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Objective: To investigate the prognostic value of phenylalanine and leucine in patients with severe
infection.
Methods: Ninety-three patients with infection who had a quick Sequential Organ Failure Assessment
(qSOFA) score >2 were enrolled. Plasma phenylalanine, leucine, albumin, C-reactive protein, pre-
albumin, and transferrin were measured and the SOFA score at enrollment was calculated after
hospitalization.
Results: During the 3-month follow-up, 30 (32.3%) patients died. Death was associated with higher SOFA
scores, a higher incidence of bacteremia and admission to the intensive care unit, higher C-reactive
protein and phenylalanine levels, worse kidney function, and lower pre-albumin and transferrin levels.
Patients were categorized into three groups: high-risk type 1 (phenylalanine >84 M), high-risk type 2
(phenylalanine <84 wM and leucine <93 wM), and low-risk (other). Compared to the low-risk type
patients, high-risk type 1 and 2 patients had higher mortality rates (hazard ratio 10.1 (95% CI 2.33-43.5)
and hazard ratio 5.56 (95% CI 1.22-25.4), respectively). Type 1 patients had higher SOFA scores, a higher
incidence of admission to the intensive care unit, and higher C-reactive protein and leucine levels. Type 2
patients had lower albumin and hemoglobin levels. Multivariable analysis showed that both high-risk
types were independent predictors of death.
Conclusions: Phenylalanine- and leucine-defined risk classifications provide metabolic information with
prognostic value for patients with severe infection.
© 2019 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

et al,, 2010). Among patients suspected of having infection, the
quick Sequential Organ Failure Assessment (qSOFA) score is a tool

Although infection is heterogeneous among hospitalized
patients, it is generally associated with increased morbidity and
mortality rates (Fleischmann et al., 2016). Patients with infection
who have deteriorated consciousness, tachycardia, or tachypnea
are high-risk populations and have a high mortality rate (Iwashyna
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that can rapidly screen for patients with more severe infection
(Singer et al, 2016). However, there is an unmet need for
biomarkers that can identify subpopulations at extremely high
risk of mortality among patients with high qSOFA scores. The aim
of this study was to provide such biomarkers. Currently, risk
stratification is estimated by general risk scores, such as the
Sequential Organ Failure Assessment (SOFA) score (Seymour et al.,
2016), C-reactive protein (CRP) (Garnacho-Montero et al., 2014),
and nutritional indexes including albumin, pre-albumin, and
transferrin (Levitt and Levitt, 2016; Ning et al., 2016; Szatanik et al.,
2011). However, one assessment tool cannot be applied to all
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patients because different patient populations have distinct
characteristics, highlighting the need for a multifaceted assess-
ment of critical patients.

Recently, based on advanced bioinformatics platforms, we and
others have demonstrated that patient plasma-based metabolo-
mics provide information about metabolic disturbances and have
prognostic value for critically ill patients (Alexander et al., 2011;
Cheng et al,, 2015; Hunter et al., 2016; Tenori et al., 2013; Wang
et al., 2017, 2016; Wurtz et al., 2015). We subsequently simplified
the metabolomics assessment to an amino acid-based profile.
Although phenylalanine and leucine are essential amino acids and
the building blocks of the body, it was found that the concen-
trations of these two amino acids could be used to classify patients
into different risk types proven to be strongly related to disease
worsening or death (Wang et al., 2018a,b). One high-risk type is
characterized by high phenylalanine levels, which are associated
with severe metabolic disturbance. The other high-risk type is
associated with extremely low leucine concentrations, indicating
malnutrition. Different high-risk metabolic types represent
populations in different metabolic states.

Building on our previous findings, it was hypothesized that the
prognostic value of this phenylalanine- and leucine-defined
metabolic profile could be demonstrated in a population hospital-
ized due to infection with high qSOFA scores. The prognostic value
of this profile was compared with traditional assessment tools. In
addition, the characteristics of patients categorized into the
different risk types were explored to shed light on the mechanisms
that explain how metabolic risk types correlate with mortality.

