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Background: Paraquat is a major cause of fatal poisoning after ingestion in many parts of Asia and the Pacific nations.
However, optimal prognostic indicators to evaluate patient mortality have not been unequivocally established.
Following acute paraquat poisoning, a number of amino acids (AA), are abnormally expressed in metabolic path-
ways. However, the alterations in AA metabolite levels after paraquat poisoning remain unknown in humans.
Material/Methods: In the present study, 40 patients were enrolled, of whom 16 survived and 24 died. A metabolomics approach
was used to assess changes in AA metabolites in plasma and its potential prognostic value following paraquat

poisoning. Mass spectrometry (MS) based on metabolite identification was conducted.

Results: Twenty-five AA levels in plasma were abnormally expressed in non-survivor patients. Among them, creatinine,
indolelactate, and 3-(4-hydroxyphenyl)lactate were found to be highly correlated with paraquat death predic-
tion. It was noted that the intensity levels of these 3 AA metabolites in the non-survivor group were substantial-
ly higher than in the survivor group. Furthermore, we examined receiver operating characteristic (ROC) curves
for clinical validation. ROC results showed that 3-(4-hydroxyphenyl)lactate had the highest AUC of 0.84, while
indolelactate and creatinine had AUCs of 0.75 and 0.83, respectively, suggesting that they can be used to pre-
dict the clinical outcome (although this methodology is expensive to implement).

Conclusions: Metabolic profiling of AA levels could be a reliable tool to identify effective indicators for the early high preci-
sion prognosis of paraquat poisoning.
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Background

Paraquat (N, N -dimethyl-4,4-lipoprotein dichloride; PQ), a high-
ly effective herbicide, is a major cause of fatal poisoning after
ingestion in many parts of Asia and the Pacific nations. It is
very toxic to humans and there is no antidote to its effects or
any effective therapy, producing a mortality rate of 50-90% in
affected individuals [1]. Hence, the early diagnosis and progno-
sis of PQ poisoning is of great importance. Currently, many po-
tential prognostic indicators have been studied to evaluate the
severity of poisoning, such as the concentration of PQ in plas-
ma, acute physiology and chronic health evaluation (APACHE
I) and sequential organ failure assessment (SOFA), pancreat-
ic enzymes, uric acid and a neutrophil counts [2-4]. However,
the optimal markers remain to be established.

Amino acids (AA) are used for protein biosynthesis and also
function as precursors for the synthesis of proteins and many
signaling molecules that are involved in the growth, renew-
al and repair of cells [5]. They include 22 proteinogenic AA
that are natural components of polypeptides. Many AA that
are non-proteinogenic also have important roles as metabol-
ic intermediates. For instance, gamma-aminobutyric acid and
glutamate act as inhibitory and excitatory neurotransmitters,
respectively [6]. Glycine is a biosynthetic precursor to porphy-
rins used in red blood cells [7]. Hence, altered AA metabolism
likely leads to many human diseases. There are significant
differences in d-AA concentrations between healthy people
and Alzheimer disease (AD) patients [8]. A number of studies
have found marked changes in muscle and plasma AA status
in chronic obstructive pulmonary disease [9]. Also, patients
with liver disease often have impaired AA metabolism [10].

However, the alterations in AA metabolites after PQ poison-
ing remain unknown. We therefore prospectively studied AA
metabolites to identify altered metabolism specific to PQ poi-
soning that may be used to evaluate the degree of PQ poison-
ing, and uncover favorable indicators for early detection and
outcome predictions.

Material and Methods

Population studied

Our study was conducted at the Shanghai Tenth People’s
Hospital of Nanjing Medical University between January 2012
and September 2014. The control group (n=10) included indi-
viduals without any previous disease, aged 20-55 years and no
recent history of exposure to heavy metals or drugs. Patients
with acute oral PQ poisoning (n=40) were enrolled in the study
according to the following criteria: Suffered acute PQ poisoning
by ingestion within 48 hours; urine or plasma PQ levels were
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>0.1 mg/L; age range 15-75 years; informed consent obtained
from the patient or their family. Patients were excluded from
the study according to the following criteria: the poison was
not taken orally; admitted to hospital >48 hours after inges-
tion; ingestion of PQ with other toxins; pregnancy; a previous
history of heart, kidney, liver, pancreas, or central nervous sys-
tem disease, or failed to give consent. All patients who took
part in the study were monitored for >90 days.

