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Co-infection with hookworm and schistosomes is a common phenomenon in sub-Saharan Africa, as well
as in parts of South America and southeast Asia. As a first step towards understanding the metabolic
response of a hookworm-schistosome co-infection in humans, we investigated the metabolic conse-
quences of co-infection in an animal model, using a nuclear magnetic resonance (NMR)-based metabolic
profiling technique, combined with multivariate statistical analysis. Urine and serum samples were
obtained from hamsters experimentally infected with 250 Necator americanus infective L; and 100 Schis-

gzyxg:i;on tosoma japonicum cercariae simultaneously. In the co-infection model, similar worm burdens were
Hamster observed as reported for single infection models, whereas metabolic profiles of co-infection represented
Metabonomics a combination of the altered metabolite profiles induced by single infections with these two parasites.

Consistent differences in metabolic profiles between the co-infected and non-infected control hamsters
were observed from 4 weeks p.i. onwards. The predominant metabolic alterations in co-infected ham-
sters consisted of depletion of amino acids, tricarboxylic acid cycle intermediates (e.g. citrate and succi-
nate) and glucose. Moreover, alterations of a series of gut microbial-related metabolites, such as
decreased levels of hippurate, 3-hydroxyphenylpropionic acid, 4-hydroxyphenylpropionic acid and tri-
methylamine-N-oxide, and increased concentrations of 4-cresol glucuronide and phenylacetylglycine
were associated with co-infection. Our results provide a first step towards understanding the metabolic
response of an animal host to multiple parasitic infections.

© 2009 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction 2002; Raso et al., 2004; Fleming et al., 2006), probably explained by

shared transmission routes (Petney and Andrews, 1998). The

Polyparasitism is the co-occurrence of two or more parasite
species in the same organism. This phenomenon is common in
regions where different parasites co-exist at high frequencies (Pet-
ney and Andrews, 1998). For example, a considerable proportion of
people have been found to be concurrently infected with multiple
parasite species in rural parts of China (Yu et al., 1994; Steinmann
et al., 2008) and across Africa (Raso et al., 2004; McKenzie, 2005).
Hookworm and schistosomiasis are among the most frequent
co-existing parasitic diseases, mainly in sub-Saharan Africa, as well
as in parts of South America and southeast Asia. A significant posi-
tive association between Schistosoma mansoni and hookworm was
noted in villages in western Cote d’Ivoire and Uganda (Keiser et al.,
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co-infection rate of these two parasites has been reported to reach
approximately 20% in schoolchildren in western Céte d’Ivoire (Raso
et al., 2006) and 41% in a region of southeast Brazil (Pullan et al.,
2008).

A concurrent infection with hookworms and schistosomes has
been shown to result in a higher rate of anaemia compared with
single infections (Brito et al., 2006). The different types of co-exist-
ing parasites can result in synergistic or antagonistic interactions
in terms of worm burden within a mammalian host. Positive or
negative associations among the pathogenic effects subsequently
result in either exacerbated or suppressed clinical manifestations
(Keusch and Migasena, 1982; Behnke et al., 2001). For example, a
host infected with S. mansoni had the ability to expel a subsequent
Trichuris muris infection (Curry et al., 1995), and to inhibit the via-
bility of Strongyloides venezuelensis worms (Yoshida et al., 1999).
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Mice co-infected with Litomosoides sigmodontis and Leishmania
major showed delayed development of leishmanial Iesions,
suggesting that there can be beneficial effects with co-infection
(Lamb et al., 2005). Studies have shown that the immunological
interactions between the parasites and co-infected hosts mainly
accounted for the synergistic or antagonistic reaction observed
(Naus et al., 2003; Fenton et al., 2008). For example, mice previ-
ously exposed to radiation-attenuated S. mansoni cercariae showed
an increased antibody response against somatic antigens from the
hookworm Necator americanus, and proved cross-reactive against
poly-parasitic antigens (Timothy et al., 1992). On the contrary,
patients infected with S. mansoni expressed lower humoral and cel-
lular responses to hookworm than patients from areas non-ende-
mic for S. mansoni (Correa-Oliveira et al., 2002). Given that the
majority of investigations on co-infections are based on immuno-
logical studies, the metabolic consequences of co-infection remain
to be elucidated. Understanding these metabolic consequences is
important for clarifying the underlying molecular mechanisms of
co-infection and could subsequently influence current strategies
for deworming programmes. Although parasitic infections with
multiple species are common in many parts of the world, it is
not known how the treatment for one parasite influences the
severity of the infection with other parasites.

The combination of 'H nuclear magnetic resonance (NMR) spec-
troscopy of biofluids (e.g. plasma, serum and urine) or tissues with
multivariate statistical analysis has demonstrated potential for
identifying candidate biomarkers and deepening our understand-
ing of mechanisms in clinical human diseases (Brindle et al.,
2002; Sreekumar et al., 2009) and parasitic infections in rodent
models (Li et al., 2008; Saric et al., 2008; Wang et al., 2008). To
date, systematic '"H NMR metabolic fingerprints have been applied
to investigate the metabolic consequences of single infections with
four parasitic worms, S. mansoni (Wang et al., 2004; Li et al., 2009),
Schistosoma japonicum (Wang et al., 2006), Echinostoma caproni
(Saric et al., 2008, 2009) and N. americanus (Wang et al., 2009),
and two protozoa, Plasmodium berghei (Li et al., 2008) and Trypan-
osoma brucei brucei (Wang et al., 2008), in rodent models. In addi-
tion, a capillary electrophoresis technique has been employed to
explore the metabolic response of a mouse to S. mansoni infection,
providing complementary metabolic information to NMR spectro-
scopic profiling (Garcia-Perez et al., 2008).