Methods
Patient enrollment

Patients at the hospital were consecutively enrolled from April
2017 to December 2018, based on these inclusion criteria: (1)

hospitalized due to suspected infection; and (2) qSOFA score >2.
Exclusion criteria were: (1) infection with HIV; or (2) the presence
of disorders other than the main cause of admission that might
compromise survival within the next 3 months. Informed consent
was obtained from patients or their family if the patient was
unconscious. The study was designed and conducted in accordance
with the principles of the Declaration of Helsinki and with
approval from the Ethics Review Board of Chang Gung Memorial
Hospital.

Scoring systems

Disease severity was evaluated by calculating the qSOFA
score on the first day of hospital admission. The qSOFA score
ranges from 0 to 3 points, with 1 point each for systolic
hypotension (<100 mmHg), high respiratory rate (>22 breaths
per min), and altered mentation (Glasgow coma scale score
<15). Each patient’s SOFA score was also calculated (Vincent
et al., 1996).

Blood sampling and examination

Blood samples were collected, after overnight fasting for 8 h, in
ethylenediaminetetraacetic acid (EDTA)-containing tubes early in
the morning the day after the patient or their family gave informed
consent. Plasma was analyzed by ultra-performance liquid
chromatography (UPLC) workflow. Other parameters were mea-
sured at the central core laboratory, including estimated glomeru-
lar filtration rate (eGFR), hemoglobin, CRP, white blood cell count,
pre-albumin, transferrin, and albumin.

Follow-up program

Patients received guideline-based medical treatment for their
diagnosed diseases. Admission to the intensive care unit (ICU) was

Table 1
Demographic and laboratory data of all patients at baseline.?
All Survived Died p-Value
n=93 n=63 n=30

Age (years) 721+13.6 70.7 +13.1 751+143 0.144

Male (%) 58 (62.4) 37 (58.7) 21 (70.0) 0.294

SOFA score 6.254+4.07 5.11 +£3.56 8.63+4.11 <0.001

Admission to ICU (%) 37 (39.8) 19 (30.2) 18 (60) 0.006

Co-morbidity
Diabetes mellitus (%) 41 (44.1) 6 (41.3) 15 (50.0) 0.428
Hypertension (%) 70 (75.3) 5(71.4) 25 (83.3) 0.214
COPD (%) 2(12.9) 0(15.9) 2 (6.7) 0.216
Stroke (%) 8 (30.1) 0 (31.7) 8 (26.7) 0.618

Laboratory data
Albumin (g/dl) 2.90+0.60 2.93+0.61 2.85+0.58 0.551
White blood cells (1000/pl1) 12.5+£6.25 11.9 +£6.00 13.7 £6.69 0.197
Hemoglobin (g/dl) 10.8 £2.50 10.8 £2.26 10.9 +£2.99 0.879
C-reactive protein (mg/l) 60.7 (21.3, 121) 48.6 (7.17, 105) 94.4 (46.6, 160) 0.003
eGFR (ml/min/1.73 m?) 77.7 £61.3 90.4 £62.1 51.2 +51.1 0.003
Pre-albumin (mg/dl) 13.1 £6.50 14.2+7.01 10.8 +4.55 0.016
Transferrin (mg/dl) 144 +40.9 150+43.7 131 +£31.1 0.034
Cholesterol (mg/dl) 125+42.6 129 +43.8 117 +£394 0.187
Triglyceride (mg/dl) 96.5 (77, 119) 97 (76.5, 128) 95.5 (76.5, 116) 0.934
ALT (U/1) 30 (16.5, 54.5) 27 (15, 51) 38.5 (18, 68.8) 0.091

Body mass index (kg/m?) 2214+5.70 21.8+5.70 22.7+£5.74 0.480

Bacteremia (%) 14 (15.1) 5(7.9) 9 (30) 0.011

Amino acid profile 118 £118 123.7 £141.2 105 +40.3 0.481
Leucine (M) 104 +38.5 101+33.9 108 +47.2 0.439
Phenylalanine (M) 84.8 +41.7 72.1+20.8 112 £59.2 <0.001

SOFA, sequential organ failure assessment; ICU, intensive care unit; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; ALT, alanine

aminotransferase.