Treatment

The guidelines published by the Chinese Physician Association
(2013 version) were carefully followed to ensure standardized
treatment protocols for all patients enrolled in the study [11].
Thus, each patient underwent gastric lavage and was then pre-
scribed 1 g/kg of activated charcoal and IV furosemide (40 mg/
day). Hemoperfusion with charcoal was instigated if the dithi-
onite test in urine was positive. Continuous renal replacement
therapy was initiated if the patients had symptoms of hepatitis,
respiratory insufficiency, and/or acute renal failure. The follow-
ing support treatments were also initiated if required: vitamin
G, glutathione and/or GSH as antioxidant therapy; measures to
prevent infection and antibiotics if required; maintenance of
acid-base status and appropriate electrolyte and fluid levels;
pulse therapy with methylprednisolone; measures to protect
vital organs. Oxygen therapy was only administered as a pal-
liative measure in patients who were terminally ill.

Data collection

Data, collected by experienced physicians, including the gen-
eral condition of patients, laboratory tests, and treatments, as
previously described [4]. The levels of PQ in samples were mea-
sured using high-performance liquid chromatography (HPLC)
(Agilent HPLC 1260; Palo Alto, CA, USA). The likely quantities
of PQ taken when patients or family members provided this
information were carefully documented; otherwise, an esti-
mate of the quantity of PQ swallowed was made according to
the following criteria: a small sip, 5 mL or a mouthful, 20 mL.
Blood samples were taken for routine blood parameter mea-
surements on day 1, 3, 5, 7, and 14 after hospital admission.
The blood samples for metabolomics were taken on day 1, 7,
14, and 28 after hospital admission. APACHE Il and SOFA scores
were recorded for all patients after admission.

Metabolic profiling

Mass spectrometry (MS), based on metabolite identifica-
tion, was conducted as previously described. The concen-
tration of PQ in plasma was measured using HPLC (Agilent
HPLC 1260; Palo Alto, CA, USA), using the modified method
of Whitehead et al. [12]. Metabolon Inc. (Durham, USA) mea-
sured the metabolomics data as previously described [13,14].
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In brief, proteins were precipitated and various metabolites
isolated from samples by agitation in methanol for two min-
utes and centrifugation. The concentration of each metabo-
lite was measured in plasma samples using an untargeted
Liquid Chromatography/Mass Spectrometry (LC/MS) and Gas
Chromatography/Mass Spectrometry(GC/MS) analyzer. The
identity of each metabolite was determined automatically us-
ing software developed at Metabolon, by comparing their ion-
ic features to a reference library of chemical standards that
included molecular weights, retention times, in-source frag-
ments and adducts, as well as relevant mass spectrometry
spectra. The area under the curve (AUC) of the peak of a me-
tabolite was used to quantify each one [15]. After mass filter-
ing, alignment, and internal standard normalization, the data
were further quantified.

Heat maps were constructed using “R” (http://cran.r-project.
org/), which is a data matrix that by using color gradients can
visualize cell values and also provide a picture of the smallest
and largest values in the matrix [16]. Unsupervised clusters
of samples were used to generate heat maps for the control,
survivor, and non-survivor groups, with a fixed metabolite in
order to visualize metabolic patterns. Data were median-cen-
tered; for each metabolite, the data were centered about the
median value and appropriate color scales used to refer to a
decrease or increase in the relative level of the metabolite. We
also carried out, where appropriate, a heat map assessment
of the Spearman correlation matrix [17].

SIMCA-P+ 13.0.3.0 Software (Umetrics, Sweden) was used to
instruct a multivariate model, with variables being scaled to
unit variance and centered about the mean prior to model con-
struction. To analyze the data obtained by GC/MS and LC/MS,
an unsupervised principal component analysis (PCA) was uti-
lized in conjunction with analysis based on orthogonal partial
least squares discrimination (OPLS-DA) [18,19]. The OPLS-DA
method was used to determine predictive mortality involving
two main classes, namely the survivor group versus non-sur-
vivor group. After taking into account score plots for OPLS and
VIP calculations, the analytic program chose significant metab-
olites that were clearly responsible for PQ mortality. Variables
were selected as targets when their VIP values were >1.0 and
their characteristics were analyzed subjectively using a t-test
(two-tailed), assuming asymmetrical variance, with a thresh-
old value p<0.001 and a correlation >0.75.