As a first step towards understanding the mechanisms of poly-
parasitism in humans, we investigated the dynamic metabolic
effect of a N. americanus-S. japonicum co-infection in a hamster
model with a view to elucidate metabolic interactions between
these two parasites in the same host. In addition, we compared
the similarities and differences between the metabolic conse-
quences of a single infection and co-infection.

2. Materials and methods
2.1. Parasites, host and infection

The animal experiment was carried out at the National Institute
of Parasitic Diseases, Chinese Center for Disease Control and Pre-
vention (Shanghai, China), adhering to guidelines of the Chinese
Academy of Sciences. Twenty male golden hamsters (Mesocricetus
auratus), aged 6-7 weeks, were purchased from the Shanghai Ani-
mal Center, Chinese Academy of Sciences, and were housed in
groups of five in plastic cages with free access to water and a
rodent diet. After 1 week of acclimatisation, half of the hamsters
(n=10) were each co-infected with 250 infective Ly of N. americ-
anus and 100 S. japonicum cercariae via shaved abdominal skin
and via s.c. injection, respectively (Xue et al., 2003). The remaining
10 hamsters were subjected to the same procedures without infec-

tion. The N. americanus eggs, obtained from hamsters fully adapted
to this parasite through more than 100 generations (Xue et al.,
2003), were cultivated to generate L3, and S. japonicum cercariae
were obtained from infected Oncomelania hupensis (Anhui isolate)
after exposure to artificial light.

2.2. Sample collection and assessment of infection level

Blood serum and urine samples were collected at seven time
points, i.e. 1 day before infection, day 1 p.i. and then at weekly
intervals until week 5 p.i. Sample collection was carried out be-
tween 08:00 and 11:00 h in order to minimise potential metabolic
variation due to the hamsters’ diurnal cycle. Urine samples were
collected by placing the hamsters individually in metabolic cages
until approximately 0.4 ml of urine was produced. If less than
0.4 ml of urine was produced, the hamsters were administered
2 ml of tap water orally once every 30 min, two or three times, un-
til a sufficiently large volume of urine was obtained. Urine samples
were transferred into Eppendorf tubes and stored in a freezer at
—80 °C. Blood samples (50-60 pl) were drawn from the retro-orbi-
tal plexus of each hamster via a capillary tube and transferred into
0.5 ml Eppendorf tubes. After centrifugation at 3,000g for 10 min,
the serum (25-30 pl) was transferred into 0.5 ml Eppendorf tubes
and kept at —80 °C for subsequent '"H NMR analyses. Both infected
and non-infected hamsters were sacrificed on day 37 p.i. Adult
schistosomes were recovered from the portal vein and the mesen-
teric veins by perfusion via the heart with saline solution contain-
ing heparin. The worms were then sexed and counted to assess the
infection level. Adult N. americanus were recovered from the small
intestinal mucosa and the lumen of the hamsters. Two hamsters
from the infected group died at weeks 2 and week 4 p.i., respec-
tively, and hence were excluded from the analyses.

2.3. Preparation of samples and acquisition of 'TH NMR spectral data

The serum samples were prepared by mixing 30 pl of serum
and 30 pl of PBS solution made up with 95% D,0. The final concen-
tration of PBS was 30 mM after adjusting for minor pH variations.
After vortexing and centrifugation at 10,000g, at a temperature of
4 °C, the mixed liquid was transferred into 1.7-mm diameter micro
NMR tubes (CortecNet, Paris, France) using a microsyringe (Hamil-
ton, USA). The urine samples were prepared by adding D,0 to make
a final volume of 500 pl. The liquid was mixed with 50 pl Na*/K*
buffer (K;HPO4/NaH,PO4, 1.5 M, pH 7.4), containing 0.01% sodium
3-trimethylsilyl (2,2,3,3-2H4) propionate (TSP) for chemical shift
reference purposes (Xiao et al., 2009). After vortexing and centrifu-
gation at 10,000g, at 4 °C, 500 pu of the supernatant was transferred
into 5-mm outer diameter NMR tubes (Norell, ST500-7, USA).