2 Data are expressed as the mean + standard deviation for variables with a normal distribution, median (interquartile range) for variables with a skewed distribution, and as

the number (percentage) for categorical variables.
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defined as a patient transferred to the ICU within 48h after
hospitalization due to critical condition with the need for
mechanical ventilation or aggressive intensive care. All patients
were followed until death or for a maximum of 3 months. The
primary endpoint was all-cause death.

UPLC-based amino acid measurement

Plasma samples (100 1) were precipitated with 10% sulfosa-
licylic acid. After protein precipitation and centrifugation, deriva-
tization was initiated by AQC in acetonitrile. The amino acids were
then analyzed using the Acquity UPLC System, consisting of a
binary solvent manager, a sample manager, and a tunable UV
detector. The system was controlled and data collected using
Empower 2 software. Separations were performed using a 2.1
x 100 mm Acquity BEH C18 column at a flow rate of 0.70 ml/min.
The average intra-assay coefficient of variation was 4.5% for leucine
and 4.6% for phenylalanine. The total coefficient of variation was
4.1% for leucine and 3.7% for phenylalanine. The detection limit was
0.9 uM for leucine and 3.3 wM for phenylalanine. The linear range
was 25-500 wM for these two amino acids.

Statistical analysis

The results are expressed as the mean =+ standard deviation for
variables with a normal distribution, as the median (interquartile
range) for variables with a skewed distribution, and as the number
(percentage) for categorical variables. Data were compared by t-
test, Mann-Whitney U-test, Kruskal-Wallis H-test, and Chi-square
test (multiple comparison with Bonferroni-adjusted p-values) as
appropriate. For phenylalanine and leucine levels, the level at
baseline was used in the analysis. Receiver operating characteristic
(ROC) curves were estimated, and Youden’s index was used to
identify the cut-off value of variables. The area under the curve
(AUC) of the ROCs was determined. The univariate Cox propor-
tional hazards model was used to determine the predictive value of
variables on mortality. Cox multivariable analysis was performed
to adjust the prognostic value of predictors by CRP, eGFR,
bacteremia, and admission to the ICU, or to identify strong
independent predictors of mortality by using a forward selection
model. Variables with a p-value of <0.05 in the univariate analysis
were included in the multivariable analysis. Hazard ratios (HRs)
and 95% confidence intervals (Cls) were calculated. To compare the
time-dependent outcomes, Kaplan-Meier analyses were per-
formed with a log-rank test. All statistical analyses were two-
sided and performed using IBM SPSS Statistics version 22.0 (IBM
Corp., Armonk, NY, USA). A p-value of <0.05 was considered
significant.

A Phe
| (n=93)
Phe <84 uM Phe >84 uM
n=>57 (n=136)
Leu Leu
<93 uM 293 uM
(n=29) (n=28)
High risk Low risk High risk
Type 2 Type 1

Results
Baseline characteristics and laboratory data

This study enrolled 93 patients (Table 1). The patients were
hospitalized for the following conditions: 19 (20.4%) for urinary
tract infections, 43 (46.2%) for pneumonia, six (6.5%) for wound
infections, two (2.2%) for gastrointestinal infections, 17 (18.3%) for
combined urinary tract infection and pneumonia, and six (6.5%) for
other reasons. Bacteremia was found in 14 (15.1%) patients. A total
of 37 (39.8%) patients were transferred to the ICU after hospitali-
zation. The average age of the patients was 72.1 years and their
average SOFA score was 6.25. Generally, these patients had low
levels of albumin, hemoglobin, pre-albumin, transferrin, choles-
terol, and triglycerides, but increased white blood cell counts and
CRP levels.

Factors associated with mortality

During the 3-month follow-up period, 30 (32.3%) patients died
(Table 1). Mortality was associated with higher SOFA scores and
admission to the ICU. Mortality was also associated with a higher
incidence of bacteremia, higher CRP and phenylalanine levels, but
lower pre-albumin and transferrin levels.