Ethical statement

The Institutional Review Board of the Shanghai Tenth People’s
Hospital, Nanjing Medical University, approved the study ((IRB:
2010RES017) with all patients providing written informed con-
sent for participation, or if not possible, consent was provid-
ed by appropriate family members.
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Table 1. Patient demographics.

Characteristics Value

Age (years, median IQR) 31  (23-41)
Male (%) 21 (52.5%)
Ingestion volume (mL, median IQR) 20  (15-50)
APACHE 5 (2-9)
SOFA 3 (1-6)
Plasma PQ concentration (mg/L, median 05 (03-45)
IQR)

Urine PQ concentration (mg/L, median 2.9 (1.0-20.4)
IQR)

Delay from ingestion to admission 10 (4-12)

(h, median IQR)

IQR — interquartile range.
Statistical analyses

All data are presented as percentages or medians (25 or 75
quantiles). The p-values are quoted as two tailed with a p-
value <0.05 considered to be statistically significant. Prior to
analysis, data were subjected to tests for a normal distribu-
tion and for equality of standard deviations. To determine if
there were differences between the groups, Fisher exact tests
for categorical variables; chi-squared tests and t-tests for con-
tinuous variables were employed. To determine the rate of fa-
tality in patients poisoned with PQ, receiver operating charac-
teristic (ROC) curves were constructed. SPSS version 22 and
GraphPad Prism version 5 were used for all statistical analyses.

Results

Characteristics of the patients enrolled in the study

A total of 40 patients who ingested PQ within 48 hours of ad-
mission and 10 healthy control subjects were enrolled in the
study. As shown in Table 1, the median interquartile range
(IQR) of PQ-poisoned patients was 31 years (range 23-41).
Approximately, the median of ingested PQ was 20 mL (15-50).
The median plasma and urine concentration was 0.5 mg/L
(0.3-4.5) and 2.9 mg/L (1.0-20.4), respectively. Approximately
37% of the patients underwent hemoperfusion therapy and
0.05% received treatment in the form of gastric lavage. Mortality
was seen in 40% of the PQ-poisoned patients after treatment.

Changes in AA metabolites in patients who were acutely
poisoned by PQ

AA metabolism is complex since a huge number of potential
metabolites are involved. Metabolic profiling is an invaluable
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method to study toxicity as it provides an inimitable insight into
the biological reactions that produce toxicological insults [20].

Metabolic profiling, based on GC/MS and LC/MS, was used
to assess the effects of PQ poisoning. We investigated 102
AA metabolites by MS analysis. The patterns of metabolites
were visualized by constructing a heat map from data ob-
tained from the control, survivor, and non-survivor groups. A
red/blue color scheme was used to refer to an increase or de-
crease in the relative levels of identified metabolites (Figure 1
and Supplementary Figure 1). We found twenty-five AA, shown
in a red color, that were strongly associated with PQ poisoning
mortality, including N-acetylalanine, N-acetylaspartate, gluta-
mine, 1-methylimidazoleacetate, N-acetyl-1-methylhistidine,
glutarylcarnitine, phenyllactate, p-cresol sulfate, 3-(4-hydroxy-
phenyl)lactate, 4-hydroxyphenylacetate, 5-hydroxymethyl-2-fu-
roic acid, kynurenate, kynurenine, indolelactate, serotonin,
C-glycosyltryptophan, tiglyl carnitine, 3-methylglutarylcarni-
tine, citramalate, homocysteine, dimethylarginine, urea, creat-
inine, 4-acetamidobutanoate and guanidinosuccinate (p<0.05,
Table 2). Among them, the intensity of glutamine and p-cre-
sol sulfate was decreased, while other metabolite levels were
significantly increased.