The 'H NMR spectra of sera were recorded with a broad band
inverse detection probe on a Bruker AVII 500 NMR spectrometer,
operating at 500.13 MHz for proton frequency (Bruker, Biospin,
Germany). The "H NMR spectra of urine were acquired with a cryo-
genic probe on a Bruker AVIII 600.13 MHz NMR spectrometer.
A standard one-dimensional (1D) NMR experiment with water
pre-saturation was performed for both urine and sera samples
with pulse sequence (recycle delay (RD)-90°-t;-90°-t,,,-90°-acquisi-
tion), and an additional spin-relaxation edited NMR experiment
was performed for sera with Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence (RD-90°-(7-180°-7),-acquisition). The samples
were maintained at an ambient temperature (25 °C) and the 90°
pulse length was adjusted to ~10 ps. For the standard 1D NMR
experiment, a RD of 2's, a mixing time (t,;) of 100 ms and t; of
4 ps were used. The water peak was suppressed during the RD
and t,,,. For the CPMG experiment, a fixed total spin-spin relaxation
delay of 70 ms (2nt) was applied to attenuate peaks arising from
macromolecules in serum samples. A total of 256 and 32 scans
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for serum and urine spectra, respectively, were recorded into 32k
data points with a spectral width of 20 ppm. For serum resonance
assignment purposes 2D NMR experiments, 'H-'H correlation
spectroscopy (COSY) and total correlation spectroscopy (TOCSY)
were performed with a total of 256 increments and 80 scans accu-
mulated into 2k data points with a spectral width of 10 ppm for
each dimension. For urine, 160 scans per increment and 64 incre-
ments were collected into 2k data points with a spectral width of
10.5 ppm by using MLEV-17 as a spin-lock scheme, with the mix-
ing time of 80 ms. Moreover, heteronuclear multiple bond correla-
tion spectroscopy (HMBC) and J-resolved spectroscopy were
acquired on randomly selected urine samples. In HMBC, the spec-
tral width was 10.5 ppm in the 'H dimension and 220 ppm in the
13C dimension, and 100 transients were collected into 2k data
points for each of 320 increments. The data were zero-filled to 2k
in both dimensions.

2.4. Data processing of NMR spectral data and multivariate pattern
recognition

An exponential line broadening function of 0.5 Hz was applied
to free induction decays (FIDs) prior to Fourier transformation.
All "H NMR spectra were manually corrected for phase and base-
line distortion (Bruker Biospin, Germany). Serum spectra were cal-
ibrated to an anomeric proton signal from o-glucose, at & 5.23.
Urine spectra were calibrated to TSP resonance at ¢ 0.0. The pro-
cessed NMR spectra were data-reduced using the AMIX package
(Bruker Biospin, Germany). The spectral regions ¢ 0.5-8.0 of serum
were segmented into spectral regions of 0.004 ppm whereas the §
0.5-9.5 regions of urine spectra were segmented into discrete
regions of 0.002 ppm. Spectral regions ¢ 4.5-5.1 and § 4.55-6.32
for serum and urine, respectively, were removed in order to elim-
inate variations caused by imperfect water suppression and/or pro-
ton exchange processes between the water and urea resonances.
Additional resonances at 6 3.65 and J 1.18 from sera spectra were
removed due to contamination of the samples with ethanol intro-
duced by swabbing during sample collection.

Normalisation of each spectrum to the total spectral intensity
was carried out on the data prior to importing data into SIMCA-
P* software (Umetrics AB, Umea, Sweden) for pattern recognition
analysis. In the first instance, principal component analysis (PCA)
was performed using mean-centred NMR data to detect the general
trends and outliers. Subsequently, a supervised multivariate data
analysis tool, orthogonal projection to latent structure discrimi-
nant analysis (O-PLS-DA), was applied to the analysis of 'TH NMR
spectral data, scaled to unit variance (Trygg and Wold, 2002;
Vandenberg et al., 2006). The interpretation of the model was facil-
itated by back-scaled transformation of the loadings (Cloarec et al.,
2005), with incorporated colour-coded correlation co-efficients of
the metabolites responsible for the differentiation. The colour plot
was obtained using version 7.1 of MATLAB (The Mathworks Inc.,
Natwick, USA) environment using an in-house developed script.
In effect, each back-scale transformed loading is plotted as a func-
tion of the respective chemical shift with a colour code indicating
the weights of the discriminatory variables. A hot colour (i.e. red)
corresponds to the metabolite being highly significant (positive/
negative) in discriminating between classes, while a cool colour
(i.e. blue) corresponds to no significance. To check the model valid-
ity and avoid over-fitting of the PLS model, a sevenfold cross-vali-
dation method was used (repeatedly leaving out one-seventh of
the samples and predicting them back into the model) and the
cross-validation parameter Q* was calculated (Trygg et al., 2007).
An additional cross-validation tool, a permutation test, was per-
formed for each model by randomizing the order of Y variables
for a specified number of times (permutation number = 200). The
R? in the permutated plot described how well the data fit the

derived model, whereas Q* describes the predictive ability of the
derived model and provides a measure of the model quality. If
higher Qs were obtained from permutation models than from
the true model, then the model was deemed to lack predictive
ability (Slupsky et al., 2007; Westerhuis et al., 2008).

2.5. Statistical analyses

The infection rate was analysed using SPSS 13.0 software and
expressed as mean +SD with the significance probability of 95%
(P <0.05). Statistical analysis of bivariate association between N.
americanus and S. japonicum worm burden was carried out using
Spearman’s rank correlation co-efficient.