Phenylalanine- and leucine-based profiles

Phenylalanine, an amino acid, was strongly associated with
mortality. In predicting mortality, phenylalanine at baseline had an
AUC of 0.712. The optimal cut-off value for phenylalanine was
84 M, with sensitivity, specificity, and accuracy of 60%, 71.4%, and
67.7%, respectively. The mortality rate for patients with phenylal-
anine >84 wM was significantly higher than the rate for those with
phenylalanine <84 wM (HR 3.18, 95% CI 1.53-6.61, p=0.002).

Next, the prognostic value of leucine was estimated in patients
with phenylalanine <84 WM. Leucine levels significantly predicted
mortality in this subgroup. In predicting mortality, leucine at
baseline had an AUC of 0.746. The optimal cut-off value of leucine
was 93 uM, with sensitivity, specificity, and accuracy of 91.7%,
57.8%, and 63.2%, respectively. The mortality rate among patients
with leucine <93 M was significantly higher than the rate among
those with leucine >93 wM (HR 5.77, 95% CI 1.26-26.4, p=0.024).

Defining risk by phenylalanine and leucine levels
Based on the findings reported above, patients with phenylala-

nine >84 M were classified as ‘high-risk type 1’ and patients with
phenylalanine <84 M and leucine <93 WM were classified as

B Mortality

Low risk

High risk type 2

0.4+ High risk type 1

Cumulative survival

Log rank =14.4
P =0.001
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Figure 1. Prognostic value of phenylalanine and leucine. (A) The three types of mortality risk defined by levels of phenylalanine (Phe) and leucine (Leu). (B) Kaplan-Meier

curves for the three different risk types.
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‘high-risk type 2’; all other patients were considered ‘low risk’
(Figure 1A). Compared to low-risk patients, high-risk type 1
patients had higher SOFA scores and incidence of admission to the
ICU, as well as higher CRP and leucine levels (Table 2). High-risk
type 2 patients had lower albumin and hemoglobin levels. The
mortality rate was 50% in high-risk type 1 patients, 34.5% in high-
risk type 2 patients, and 7.1% in low-risk patients. Kaplan-Meier
curves demonstrated that, compared to patients at low risk of
mortality, patients classified as high-risk types 1 and 2 had
significantly worse survival (HR 10.1, 95% CI 2.33-43.5, p=0.002,
and HR 5.56, 95% CI 1.22-25.4, p=0.027, respectively) (Figure 1B).

Cox univariate and multivariable analysis of mortality

Cox univariate analysis was performed to identify factors
associated with mortality, which showed that high-risk types 1
and 2, SOFA score, CRP, pre-albumin, transferrin, eGFR, bacteremia,
and admission to the ICU were significantly associated with death
(Table 3). However, only high-risk types 1 and 2 and pre-albumin
remained significant after adjusting for CRP, eGFR, bacteremia, and
admission to the ICU. Furthermore, multivariable analysis by
including high-risk types 1 and 2 and pre-albumin, showed that
only high-risk types 1 and 2 were significant predictors of death.

Discussion

Metabolism-based assessment is a novel approach for stratify-
ing patients at high mortality risk. This study showed that the
short-term mortality rate among patients hospitalized due to
severe infection defined by a high qSOFA score was as high as
32.3%. Amino acid-based profiles including phenylalanine and
leucine further identified patients at high risk of mortality, in
addition to traditional risk factors such as the SOFA score and levels
of CRP, pre-albumin, and transferrin. Amino acid profiling defined

two high-risk types, namely high-risk types 1 and 2, which were
associated with remarkably high short-term mortality rates when
compared to low-risk patients. These two high-risk types
represent distinct pathophysiological characteristics. Furthermore,
the prognostic value of the amino acid-based profile was
independent of traditional risk factors.