To further analyze the data, we applied an unsupervised PCA
and supervised OPLS-DA between the survivor group and the
non-survivor group. The PCA score scatter plot (Figure 2A)
showed reasonable separation between the survivor group and
the non-survivor group. We found eight AA that were strongly
associated with PQ poisoning mortality, including creatinine,
indolelactate, 3-(4-hydroxyphenyl)lactate, kynurenate, 3-meth-
ylglutarylcarnitine, C-glycosyltryptophan, phenyllactate and
N-acetylserine (p<0.05, Figure 2B). Among these AA metabo-
lites, creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate,
were found to be most closely associated with PQ poisoning
mortality (RS »0.75, Figure 2B, 2C), consistent with the find-
ings of the heat map analysis.

Amino acid metabolites may be associated with the PQ
poisoning mortality

Following PQ poisoning, a number of AA were abnormally ex-
pressed in metabolic pathways. It was noted that PQ poison-
ing resulted in a remarkable elevation in creatinine, indole-
lactate and 3-(4-hydroxyphenyl)lactate levels that peaked on
the day of admission (Figure 3A), remained significantly high
for about two weeks after injury, and then slowly decreased
over 28 days, congruent with the injury phase of PQ poison-
ing (p<0.05, Figure 3B-3D), suggesting these three AA metab-
olites were involved in PQ poisoning.

To validate the PCA and OPLS-DA data, the changes of these
three AA metabolites intensity levels are shown in the control,
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survivor, and non-survivor groups (Figure 4). When the con-
trol and survivor groups were compared, it was found that lev-
els of creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate
in the non-survivor group were all markedly upregulated on
the day of admission (Figure 4A, 4C, 4E). Consistent with the
findings in PCA and OPLS-DA assays, the three AA metabolite
levels slowly decreased during the time course of the inves-
tigation. Indeed, the level of the three AA metabolites in the
non-survivor group remained substantially higher than in the
survivor group after two weeks (p<0.05, Figure 4B, 4D, 4F), as
revealed by the relative intensity, suggesting that PQ-induced
enhanced expression of these three AA metabolites may be
positively correlated with PQ poisoning mortality.

Creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate
are useful indicators for predicting mortality

To understand the possible relationship between the AA me-
tabolites and PQ mortality, we further examined these three AA
metabolites for clinical validation. Table 3 presents the detailed
characteristics of the survival group and the non-survival group.
For the survival group and the on-survival group, the mean plas-
ma PQ concentration was 0.3+0.2 mg/L (n=24) and 7.5+6.3 mg/L
(n=16), respectively, which was a statistically significant differ-
ence (p<0.001). SOFA and APACHE Il scores were dramatical-
ly higher in the non-survivor group (p<0.001). Furthermore, to
identify whether these three AA metabolites were associat-
ed with the resultant outcome (survival or non-survival), ROC
curves were constructed. As shown in Figures 5A and 5B, it is
clear that 3-(4-hydroxyphenyl)lactate had the best AUC of 0.84,
while indolelactate and creatinine had an AUC of 0.75 and 0.83,
respectively. These findings were statistically significant, sug-
gesting that they may be useful in predicting clinical outcomes.

It is well known that creatinine is involved in proline and ar-
ginine metabolism, being vital pathways involved in the bio-
synthesis of these AA from glutamate. It generated from cre-
atinine phosphate breakdown in various muscle types, being
produced at a regular rate [21]. Indolelactate and 3-(4-hy-
droxyphenyl)lactate belong to tryptophan and tyrosine meta-
bolic pathway, respectively (http://www.hmdb.ca/ and http://
www.kegg.jp/, Figure 5C). In PQ poisoning conditions, it is in-
dicated to evaluate the prognosis of PQ poisoning.

Discussion

The early prognosis of PQ poisoning remains a clinical chal-
lenge. Additionally, it seems obvious that early identification
of factors that influence the outcome in PQ poisoning may im-
prove the early diagnosis and rapid medical intervention for
patients who are at the highest risk of death. Therefore, our re-
search aimed to identify effective indicators for PQ poisoning.
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Figure 1. 102 amino acid metabolites were investigated by GC-MS/LC-MS based metabolomics analysis. Metabolic patterns were
visualized using heat maps generated from the control, survivor, and non-survivor groups. A blue/red color scheme was used
to denote a decrease/increase in a metabolite relative level. C1-C10, Control; S1-S24, Survivor group; N1-16, Non-survivor
group.
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Table 2. Twenty-five amino acids were strongly associated with PQ poisoning mortality.