3. Results
3.1. Worm burden

Between 16 and 92 S. japonicum worms (mean =53, SD = 26.5)
and between eight and 36 hookworms (mean = 23, SD = 10.8) were
obtained from the co-infected hamsters upon dissection. The indi-
vidual worm burden of each hamster is listed in Table 1. The anal-
ysis revealed no statistically significant correlation between the
worm burdens for the two parasite species (P = 0.456). Moreover,
compared with the average infection rates for a single infection
(S. japonicum or N. americanus) of hamsters at 5 weeks p.i. (by
one sample t-test analysis), there were no statistically significant
differences between the animals with a single infection and those
with co-infection (Xue et al., 2003; Wang et al., 2006).

3.2. 'TH NMR spectra of urine and serum

Examples of typical 'H NMR spectra of urine and '"H CPMG NMR
spectra of sera obtained from a hamster at three different time
points, pre-infection and weeks 2 and 4 p.i., are shown in Figs. 1
and 2. Endogenous metabolites were assigned based on previously
published work (Nicholson et al., 1995; Fan, 1996; Bollard et al.,
2005), and confirmed with 2D TOCSY, COSY and HMBC spectra
(data not shown). The metabolites identified in the 'H NMR spectra
of urine included a range of aliphatic organic acids (such as citrate,
succinate, p-3-hydroxybutyrate (p-3-HB), butyrate, formate and
acetate), aromatic metabolites (such as 4-ethylphenol, hippurate,
4-cresol glucuronide, phenylacetylglycine (PAG), 4-hydroxyphen-
ylpropionic acid (4-HPPA) and 3-hydroxyphenylpropionic acid
(3-HPPA)), and a range of amines (such as dimethylamine (DMA),
dimethylglycine (DMG) and trimethylamine-N-oxide (TMAO)).

Metabolites found in sera of hamsters were mostly amino acids,
carbohydrate metabolism-related metabolites including pyruvate,
citrate, lipid-related metabolites, p-3-HB, acetoacetate, scyllo-inosi-
tol and membrane-related metabolites, such as choline, phosphoryl-
choline and glyceryl phosphorylcholine (GPC). It is clear from the
visual inspection of the NMR spectra that the levels of b-3-HB were
elevated in the sera of infected hamsters. Multivariate data analyses
were subsequently performed to generate an overall metabolic
response of hamsters to the N. americanus-S. japonicum co-infection
(Trygg and Wold, 2002).

3.3. Metabolic profiling via "H NMR spectroscopy of urine

First, PCA between urine spectra obtained from N. americanus
and S. japonicum co-infected hamsters and non-infected control
hamsters at matched time points was performed to give an over-
view of the dataset. The PCA score plots showed that separation
between co-infected and non-infected control hamsters was evi-
dent from week 3 p.i. onwards (data not shown). Pair-wise com-
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Table 1
Worm burden in hamsters co-infected with 100 Schistosoma japonicum cercariae and 250 Necator americanus infective L3 at 37 days p.i.
Hamster® Schistosome Hookworm
Female Male Total Recovery rate (%) Female Male Total Recovery rate (%)
1 11 12 23 23 3 5 8 3.2
2 39 41 80 80 4 5 9 3.6
3 16 23 39 39 17 13 30 12
4 20 33 53 53 12 16 28 11.2
6 23 34 57 57 14 22 36 14.4
8 42 50 92 92 5 11 16 6.4
9 7 9 16 16 9 24 33 13.2
10 28 39 67 67 10 14 24 9.6

2 Hamsters Nos. 5 and 7 hamster died after week 2 p.i. and week 4 p.i., respectively.

T
8.5 8

5 H

Fig. 1. Typical 600 MHz 'H nuclear magnetic resonance spectra of urine obtained from hamsters pre-infection (A) at week 2 p.i. with Schistosoma japonicum and Necator
americanus co-infection (B) and at week 4 p.i. (C). The spectra in the aromatic region (5 6.5-8.7) were magnified twice compared with the region of § 0.8-4.5. Key: 1:
dihydrothymine; 2: 4-ethylphenol; 3: p-3-hydroxybutyrate; 4: alanine; 5: citrate; 6: dimethylamine; 7: succinate; 8: creatine; 9: dimethylglycine; 10: trimethylamine-N-
oxide; 11: hippurate; 12: formate; 13: lactate; 14: acetate; 15: taurine; 16: butyrate; 17: 4-cresol glucuronide; 18: phenylacetylglycine; 19: creatinine; 20:
N-acetylglycoproteins; 21: 4-hydroxyphenylpropionic acid; 22: betaine; 23: glycerol; 24: 2-oxoglutarate; 25: 3-hydroxyphenylpropionic acid; 26: acetone.

Glucose & amino 3g/37
acids resonances |/

4.0 3.5 3.0 2.5 2.0 1.5 1.0 o'H

Fig. 2. Typical 500 MHz 'H Carr-Purcell-Meiboom-Gill nuclear magnetic resonance spectra of serum obtained from hamsters pre-infection (A), at week 2 p.i. with
Schistosoma japonicum and Necator americanus co-infection (B) and at week 4 p.i. (C). Key: 3: p-3-hydroxybutyrate; 4: alanine; 5: citrate; 8: creatine; 13: lactate; 14: acetate;
20: N-acetylglycoproteins 22: betaine; 27: valine; 28: leucine; 29: isoleucine; 30: lysine; 31: methionine; 32: pyruvate; 33: acetoacetate; 34: glutamate; 35: choline; 36:
phosphorylcholine; 37: glyceryl phosphorylcholine; 38: scyllo-inositol; 39: glycine; 40: glucose; 41: lipoprotein lipids; 42: O-acetylglycoproteins.
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parisons between infected and control groups were subsequently
performed for all of the sampling time points using an O-PLS-DA
strategy. One PLS component and one orthogonal component were
calculated for all of the models using NMR spectral data as the X
matrix and classification information as the dummy Y matrix.
Permutation tests were applied to validate the models and the
results suggested that models constructed from urine spectral data
at weeks 4 and 5 p.i. were valid (data not shown). However, a
stronger model was derived for spectra obtained at week 5 p.i.
(R?=0.50, Q%> = 0.84) than week 4 p.i. (R*=0.38, Q*>=0.77).

