers of prognostic and diagnostic value
is a central theme in research in frontier areas, such as medical virol-
ogy and cancer. In the current study, we were able to demonstrate that
DENV infection promotes specific alterations in plasma metabolite
concentrations, and we worked with the hypothesis that those
changes are related to liver dysfunction. One important strength of
the current study is the fact that control subjects represented a group
of nonhealthy individuals presenting with a nonspecific infection.
Therefore, all results can be discussed in the context of characteristics
discriminating DENV-infected subjects.

The VLDL/LDL concentration strongly contributed to the
plasma metabolic signatures of the subject groups, and our results
indicated that the lipid profile is indeed altered in DENV-infected
subjects (Fig. 6 and Table 2). We did not specifically assess the
differences in high-molecular-weight plasma components, as
CPMG analysis provides broad residual signals of high-molecu-
lar-weight lipoproteins. On the other hand, VLDL and LDL broad
signals truly reflect mobile lipoprotein signals, as it was already
confirmed by using diffusion-edited spectra (32, 33). One inter-
esting observation was that while a decrease in plasma lipoprotein
concentrations discriminated DHF (both primary and secondary
infections) from ND-related illness, it also discriminated primary
and secondary infections with DF from ND-related illness. In ad-
dition, DHF subjects presented an even greater decrease in lipo-
protein concentrations than subjects with DF primary infection
(Fig. 6). Consistent with the findings of the current study, several
years ago it was observed that children with severe DHF had a
more pronounced decrease in plasma lipoprotein content than
the controls and less severe cases of dengue disease (34). More-
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over, recent work has shown that a reduction in plasma choles-
terol content, especially the content of LDL particles, correlated
with dengue pathophysiology and an increased risk of developing
DHE (35). Therefore, dengue disease severity is indeed associated
with a decrease in the plasma lipoprotein concentration, and the
alterations in lipid metabolism observed in self-limiting infec-
tions, which is the case in DF subjects, are feeble.

As already shown by our group and other groups, the decrease
in plasma LDL/VLDL concentration as a function of dengue se-
verity might be a result of (i) an increase in LDL uptake and in
hydroxymethylglutaryl coenzyme A (CoA) activity in liver cells
(36), (i) an increase in the level of lipid droplet synthesis (37),
and/or (iii) an increase in B-oxidation as a function of autophagy
induction (38). Taken together, these events indicate that DENV
entry and replication depend upon the interaction of DENV with
cellular lipid components, which alters cellular lipid metabolism.
Since the liver is a central organ involved in lipid metabolism, it is
plausible to suggest that the alterations in lipoprotein concentra-
tions in DENV-infected subjects indicate liver dysfunction.

Another interesting aspect to be discussed is the time course of
the variation in plasma VLDL/LDL content. It has been shown
that a longitudinal increase in the levels of different lipid media-
tors is associated with an anti-inflammatory response in primary,
self-limiting infection in patients with DF (22). Therefore, an
eventual rise in lipoprotein levels in DENV-infected patients
might indicate recovery from disease and improved liver function.
Indeed, this was observed in the current study for patients with
DF, primary and secondary infection, since the VLDL/LDL con-
centration presented a longitudinal rise from the first day of symp-
toms to the defervescence phase (Fig. 7; Table 3). On the other
hand, in DHF subjects who presented with the more severe forms
of infection, an increase in lipoprotein levels over time was not
observed, confirming that plasma VLDL and LDL concentrations
are potential markers of prognostic importance (data not shown).

In addition to changes in lipoprotein levels, residual signals of
N-acetyl glycoproteins were found to be decreased in DFp subjects
compared to ND subjects. N-Acetyl glycoproteins might include sig-
nals from acute-phase proteins, such as o -acid glycoprotein, a,-an-
titrypsin, and haptoglobin (39). The physiological/metabolic signifi-
cance of this decrease might involve the active participation of the
liver in infection. N-Acetyl glycoprotein signals also presented a lon-
gitudinal increase from the onset of symptoms to the defervescence
phase in DFp subjects, whereas a longitudinal decrease was found in
DHFp subjects (Fig. 7 and Table 3). This result might suggest an effect
of DENV replication and the host response in self-limiting infection
distinct from those in severe disease.