Non-survivor vs. Non-survivor vs.

Metabolites survivor P-value Metabolites survivor P-value

N-acetylalanine 1.56 0.029 Kynurenine 2.05 0.009
N-acetylaspartate 1.70 0.001 Indolelactate 2.68 0.011
Glutamine 0.73 0.004 Serotonin 2.07 0.040
1-methylimidazoleacetate 2.79 0.040 C-glycosyltryptophan 2.15 0.013
N-acetyl-1-methylhistidine 3.76 0.032 Tiglyl camitine 2.15 0.034
Glutarylcarnitine 157 0.011 3-methylglutarylcarnitine 2.92 0.001
Phenyllactate 2.15 0.001 _Citramalate 250 0026
p-Cresol sulfate 0.37 0.040 _ Homocysteine 264 0001
3-(4-hydroxyphenyDlactate ~ 2.50 0.040 e wes
4-hydroxyphenylacetate 2.00 0.040 Urea145 777777777777777777 0040 77777777
""""""""""""""""""""" B Creatinine 1.92 0.003
5 hg/droxymethyl 2-furoic 564 0.002 e
cadg 4-acetamidobutanoate 2.19 0.030
Kynurenate 4.83 0.010 Guanidinosuccinate 4.78 0.017
PQ - Paraquat.
A B
Aot Metabolites Correlation  Pvalue
10 creatinine 0.84 0.001
1 indolelactate 0.82 0.002
3-(4-hydroxypenyl) lactate 0.76 <0.001
kynurenate 0.74 0.002
5] 3-methylglutarylcarnitine 0.73 0.004
C-glycosyltryptophan 0.73 0.001
lsr . phenyllactate 0.72 0.007
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Figure 2. Alterations in amino acid (AA) metabolites in acute PQ poisoned patients. (A) The PCA score scatter plot showed reasonable
separation between the survivor and non-survivor groups. D — Death group (n=16), gray triangles; S — Survivor group (n=24),
diamonds. PCA — Principal component analysis. (B) SIMCA-P+ 13.0.3.0 analysis showed eight AA metabolites that were
closely associated with PQ mortality. (C) Consistent with the findings in the heat map analysis, creatinine, indolelactate and
3-(4-hydroxyphenyl)lactate were found to be most commonly associated with PQ poisoning mortality. PQ — Paraquat.
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Figure 3. Creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate were involved in PQ poisoning. (A) PQ poisoning resulted in

a remarkable elevation in creatinine, indolelactate, and 3-(4-hydroxyphenyl)lactate levels on the first day of hospital

admission.

* p<0.05 and ** p<0.001 versus control group. ns — not significant. (B-D) Changes in creatinine, indolelactate and

3-(4-hydroxyphenyl)lactate levels over 28 days. The levels of three AA metabolites remained high for almost two weeks, and

then slowly declined over 28 days. Control group (n=10), PQ group (n=40).

* p<0.05 and ** p<0.001 versus control group.

ns — not significant. A p<0.05 versus PQ group on the day of admission. PQ — Paraquat.

All life depends on AA as they are the fundamental build-
ing blocks of proteins as well as many other biological mole-
cules [22,23]. Based on the balance of nitrogen and growth,
traditionally AA are classified as being nutritionally essential
AA (EAA) or non-essential AA (NEAA) [24]. EAA play important
roles in the expression of genes, i.e., the transcription of encod-
ed information in a gene into ribonucleases and proteins [25].
In contrast, NEAA are intimately involved in many cell signaling
pathways that regulate proteolysis, the expression of genes,
DNA and the synthesis of proteins, lipid, glucose and endog-
enous metabolite metabolism, neurotransmission and immu-
nity, among other functions [26].

Recently, altered AA metabolism has been recognized to be an
important and underestimated cause of many human diseas-
es. For example, changes of the levels in several important AA
have been reported in the pathogenesis of AD [27]. Urea cy-
cle function may be induced in endothelial cells of AD patient
brains, possibly to remove excess ammonia produced from

increased AA catabolism [28]. Also raised plasma branched-
chain AA (BCAA) levels in insulin resistance has been shown
to be relevant in predicting the development of type 2 diabe-
tes mellitus [29]. However, there is a paucity of information
available about the changes of AA metabolites after PQ poi-
soning. Studying PQ poisoning from an AA metabolic perspec-
tive provides new insights into PQ pathogenesis and may lead
to the discovery of important indicators that can partially aid
in early detection and outcome prediction.