O-PLS-DA cross-validated score plots illustrated a clear separa-
tion between urine spectra obtained from control and co-infected
hamsters at weeks 4 and 5 p.i. (Fig. 3A and C) with a greater vari-
ation along the orthogonal axes for the infected individuals com-
pared with control hamsters, probably due to variation among
individual hamsters in response to the co-infection. The corre-
sponding co-efficient plots (Fig. 3B and D) displayed important
metabolites contributing to the differentiation. Here, correlation
coefficients higher than 0.67 were regarded as significant in the
discrimination based on a 95% confidence limit (n; =10, ny =8).
The urinary metabolic response of hamsters co-infected with S.
japonicum and N. americanus at week 4 p.i. was characterised by
lower concentrations of tricarboxylic acid (TCA) cycle intermedi-
ates such as citrate, succinate and a series of gut microbiotal-re-
lated metabolites, including hippurate and 3-HPPA. These
alterations are also associated with relatively higher concentra-
tions of creatine in the urine of the co-infected hamsters. As the
co-infection progressed to week 5 p.i., additional variations in
metabolite composition were noted; decreased levels of betaine
and TMAO with increased levels of 4-cresol glucuronide and PAG
were observed in urine from infected hamsters. These changes
are summarised in Table 2.

For the purpose of comparison between single versus co-infec-
tion, the variation in urinary metabolite profiles of hamster associ-
ated with a single infection of S. japonicum or N. americanus was
extracted from our previously published work (Wang et al., 2006,
2009) and summarised in Table 2. Increased levels of urinary 4-cre-
sol glucuronide and PAG, and decreased levels of urinary hippurate
were common for both types of single infection, as well as the N.
americanus and S. japonicum co-infected animals. Elevated levels
of 2-aminoadipate and depleted levels of 2-ketoisocaproate,
DMA, 4-hydroxy-3-methy-phenylpropionic acid and 4-HPPA were
associated only with a N. americanus infection, whereas elevated
levels of pyruvate and trimethylamine (TMA) were only associated
with a S. japonicum infection. Variations of 4-ethylphenol, alanine,
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N-acetylglycoprotein and 3-HPPA were only seen in the co-infected
hamsters.

3.4. Metabolic profiling via "TH NMR spectroscopy of serum

The same analytical approach was applied to the CPMG 'H NMR
spectral data of serum. Permutation tests suggested that the mod-
els constructed from spectra collected at the three time points, day
1 and weeks 4 and 5 p.i., were predictive. The differences between
sera obtained from non-infected control and co-infected hamsters
increased from week 4 p.i. (R*=0.22, Q>=0.68) to week 5 p.i.
(R*=0.41, Q*>=0.87), reflected by the higher Q? value generated
from the later time-point model. The corresponding coefficients
plots shown in Fig. 4 illustrated the increase in concentrations of
lipoproteins and depleted levels of amino acids and membrane-re-
lated metabolites, such as choline and phosphorylcholine/GPC, in
the infected hamsters. It was also found that the levels of p-3-HB
were highly correlated with the infection at week 4 p.i., and that
the levels of citrate and glucose decreased towards the end of
the experiment (lower levels at 5 weeks p.i. compared with
4 weeks p.i.). The changes in metabolites in hamster sera, as a
response to co-infection, are summarised in Table 3.

4. Discussion

Epidemiological studies have shown that polyparasitism is the
norm rather than the exception, particularly in developing coun-
tries (Petney and Andrews, 1998; McKenzie, 2005). However, met-
abolic alterations in a host due to multiple parasitic infections
remain largely unexplored. Here, we characterised the metabolic
fingerprint of a N. americanus-S. japonicum co-infection in a ham-
ster model, as a first step towards identifying interactions between
multiple parasites harboured simultaneously in a single host.
To our knowledge, this is the first application of metabonomics
to the investigation of the metabolic response of a rodent host to
co-infection with two helminth species.