Regarding low-molecular-weight compounds, glutamine was
the metabolite that contributed to discriminating ND and DENV-
infected subjects at the multivariate and univariate levels. It was
observed that a decrease in plasma glutamine concentration was a
characteristic of DHFp and DHFs subjects compared to ND sub-
jects (Table 2 and Fig. 6). Additionally, DHFs subjects also pre-
sented a decrease in plasma glutamine concentration compared to
DFp subjects, suggesting that the glutamine concentration might
be a marker of disease progression and severity (Table 2 and Fig. 6).
The fact that these differences among DENV-infected subjects
were seen in DFp versus DHFs subjects might indicate a better
prognosis for patients with DFp than patients with DFs. Indeed,
the metabolic profile of DFs subjects was very different from that
of the subjects in the other groups during overall multivariate
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FIG 7 Longitudinal variations of plasma metabolite concentrations observed in ND and DF subjects at the onset of symptoms and at the defervescence phase.
The variations in the CPMG spectra for all compounds were measured. Numbers correspond to the onset of symptoms (indicated by the suffix 1) and the
defervescence phase (indicated by the suffix 2). br, broad resonance; s, singlet; m, multiplet. *, P < 0.05, as assessed by the Kruskal-Wallis test. Significance was
evaluated by Dunn’s multiple-comparison test.

analyses (Fig. 2, dark blue). In agreement with that finding, alon-  variations in plasma glutamine concentration were not seen in all
gitudinal decrease in the plasma glutamine concentration from  groups, we reckon that changes in plasma glutamine concentra-
the onset of symptoms to the defervescence phase of the disease  tions within the same subject have smaller effects on disease
was seen in DFs and DHFs subjects (Table 3). Since longitudinal —recovery. On the other hand, on the basis of reports in the
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literature linking secondary DENV infection to disease sever-
ity, these results might indicate that the plasma glutamine con-
centration is indeed a candidate biomarker for both DENV
infection and disease (40).

A decrease in the plasma glutamine concentration as a function
of DENV infection is in line with several observations showing
that in hypermetabolic situations, the demand for glutamine ex-
ceeds the body’s ability to provide this amino acid (41). Therefore,
in the exacerbated immune response scenario during DENV in-
fection, a decrease in the plasma glutamine concentration might
be explained by an increase in its utilization by the liver to synthe-
size proteins during the acute phase of infection. This would also
be the case for immune cells, since it has already been shown that
glutamine is a crucial substrate for the provision of energy and,
most importantly, biosynthetic precursors (purine and pyrimi-
dines) for lymphocyte proliferation and for the phagocytic activity
of neutrophils and macrophages (42). Additionally, both energy
and carbon sources are important for cytokine and chemokine
synthesis and secretion, which favor increased glutamine utiliza-
tion as dengue disease progresses. An increase in glutamine utili-
zation for leukocyte proliferation would power both viral replica-
tion and cytokine and chemokine production by these cells.

Since it has already been suggested that the level of cortisol, a
proteolytic hormone, is increased in DENV infection (22), glu-
tamine release after proteolysis in the peripheral tissues might be
potential sources to supply liver and immune cells. Adding to the
importance of glutamine as a source of carbon and energy for host
cells, DENV replication can possibly rely upon glutamine, which
might explain the decrease in its concentration in plasma. It has
been shown that this is the case for vaccinia virus (43), human
cytomegalovirus (44), and human herpes simplex virus 1 (45)
replication in cell culture models. On the other hand, it was re-
cently shown that glucose and not glutamine is essential for DENV
replication in vitro in human foreskin fibroblasts (46). However,
DENV targets different types of cells, such as hepatic, endothelial,
and several immune cells, which possess distinct metabolisms and
requirements for ATP and, therefore, carbon sources. Thus, it is
possible that glutamine is important for DENV replication in vivo.

Acetate was another metabolite with the strong potential to
discriminate among groups (Fig. 6 and Table 2). Plasma acetate
concentrations were increased in samples from both DHFp and
DHFs subjects compared to samples from ND subjects. An in-
crease in the plasma acetate concentration, along with a decrease
in glutamine and lipoprotein concentrations, in samples from
DHEF patients can also be discussed in the context of liver dysfunc-
tion. The major source of plasma acetate is the intestinal flora, and
it has been described that the acetate concentration in portal ve-
nous blood is considerably greater than its concentration in the
systemic circulation. In this context, it has been shown that an
increase in the plasma acetate concentration is found in several
liver disease conditions due to a decrease in the activity of acetyl-
CoA synthetase, the enzyme that converts acetate to acetyl-CoA
(47). Tt remains to be determined if this is the case for DENV
patients. In agreement with this, it has been demonstrated that the
replication of picornavirus depends upon long-chain acyl-CoA
synthetase activity (48). At first, a decrease in acetyl-CoA synthesis
may be seem to be a mechanism to tamper viral spread, since the
deviation of lipid metabolism is a necessary mechanism for DENV
replication and infection. On the other hand, other sites of repli-
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cation (e.g., immune cells) might be actively producing viral par-
ticles, irrespective of liver dysfunction.