Traditional risk assessment tools

Risk assessment is essential for patients with severe infection
(Singer et al., 2016). However, since the population of patients
admitted for infections is heterogeneous, various scoring systems
and nutritional indexes have been developed to predict outcomes.
These include the SOFA score (Vincent et al., 1996), albumin, pre-
albumin (Arabi et al., 2017; Lavrentieva et al., 2014; Lee et al., 2018;
Park et al.,, 2018, 2017), and transferrin (Lasocki et al., 2018;
Shander et al., 2014). The SOFA score provides continuous
assessment; however, it does not translate into therapeutic
recommendations. As regards nutritional indexes, the severity of
hypoalbuminemia does not further discriminate high-risk patients
in the overall hypoalbuminemic population. Although pre-albumin
and transferrin have been found to be prognostic, their turnover
rate, half-life, and potential interference by inflammation and
anemia substantially limit their universal use (Ferrie and Tsang,
2017; Geisler et al., 2007; Guerra et al., 2009).

Metabolism-based assessment is a novel approach for identi-
fying patients at the highest risk of mortality (Alexander et al.,
2011; Cheng et al., 2015; Hunter et al., 2016; Tenori et al., 2013;
Wang et al., 2018a,b, 2017, 2016; Wurtz et al., 2015). Metabolism
was estimated after overnight fasting (the early fasting state). The
post-absorptive state is not appropriate for amino acid study, since
secreted insulin promotes the uptake of branched-chain amino
acids by muscle. However, in the early fasting state, amino acids
reach homeostasis, not used for gluconeogenesis that happens

Table 2
Comparisons of demographic and laboratory data in patients of different risk types.”
Low risk Type 1 high risk Type 2 high risk p-Value
n=28 n=36 n=29
Age (years) 727+ 148 735+135 69.9+£12.6 0.552
Male (%) 17 (60.7) 27 (75) 14 (48.3) 0.085
SOFA score 4.07 £2.55 8.25+4.47°¢ 5.86 +3.64 <0.001
Admission to ICU 6 (21.4) 23 (63.9)° 8 (27.6) 0.001
Co-morbidity
Diabetes mellitus (%) 14 (50) 15 (41.7) 12 (41.4) 0.752
Hypertension (%) 23 (82.1) 27 (75) 20 (69) 0.514
COPD (%) 4(14.3) 6 (16.7) 2 (6.9) 0.489
Stroke (%) 10 (35.7) 9 (25) 9 (31) 0.645
Laboratory data
Albumin (g/dl) 2.99 +£0.42 3.04+£0.61 2.63+£0.66" 0.013
White blood cell (1000/p.1) 10.7 £4.17 13.3+7.05 13.2+6.70 0.188
Hemoglobin (g/dl) 11.3+1.56 11.4+3.14 9.75+2.02" 0.017
C-reactive protein (mg/l) 43.4 (5.89,101) 98.1 (55.7, 156)¢ 45.7 (6.97, 83.1) 0.004
eGFR (ml/min/1.73 m?) 93.2+46.6 60.7 +68.7 83.9+60.8 0.087
Pre-albumin (mg/dl) 14.7 +£5.94 11.9+6.63 13.1+6.74 0.230
Transferrin (mg/dl) 158 £43.7 136 £41.3 139+34.7 0.065
Cholesterol (mg/dl) 126 +£35.2 125+47.2 125+44.7 0.999
Triglyceride (mg/dl) 92 (80.3, 127) 104 (83, 114) 90 (72, 121) 0.577
ALT (U/1) 21 (133, 54) 36 (19, 70) 30 (16.5, 48) 0.091
Body mass index (kg/m?) 22.0+£5.72 22.4+£5.22 21.7 £6.38 0.875
Bacteremia (%) 3(10.7) 6 (16.7) 5(17.2) 0.743
Amino acid profile
Leucine (M) 110+ 19.1 129 +39.3° 65.9 £16.1° <0.001
Phenylalanine (M) 64.5+9.30 123 +44.2°¢ 573 +£11.5 <0.001

SOFA, sequential organ failure assessment; ICU, intensive care unit; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; ALT, alanine

aminotransferase; ANOVA, analysis of variance.