An important finding of our investigation is that, upon dissec-
tion, N. americanus and S. japonicum worm burdens in co-infected
hamsters did not differ significantly from single infection models
(Table 1), i.e. there was no suggestion of enhancement or inhibition
of worm burden as a response to co-infection. Recently, Graham
(2008) discussed two processes governing the ecology of co-infec-
tion of helminths with micro-parasites: (i) when two parasites
compete for the same resource for survival, reduced micro-parasite
density would occur and (ii) when a helminth infection suppresses

40 / Infected / _Cre ,4-CG B1 §
20 —~ L i
o foi ) S v {0 10 0 O | I AR T -ﬂ}u_ v
= Y 3 <r lr e S L A e e St s ‘L“ T e
) " - B ' 7 il 7 |t suc Mal 1M
20 A RN a-HPPA/ [\ NaGPE ) p -
-40 ;:3 Hip | non-infected || Hip 4-EP| | 3-HPPA o g
{_C|8lInfected / acc PAG™~ 4-CG\ ] gé
‘ /\ I ‘ A But] o
50 ﬁ\ 5, PAG, | | [ ‘ “I \ cetone Lf §
% -y .u 9 - w ,.,qw“« YW" w‘",\ \)"!_J’, o ] b r}ﬁu\‘x\iMAﬂ({,:’hh ,.j;‘]‘.“i “{ﬁ“-”‘v [\PRPYTRFWRIURGN VY J P
) ; I ]
- “ o) i)l NS /betaine J
50 K © '\\L" A4-HPPA T / |citrate<— 3-HPPA ]
Hip | non-infected |[ Hip TMAO| o
-80 -40 0 40 80 8 7.5 7 4 3 2 186'H
f[1]P

Fig. 3. Orthogonal projection to latent structure discriminant analysis scores (A, C) and co-efficient (B, D) plots generated from pair-wise comparison between urine spectra
obtained from non-infected (black boxes) and from Schistosoma japonicum and Necator americanus co-infected (red dots) hamsters at week 4 p.i. (A) and week 5 p.i. (C). Key:
4-CG: 4-cresol glucuronide; 4-EP: 4-ethylphenol; 3-HPPA: 3-hydroxyphenylpropionic acid; 4-HPPA: 4-hydroxyphenylpropionic acid; Ala: alanine; But: butyrate; Cre:
creatine; Hip: hippurate; NAG: N-acetylglycoprotein; PAG: phenylacetylglycine; Suc: succinate; TMAO: trimethylamine-N-oxide.
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Alterations in urinary metabolites of hamsters after co-infection of Schistosoma japonicum and Necator americanus.

Metabolites Chemical shift (ppm) Co-infection_urine S. japonicum N. americanus
4 weeks p.i. 5 weeks p.i. 5 weeks p.i. (Wang et al., 2006) 5 weeks p.i. (Wang et al., 2009)
R?=0.38, R?=0.50,
Q*=0.77 Q’=0.84
2-Ketoisocaproate 0.92(d) l
Butyrate 0.94(t) 0.55(1) 0.83(1)? !
4-Ethylphenol 1.18(t), 2.61(m) 0.87(1)* 0.85(})?
Alanine 1.48(d) 0.90(])* 0.37(])
N-Acetylglycoprotein 2.03(b) 0.85()* 0.56(])
2-Aminoadipate 2.20(m), 1.87(m), 1.65(m) 1
Acetone 2.23(s) 0.34(1) 0.75(7)*
4-Hydroxy-3-methy-phenylpropionate acid 2.46(t), 2.82(t), 3.87(s) !
Creatine 3.03(s) 0.78(7)* 0.35(1) 1
Betaine 3.9(s) 0.41(]) 0.68(1)?
Pyruvate 2.34(s) 1
Succinate 2.41(s) 0.77())? 0.29(1) !
Citrate 2.54(d) 0.90(})? 0.82(})* !
3-HPPA 2.48(t), 2.84(t) 0.91(})* 0.89(})?
4-HPPA 2.45(t), 2.81(t), 6.85(d) 0.84(])* 0.78(})* !
DMA 2.72(s) 0.57(]) 0.46(]) !
TMA 2.88(s) 1
TMAO 3.27(s) 0.42(]) 0.86(})*
PAG 3.68(s), 3.75(d) 0.62(1) 0.77(1)* 1 1
4-Cresol glucuronide 2.29(s) 0.74(7)? 0.72(1)? T T
Hippurate 3.97(d) 0.76(])* 0.88(1)* ! !

3-HPPA: 3-hydroxyphenylpropionic acid; 4-HPPA: 4-hydroxyphenylpropionic acid; DMA: dimethylamine; TMA: trimethylamine; TMAO: trimethylamine-N-oxide; PAG:

phenylacetylglycine.

¢ Significant changes at the 95% confidence limit; 1: increase in concentration; |: decrease in concentration; s: singlet; d: doublets; t: triples; m: multiples; b: broad peak.
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Fig. 4. Orthogonal projection to latent structure discriminant analysis scores (A, C, E) and co-efficient (B, D, F) plots generated from pair-wise comparison between serum
Carr-Purcell-Meiboom-Gill spectra obtained from non-infected (black boxes) and Schistosoma japonicum and Necator americanus co-infected (red dots) hamsters at day 1 p.i.
(A), week 4 p.i. (C) and week 5 p.i. (E). Key: p-3-HB: p-3-hydroxybutyrate; Ala: alanine; Glu: glutamate; PC: phosphorylcholine; GPC: glyceryl phosphorylcholine; lle:

isoleucine; Leu: leucine; Lys: lysine; Met: methionine; Val: valine.

the immune response of a host, increased micro-parasite density
would occur (Graham, 2008). The situation for co-infection with
multiple helminths is undoubtedly more complex. Previously, a
concurrent Schistosoma infection has been found to augment the
severity of malaria and hookworm disease (Naus et al., 2003; Raso
et al., 2004). In contrast, in the case of Schistosoma and T. muris, a
reduction in T. muris burden was observed (Curry et al., 1995). In
the present investigation, since both helminth species are blood-
feeding parasites and thus compete for the same resource,

inhibition of growth for either or both might be expected since
the co-infection was executed simultaneously. It would be of inter-
est to evaluate the impact of a super-infection in a host already
harbouring an infection with a single parasite species, i.e. investi-
gate co-infection models whereby the introduction of one parasite
is temporarily delayed.