Changes in other metabolites possibly related to DENV-medi-
ated changes in lipid metabolism were increases in the concentra-
tions of citrate and choline metabolites in DHFs subjects com-
pared to those in ND subjects (Fig. 6 and Table 2). These changes
add to the discussion that, as the infection worsens, an increase in
lipid synthesis is important to drive viral replication and that in
self-limiting DF changes in lipid metabolism-related compounds
are tampered (22).

Valine was another amino acid which presented a longitudinal
increase in ND and DFs subjects (Fig. 7). An overall increase in
plasma BCAA concentrations might suggest improved liver func-
tion, as reported for patients with cirrhosis (49). The fact that this
increase was not observed in DHF patients (data not shown) is in
line with our discussion where metabolic changes are associated
with liver function, especially in the more severe cases of disease
caused by DENV infection.

Tyrosine content was significantly increased in DHFs subjects
compared to that in DFp subjects. Alterations in the metabolism
of phenylalanine, a precursor of tyrosine, have been reported in
infectious diseases, including disease caused by DENV infection
(22), which could cause an increase in the plasma tyrosine con-
centration as infection worsens. Corroborating this result, the
sPLS-DA statistics showed a significant increase in plasma ty-
rosine concentrations in DHFp and DHFs patients from the onset
of symptoms to the defervescence phase of the disease (Table 3).
Although our analysis did not indicate that phenylalanine is a
potential metabolite marker, an increase in the plasma phenylal-
anine concentrations (22) and in intracellular tyrosine concentra-
tions (18) have been reported in DENV infection.

In the context of the inflammatory character of dengue disease,
the decrease in plasma histidine concentrations in DHFp and
DHFs subjects compared to those in ND subjects suggests an in-
crease in its conversion to histamine (Fig. 6). An interesting ob-
servation was the fact that ND subjects presented a longitudinal
increase in the histidine concentration, indicating that the de-
crease in the plasma histidine concentration is specific not only to
inflammatory DENV infection but also to disease severity (Fig. 7).

The results presented in this work add to the ongoing discus-
sion that viruses are metabolic engineers. In this regard, we have
already demonstrated that the replication of DENV in human
hepatic cells institutes the virus’s own metabolic program, which
is related to mitochondrial dysfunction (50) and alterations in the
secretion pattern of specific molecules (12).

One of the strengths of this work, as already mentioned, is the
fact that the results are specific to DENV infection and dengue
disease, since control subjects represented a group of nonhealthy
individuals presenting with a nonspecific infection. We believe
that it is possible to distinguish nonhealthy individuals who seek
health care and DENV-infected subjects by the use of markers of
DENV disease. Our results therefore could be of great value for
both the screening of patients and the diagnosis of disease. Addi-
tionally, we were able to stratify samples not only according to
disease severity but also according to primary and secondary in-
fections, suggesting that these results could be used for prognostic
purposes. Multivariate statistics robustly demonstrated that the
plasma metabolome of DENV-infected subjects could be discrim-
inated from the plasma metabolome of ND subjects. Likewise, DF
and DHF in patients with primary and secondary infections cause
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particular metabolic changes in plasma. Since the multivariate
statistical analysis considers repetitive measures, all the observed
changes took into account individual responses, which shows the
consistency of the results. Additionally, we also observed that lon-
gitudinal variations in plasma metabolite concentrations were in-
volved in the discrimination of all groups, irrespective of the in-
fection type. Our results are in agreement with those recently
presented in the literature that point to the fact that metabolomics
is a powerful tool to identify biomarkers of DENV infection and
dengue disease outcomes (51). The results of an exploratory
metabolomics analysis, as already pointed out (22), reflect the
combined result of DENV replication in different cells and tissues
and the responses to the intricate mechanisms underlying DENV-
host interactions. Even though the multilevel multivariate analysis
revealed that plasma metabolome changes are, indeed, affected by
the severity of disease caused by DENV infection, other factors
would be involved in the distinct metabolic patterns observed.
The reason for that is the fact that differences in metabolite con-
centrations were not always confirmed by univariate analysis.
Nevertheless, taken together, these results suggest that monitoring
of the plasma metabolome during the course of DENV infection
could help discriminate individuals at risk of development of se-
vere disease and predict the outcome of disease. Moreover, the
specific changes observed in the current study related to a decrease
in LDL/VLDL and glutamine concentrations are highly suggestive
of liver dysfunction, setting this organ as a central target for mon-
itoring for prognostic purposes.
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