2 Data are expressed as the mean =+ standard deviation for variables with a normal distribution, as the median (interquartile range) for variables with a skewed distribution,
and as the number (percentage) for categorical variables.

b p<0.05.

€ XXX, compared to ‘low-risk’ by one-way ANOVA and Chi-square test (multiple comparison with Bonferroni adjusted p-value).
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Table 3
Cox univariate and multivariable analysis for predictors of mortality in patients with severe infection.
Univariate Multivariable® Multivariable®
HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value
Phenylalanine (M) 1.02 (1.01-1.03) <0.001 1.02 (1.01-1.03) <0.001 1.02 (1.01-1.02) <0.001
Risk types
High-risk type 1 10.2 (2.36-44.2) 0.002 5.65 (1.20-26.7) 0.029 8.81 (2.01-38.5) 0.004
High-risk type 2 5.60 (1.23-25.6) 0.026 4.92 (1.07-22.6) 0.040 4.88 (1.06-22.5) 0.042
Low-risk (reference)
SOFA score 1.17 (1.08-1.26) <0.001 1.01 (0.98-1.24) 0.12
Pre-albumin (mg/dl) 0.91 (0.85-0.98) 0.015 0.91 (0.84-0.99) 0.021 0.94 (0.88-1.01) 0.060
Transferrin (mg/dl) 0.99 (0.98-1.00) 0.046 0.99 (0.98-1.01) 0.325
CRP (log) 3.19 (1.49-6.84) 0.003
eGFR (ml/min/1.73 m?) 0.99 (0.98-0.99) 0.005
Bacteremia 3.07 (1.39-6.72) 0.005
Admission to ICU 2.60 (1.25-5.41) 0.011

HR, hazard ratio; CI, confidence interval; SOFA, sequential organ failure assessment; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; ICU, intensive care

unit.

2 Adjusted by CRP, estimated glomerular filtration rate (eGFR), bacteremia, and admission to ICU.

b Multivariable analysis by including pre-albumin and high-risk types 1 and 2.

after prolonged starvation (Berg et al, 2002). This study
demonstrated that phenylalanine- and leucine-defined metabolic
types have prognostic value and potentially offer feedback that
could help guide medical and nutritional interventions.

Phenylalanine- and leucine-defined risk types

In a previous study, we demonstrated the prognostic value of
the phenylalanine- and leucine-defined metabolic types in
patients with heart failure (Cheng et al, 2015; Wang et al,,
2018b). In this study, we tested the hypothesis that this amino
acid-based profiling also provides prognostic value in patients
suspected of having severe infection. It was observed that the two
high-risk types were both associated with hypoalbuminemia.
Additionally, type 1 was distinctly characterized by inflammation
as indicated by high CRP and higher SOFA scores, with a higher
incidence of admission to the ICU. Type 2 was characterized by
extremely low albumin levels and low hemoglobin. In addition,
more metabolism information related to these types can be
obtained from our previous studies in heart failure patients (Cheng
etal., 2015; Wang et al., 2018b). Patients with both high-risk types,
compared to low-risk patients, were older, had lower blood
pressure, and had worse kidney function and general functional
capacity. Furthermore, high-risk type 1 patients had substantially
more incompletely metabolized waste of fatty acids in their
circulation, due to impaired mitochondrial p-oxidation for energy
production, constituting a metabolic storm. High-risk type 2
patients had a lower body mass index and lower levels of
cholesterol, hemoglobin, and albumin, suggesting a phenotype of
severe malnutrition.