It is interesting to note that metabolic profiles of sera of co-in-
fected hamsters differed markedly from matched controls from
day 1 p.i., but appeared recover before deviating from the matched
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Table 3

Variations in serum metabolites of hamsters after co-infection of Schistosoma japonicum and Necator americanus.

Metabolites Chemical shift (ppm)

Co-infection_serum

N. americanus

1 day p.i. 4 weeks p.i. 5 weeks p.i. 5 weeks p.i. (Wang et al., 2009)
R*=0.43, R*=0.22, R?=041,
Q*=0.87 Q’=0.68 Q*=087
Lipid 0.88, 1.25, 1.55, 2.03, 2.23, 2.75, 5.30 0.92(1)? 0.86(1)? 0.97(1)? 1
Leucine 0.95(d) 0.61(] 0.46(]) 0.78(1)°
Isoleucine 1.01(d) 0.53(4 0.78(1)? 0.76(1)? !
Valine 1.03(d) 0.72(})? 0.78(})? 0.84(])? !
D-3-HB 1.2(d) 0.23(] 0.82(1)? 0.20(1)
Lysine 1.45(m), 3.01(m) 0.84(] 0.53(]) 0.79(1)°
Alanine 1.48(d) 0.87( 0.84(])? 0.83(})?
Acetate 1.91(s) 0.85(| 0.55(]) 0.77(})? !
Methionine 2.13(s), 2.62(t) 0.87(1 0.62(1) 0.84(])?
Glutamate 2.13(m), 2.45(m) 0.92(] 0.76(])? 0.86(])?
Citrate 2.52(d), 2.66(d) 0.85(})? 0.72(})? 0.90(})?
Creatine 3.03(s) 0.80(1)? 0.32(7) 0.42(])
Choline 3.2(s) 0.87(1)? 0.80(})? 0.90(})?
GPC/phosphorylcholine 3.22(s) 0.33() 0.83(1)? 0.88(1)? !
Glucose 3.24(dd) 0.72(})? 0.08(1) 0.77(})? !
TMAO 3.26(s) 0.82(})? 0.11(1) 0.74(])°
Scyllo-inositol 3.35(s) 0.85(] 0.75(])? 0.14(1)
Glycine 3.55(s) 0.87(1 0.33(1) 0.63(1) 1
Tyrosine 6.8(d), 7.17(d) 0.89(1 0.78(1)? 0.84(])?
Phenylalanine 7.32(m), 7.43(m) 0.83(} 0.22(]) 0.93()?
1-Methyl-histidine 7.04(s), 7.75(s) 0.91())? 0.58(1) 0.56(])

p-3-HB: p-3-hydroxybutyrate; GPC: glyceryl phosphorylcholine; TMAO: trimethylamine-N-oxide.
@ Significant changes at the 95% confidence limit; 7: increase in concentration; |: decrease in concentration; s: singlet; d: doublets; dd, doublet of doublets, t: triples;

m: multiples.

controls again at the later stage of the infection. A similar observa-
tion was made in mice infected with T. brucei brucei (Wang et al.,
2008). The initial rapid metabolic response phase is likely attribut-
able to the host immune response (Newsholme et al., 2003).

In order to reduce the number of animals included in this exper-
iment, since the metabolic perturbations in laboratory host-para-
site models have been shown to be robust and reproducible
(Garcia-Perez et al., 2008; Li et al., 2009), and in line with the 3R
rules (replace, reduce and refine), single infection groups were
not included in the analysis, since they are already described in
the literature (Wang et al., 2006, 2009). Therefore it is not appro-
priate to make any inference regarding comparative severity of
the observed metabolic changes; rather we concentrate here on
the effect of co-infection on the qualitative disturbance of meta-
bolic profiles. In the current investigation, we noted depletion of
amino acids in the sera of co-infected hamsters. This observation
was also made in the individually-infected animal host with
S. japonicum or N. americanus (Li et al., 2009; Wang et al., 2009).
It is well documented that schistosomiasis causes liver injury,
resulting in disturbance of amino acid metabolism. This manifests
itself in the accumulation of amino acids in the liver and depletion
of those in plasma (Wang et al., 2004). The process of depletion of
branched-chain amino acids (BCAAs) could serve as an energy
source, as previously observed in S. mansoni-infected mice and
N. americanus-infected hamsters (Wang et al., 2004, 2009), since
these amino acids are capable of producing keto-acids, such as 2-
ketoisovalerate and 2-ketoisocaproate via aminotransferases,
which can be used as an alternative energy source (Hutson and
Hall, 1993).