To the best of our knowledge, our study is the first that used
serum AA metabolomics to evaluate prognosis in PQ poisoning
in humans. Metabolic profiling of low molecular weight me-
tabolites in tissue constituents has shown promising results
in uncovering biomarkers and metabolic fingerprint in clinical
toxicology and has previously been suggested as a potential
technique for early diagnosis of PQ poisoning [30].
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Figure 4. PQ-induced enhanced expression of three amino acid metabolites may be associated with PQ poisoning mortality. (A, C, E)
Compared to the control and survivor groups, the levels of creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate in the
non-survivor group was markedly increased on the day of hospital admission. Box plots depict the median (line) and range
(edges of box plots). The p-values are based on Wilcoxon’s test. (B, D, F). Changes in three AA metabolites levels are shown in
the control, survivor, and non-survivor groups over 28 days. The three AA metabolite levels slowly decreased during the time
course of the investigation. Indeed, the level of the three AA metabolites in the non-survivor group remained substantially
higher than in the survivor group. Control group (n=10), Survivor group (n=24), Non-survivor group (n=16). * p<0.05 and
** p<0.001 versus Survivor group. ns, not significant. A p<0.05 versus. Non-survivor group on the day of admission. PQ
— Paraquat.

The metabolomics results in our study are yielded a number of ~ metabolism, lysine metabolism, tryptophan metabolism, tau-
particularly interesting findings. First, following acute PQ poi- rine metabolism, arginine and proline metabolism, etc. Among
soning, 25 AA molecules were abnormally expressed in meta- them, 4-acetamidobutanoate and guanidinosuccinate are
bolic pathways (p<0.05, Table 2). They belong to different me- NEAA, while others are EAA. Secondly, we found the inten-
tabolisms, like alanine and aspartate metabolism, glutamate sity of glutamine and p-cresol sulfate was decreased, while
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Table 3. Characteristics of the survivor and non-survivor groups in PQ poisoning.

Survivors (n=24) Non-survivors (n=16) P-value

No. of participants (women/men) 10/14 10/6 0.097
 Agelyeary 320467 31(16-58) 0689
""" Plasma PQ concentration (mg/l)  03x02 7563 <0001
""" Urine PQ concentration (mg/l) 58111 1040¢1582 0001
Coscoring
""""" APACKEN 3020 10040 <0001
""""" soFPA  20s10 6020 <0001

Plasma PQ concentration and urine PQ concentration were collected on admission; other parameters were the peak values within 5

days following intake of paraquat. PQ — Paraquat.

A B
10 Metabolites AUC Sen Spe PPV NPN ACC
Creatinine 0.83 0.94 0.67 0.63 0.94 0.75
08 Indolelactate 0.75 069 079 073 0.80 078
3-(4-hydroxypenyl) lactate  0.84 0.69 0.96 0.92 0.98 0.85
= 06
:§ Note: AUC=area under a receiver operator curve; Sen=sensitivity; Spe=specificity;
& 04 PPV=positive predictive value; NPV=negative predictive value; ACC=Accuracy.

> =&~ (reatinine C
0. == [ndolelactate Metabolites HMDB ID Metabolic pathway
= %= 3-(4-hydroxypenyl) lactate Creatinine 00562 (113.1179) Arginine and proline
0.0 T T T T Indolelactate 0067 (205.2099) Tryptophan
0.0 02 04 0.6 0.8 1.0 3-(4-hydroxypenyl) lactate 00755 (182.1733) Tyrosine
1-Speificity

Figure 5. Creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate are useful indicators for predicting PQ poisoning mortality.
(A, B) Evaluating the prognostic clinical value of creatinine, indolelactate, and 3-(4-hydroxyphenyl)lactate in PQ poisoning
based on ROC curves. 3-(4-hydroxyphenyl)lactate had the highest AUC of 0.84, while indolelactate and creatinine had AUCs
of 0.75 and 0.83, respectively. The values can be used to predict clinical outcomes. ROC — Receiver Operating Characteristic.
(€) The metabolic pathway of creatinine, indolelactate and 3-(4-hydroxyphenyl)lactate. PQ — Paraquat.