The pathophysiology and mechanisms that explain why these
two high-risk types are associated with a higher mortality risk in
cases of severe infection have not yet been established. Typical
congenital phenylketonuria is characterized by an extremely high
blood concentration of phenylalanine, which is associated with a
genetic deficit of phenylalanine hydroxylase. However, hyper-
phenylalaninemia in adults involves a variety of other mechanisms
related to disease background. We previously noted that the
increase in blood phenylalanine concentration in high-risk type 1
patients indicated substantial tissue breakdown, which is probably
related to insufficient tissue perfusion, increased insulin resis-
tance, and dysfunctional energy production machinery associated
with a critical status (Wang et al., 2018a,b). The body releases
catecholamines in response to severe infection. In vitro studies
have shown that epinephrine down-regulates the activity of
phenylalanine hydroxylase in cultured hepatocytes, which could

lead to the accumulation of phenylalanine (Miller and Shiman,
1976). Sepsis-induced inflammation and a pronounced increase in
reactive oxygen species consume a significant portion of tetrahy-
drobiopterin (BH4), a co-factor of phenylalanine and tyrosine
hydroxylases, and leave phenylalanine and tyrosine unmetabo-
lized (Bendall et al., 2014; Nishijima et al., 2011). The perturbed
phenylalanine metabolism can interfere with the production of
catecholamine and cause unstable hemodynamics. Alternatively,
sepsis-related activation of inducible nitric oxide synthase also
potentially expends a substantial amount of BH4 for nitric oxide
production. BH4 deficiency is associated with impaired microcir-
culation and subsequent mortality. Whether a phenylalanine level-
guided BH4 intervention would be effective in lowering the
mortality rate requires investigation.

Matthews et al. mimicked systemic stress by infusing epineph-
rine in young normal controls and found that it decreased the
blood concentrations of all essential amino acids, including
branched chain amino acids and phenylalanine (Matthews et al.,
1990). Although the findings were inconclusive, speculative
mechanisms included attenuated muscle protein breakdown.
However, in actual critical patients, the findings on response to
stress were different. A previous study of patients with sepsis
showed that phenylalanine levels increased although other
essential amino acids, including leucine, decreased (Matthews
et al., 1990). However, the researchers did not elaborate the
prognostic value of hyperphenylalaninemia (Su et al., 2015). Life-
threatening situations may involve multiple organs and cause
overwhelming stress and extraordinary inflammation, indicated
by high cortisol levels. High cortisol levels can also cause muscle
protein breakdown, leading to high phenylalanine levels (Chris-
tiansen et al., 2007). These pathophysiological mechanisms were
present in the high-risk type 1 patients in the current study, who
had remarkably high CRP levels. The exact mechanisms underlying
the phenylalanine increase are multiple and overlapping, and
warrant further elucidation.

The metabolic status in the high-risk type 2 group seems to be
the consequence of catecholamine-induced general hypoaminoa-
cidemia and severe malnutrition. However, based on the level of
CRP, the pathophysiological stress in high-risk type 2 patients is
likely not as great as that in high-risk type 1 patients. A previous
study found that leucine levels could represent the amount of
circulating essential amino acids, since the concentration of
leucine was strongly correlated with the total amount of essential
amino acids (Wang et al., 2018a,b). Extremely low levels of
circulating amino acids can shut down a variety of protein and
enzyme functions that are critical for defense against severe
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infection. Intriguingly, although both high-risk types present as
severe malnutrition based on albumin, pre-albumin, and transfer-
rin levels, these high mortality risk types actually involve different
pathways. Only with accurate assessment of these micromolecules
can such patients be treated with appropriate strategies (Reid,
2006). The clinical applications of amino acid profiling definitely
merit further investigations.

Study limitations

The pathophysiology behind the findings of elevated phenylal-
anine levels is currently speculative, such as the amount of BH4,
protein breakdown, nitric oxide production, and the activity of
phenylalanine and tyrosine hydroxylases. Future studies should be
designed to quantify these associated items, which will also shed
light on possible therapeutic targets. The small sample size is
another limitation of this study. However, the results validate the
prognostic value of amino acid profiling as found in our previous
study, which included a large sample of patients with acute/
decompensated heart failure.

Conclusions

Although the sample size was limited, this study demonstrates
that phenylalanine- and leucine-defined metabolic types provide
metabolic information and have prognostic value for assessing the
mortality risk among patients hospitalized due to severe infection.
Future studies should address whether interventions targeted at
these biomarkers can improve survival.
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