Another prominent finding of the present study was the marked
reduction in levels of glucose and TCA intermediates, such as cit-
rate and succinate, in the co-infected hamsters. This observation
is consistent with rodents singly infected with either S. mansoni
or S. japonicum (Wang et al., 2004, 2006). Our current results sug-
gest that stimulated glycolysis and depression of the TCA cycle
were associated with hosts co-infected with S. japonicum and
N. americanus, as well as with hosts infected with Schistosoma

spp. alone. In support of this finding, several enzyme activities re-
lated to the carbohydrate metabolism (such as increased pyruvate
kinase and phosphofructokinase, and decreased citrate synthase
and glycogen phosphorylase) were found in the hosts with a Schis-
tosoma spp. infection (Ahmed and Gad, 1995). Hypoglycaemia was
reported in the Nippostrongylus brasiliensis-infected rat and the N.
americanus-infected hamster (Wang et al., 2009) due to marked
catabolism and reduction of food intake after the infection (Oving-
ton, 1986). This leads to clinical anaemia of infected hosts, which is
known to be further enhanced by co-infection (Hotez et al., 2004;
Ezeamama et al., 2005).

Increased levels of lipids were observed in the sera of co-infected
hamsters at week 5 p.i., but not at week 4 p.i. Previous investigations
have shown that adult schistosomes are capable of taking up phos-
pholipids and triacylglycerols from the host to form lipid tegument
(Allan et al., 1987; Brouwers et al., 1997), resulting in decreased lip-
ids in host serum (Liu et al., 2007). In contrast to a Schistosoma spp.
infection, profound twofold hyperlipidemia and fourfold hypertri-
glyceridemia associated with the down-regulation of plasma leci-
thin cholesterol acyl transferase activity were observed in the
Ancylostoma ceylanicum (another hookworm species)-infected ham-
ster (Ovington, 1987). The hypertriglyceridemia associated with
hookworm infection was reported to be caused by the decreased
lipolytic activity or defective catabolic process (Mukerjee et al.,
1988, 1990). The hyperlipidemia was further characterised by an in-
crease in very low density lipoproteins (VLDL) and low density lipo-
proteins (LDL) with a concomitant decline in high density
lipoproteins (HDL) during experimental ancylostomiasis, which
coincides with our observation for the co-infected hamsters (Table
3). Our current observation of lipid levels that remained unchanged
at week 4 p.i., but showed increased levels at the final observation
time point (i.e. week 5 p.i.), is likely due to the balance between
the two infections, i.e. increase in lipids associated with hookworm
infection and decrease in lipids caused by Schistosoma spp. infection.

A reduction in the concentrations of membrane metabolites
such as phosphorylcholine and GPC was a common effect for both
co-infected hamsters and for rodent hosts infected with Schisto-
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soma spp. or N. americanus singly. A previous investigation of A.
ceylanicum-infected hamsters also found a significant decrease in
the phospholipid/cholesterol ratio and plasma membrane protein,
as direct results of reduced activities of nucleotidase, gamma-glut-
amyl transpeptidase, Na*/K*-ATPase, Ca%*-ATPase and Mg?*-ATP-
ase in infected animals (Srivastava, 1994).

In the present investigation, we observed alterations in a series
of gut microbiotal-related metabolites in the co-infected hamsters,
such as the reduced concentrations of hippurate, TMAO, 3-HPPA
and elevated levels of 4-cresol glucuronide and PAG. It was known
that PAG and 4-cresol glucuronide are involved in metabolism of
the aromatic amino acids, and that phenylalanine and tyrosine
are initially converted to phenylacetic acid and hydroxylphenylac-
etate, respectively, by intestinal bacteria. Hydroxylphenylacetate is
further decarboxylated to 4-cresol by enterobacteria under anaer-
obic conditions. Once absorbed, phenylacetic acid and 4-cresol are
conjugated with glycine and glucuronide, respectively, via phase I
of detoxication in the liver, producing PAG and 4-cresol glucuro-
nide. Variations in the concentrations of hippurate can also occur
following colonisation and subsequent redistribution of gut micro-
biota (Nicholls et al., 2003). Among these altered gut-microbiotal-
related metabolites, the decreased level of hippurate and increased
levels of 4-cresol glucuronide and PAG appeared to be common to
all helminth infections studied to date (Wang et al., 2004, 2006,
2009; Saric et al., 2008, 2009). Further investigation of alterations
of microbiota associated with these infections is clearly necessary
for understanding the relationship between microbiotal-mamma-
lian metabolites in the urine signature.

In conclusion, we have demonstrated that metabolic profiles in
hamsters co-infected with two parasites are the consequence of
combined metabolic effects that are also consistent with responses
to the respective single infections. Future work should be focused
on the impact of super-infection in a host already harbouring a pat-
ent infection with one parasite in terms of worm burden and corre-
sponding alterations of metabolic profiles. A deeper understanding
of parasite-induced disturbance of gut microbiota could provide
new insight into mechanisms of three-way interactions of host-par-
asites-microbiota. Furthermore, an enhanced understanding of met-
abolic alterations induced by parasitic infection could provide vital
information for targeted drug discovery for a more efficacious treat-
ment and possible prevention of parasitic diseases.
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