others were significantly increased. Mechanisms for this find-
ing merit future validation. Also, we applied an unsupervised
PCA and supervised OPLS-DA analysis between the survivor
group and the non-survivor group. Consistent with the find-
ings in the heat map analysis, creatinine, indolelactate, and
3-(4-hydroxyphenyl)lactate were suggested to be the most
closely related AA metabolites with PQ mortality (RS >0.75,
Figure 2B, 2C). Hence, we further studied these three AA for
clinical validation. It was noted that the level of these three
AA metabolites in patients who died was substantially higher
than in the survivor group (Figure 4).

Creatinine (molecular weight 113 daltons), is involved in argi-
nine and proline metabolism, and is a commonly used marker
to indicate renal damage in PQ poisoning [31]. Yamaguchi et al.
assessed laboratory test data of 160 patients with acute PQ
poisoning on hospital admission and found that the progno-
sis of PQ poisoning depends on acid-base status and the renal

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

functions of the patients [32]. In agreement with previous find-
ings [33,34], our research has shown that creatinine levels can
be used to predict death, which was associated with an AUC
of 0.83 (Figure 5A, 5B), indicating an elevated creatinine was
a useful prognostic indicator of death. Arginine is an essential
AA which increases the production of NO, ROS, Ca** release, as
well as the expression of inducible nitric oxide synthase [35].
It has been reported that creatinine levels rise more rapidly in
patients with severe PQ poisoning, but the mechanism(s) re-
main unclear. The increase might be due to severe free radi-
cal injury induced by PQ toxicity [36].

For example, it is known that PQ poisoning triggers an inflam-
matory response, accompanied by raised levels of the cytokine
TNF-o, which is associated with systemic inflammation. TNF-a.
is known to increase the expression of iNOS in aortic endothe-
lial cells, leading to an increased production of NO compared to
basal levels, which impairs the vascular responses of smooth
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muscle [37]. Therefore, detecting an early increase in creati-
nine levels may be an accurate prognostic indicator for death.

Indolelactate and 3-(4-hydroxyphenyl)lactate belong to tryp-
tophan and tyrosine metabolic pathway, respectively, which
act as a natural anti-oxidant. It has been shown that it de-
creases the generation of ROS by neutrophils and mitochon-
dria, thereby moderating oxidative stress in sepsis. In our
study, the relative intensity of indolelactate and 3-(4-hydroxy-
phenyl)lactate showed a significant increase after PQ poison-
ing (Figure 3C, 3D). Mechanisms are unknown. It may be due
to the PQ-induced enhanced level of oxidative stress. In ad-
dition, ROC curve analysis in this study revealed that 3-(4-hy-
droxyphenyl)lactate had the best AUC of 0.84, while indole-
lactate had the AUC of 0.75, for the prediction of prognosis in
patients with PQ poisoning (Figure 5A, 5B). These observations
may validate the hypothesis that indolelactate and 3-(4-hy-
droxyphenyl)lactate is a good predictor of death. However,
mechanisms underlying this finding remain are unclear, but
warrant further investigation in future studies.

Supplementary Figure

Wan X. et al.:
Alterations in amino acid profiling and mortality in paraquat poisoning
© Med Sci Monit, 2018; 24: 1397-1407

Conclusions

Taken together, this study applied a GC-MS/LC-MS based me-
tabolomics approach to assess the AA metabolite changes
and its prognostic values in human plasma following PQ poi-
soning. Three AA metabolites, creatinine, indolelactate, and
3-(4-hydroxyphenyl)lactate, were demonstrated to be asso-
ciated with PQ poisoning fatality. Therefore, metabolic profil-
ing of AA could be a reliable tool for identifying effective indi-
cators for early prognosis of PQ poisoning.
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Supplementary Figure 1. 102 amino acid metabolites were investigated by GC-MS/LC-MS based metabolomics analysis. Metabolic
patterns were visualized using heat map generated from the control, survivor, and non-survivor group. A blue/red
color scheme was used to refer to a decrease/increase in a metabolite relative level. C1-C10 — Control;

S$1-S24 — Survivor group; N1-16 — Non-survivor group.
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