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ARTICLE INFO ABSTRACT

Keywords: Background: Although there are several severity predictors for COVID-19, none are specific. Serum levels of
COVID-19 phenylalanine were recently associated with increased inflammation, higher SOFA scores, ICU admission, and
SARS'_COV'Z mortality rates among non-COVID-19 patients. Here, we investigated the relationship between phenylalanine
IS}):Z];]ZTZnine and inflammatory markers in adults with COVID-19.

Tyrosine Methods: We assessed adults with COVID-19 at hospital admission for clinical and laboratory data. Nuclear

magnetic resonance spectroscopy measured serum levels of phenylalanine and other amino acids of its metab-
olomic pathway. Flow Cytometry measured serum levels of IL-2, IL-4, IL-6, 1I-10, TNF-o, and IFN-y. Linear
regression models adjusted for potential confounders assessed the relationship between serum levels of
phenylalanine and inflammatory cytokines.

Results: Phenylalanine and tyrosine were significantly lower in mild disease as compared to moderate and severe
groups. Linear regression models showed that phenylalanine is independently and positively associated with
disease severity regardless of the cytokine analyzed and after adjustment for potential confounders. In addition,
mild cases showed consistently lower serum phenylalanine levels within the first ten days from disease onset to
hospital admission.

Conclusions: Phenylalanine is a marker of disease severity. This association is independent of the time between
the onset of symptoms and the magnitude of the inflammatory state.

1. Background

COVID-19 exhibits a spectrum of manifestations ranging from
asymptomatic or mild flu-like symptoms to severe pneumonia with
acute respiratory distress syndrome and death [1]. The degrees of
increasing severity reflect different clinical and laboratory findings,
response to therapy, and clinical evolution [2]. In this regard, the
literature points out that about 50 markers (including demographic,
patient history, physical examination, laboratory, radiological data, and
a high Sequential Organ Failure Assessment -SOFA score) can provide
valuable prognostic information about mortality disease severity [3].
However, most of these markers are not specific and share similarities
with other conditions. Moreover, they do not explain why some patients

progress to severe states or the determinants of the speed at which it
occurs. Thus, there is a need to investigate alternative predictors of
disease severity and death.

Approximately 20% of COVID-19 patients develop a severe
inflammatory-mediated hypoxemic disease that resembles a cytokine-
storm syndrome characterized by high levels of pro-inflammatory cy-
tokines such as interleukin 1 (IL-1), IL-6, and TNF-a [4]. Accordingly, we
and others have shown that serum IL-6 and IL-10 levels are significantly
associated with disease severity and progression [5-8]. Recently, a few
studies have shown the incidence of clinically significant metabolic
changes that may interfere with disease severity and prognosis [9-11].

Metabolomic studies can provide a portrait of the physiological state
of an organism responding to pathogenic challenges and treatment [12].
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To this point, only a few studies have used mass spectrometry metab-
olomics to identify COVID-19-induced alterations in circulating me-
tabolites. A metabolic phenotyping study of blood plasma coupled with
cytokine/chemokine analysis from 59 patients with COVID-19 demon-
strated significant elevations of nine plasma metabolites, including
quinolinic acid, glutamic acid, nicotinic acid, aspartic acid, neopterin,
kynurenine, phenylalanine, 3-hydroxykynurenine, and taurine [13].
Moreover, the correlation between metabolite changes and concentra-
tions of inflammatory cytokines and chemokines points to an immuno-
metabolic disorder [13]. Other studies have focused on the correlation
of metabolic parameters with a clinical presentation [14], circulating IL-
6 levels [15], or sex-specific metabolic changes [16,17]. However, the
limited sample size is the major limitation of these studies, and also,
none took into account possible confounding factors.

Nevertheless, Wannemacher et al. [18] provided significant ad-
vances in understanding the pattern of change in individual plasma-free
amino acids during infectious processes. According to their findings,
inflammation and infection often lead to increased levels of some serum
amino acids, especially in serum phenylalanine and in the
phenylalanine-tyrosine ratio [19]. It occurs due to an accelerated release
from skeletal muscle to meet the rates of glucose turnover and oxidation
in the infected host [18]. However, there is a lack of studies investi-
gating the relationship between phenylalanine levels and inflammatory
markers to identify potential determinants of disease severity and pro-
gression. Thus, we investigated this relationship in adult patients with
COVID-19, considering disease severity and the main markers of the
phenylalanine metabolic pathway.

2. Methods
2.1. Study design, participants and setting

We conducted a cross-sectional study at the University Hospital of
the Federal University of Sao Carlos (HU-UFSCar). From July to
December 2020, patients included if they were diagnosed with COVID-
19 according to the WHO guidelines and had <11 days from the illness
onset to hospital admission. We excluded subjects having more than 11
days after symptom onset to hospital admission because this is the
period above the 75th percentile for viral clearance. Thus, we aimed to
reduce the chance of secondary interferences on the pattern of inflam-
matory cytokines beyond the relationship between SARS-CoV-2 infec-
tion and immune response. The study was conducted according to the
guidelines laid down in the Declaration of Helsinki and all procedures
involving research study participants were approved by the UFSCar’s
Research Ethics Committee (Number: 30184220.8.0000.5504). All
subjects provided written informed consent.

2.2. Study assessments

We assessed all patients at admission for demographic and clinical
data, chronic comorbidities and illness severity. Patients were catego-
rized as mild, moderate, and severe according to the recommendations
set forth by the WHO’s COVID-19 Clinical management living guidance
[20]. Within the first 12 h of admission, venous blood was sampled to
analyze inflammatory cytokines and metabolomics.

2.3. Systemic markers of inflammation

Samples were analyzed through flow cytometry using BD Accuri C6
(BD Biosciences, Franklin Lakes, NJ, USA), and serum cytokines (IL-2,
IL-4, IL-6, IL-10, IFN-y, and TNF-a) were measured with cytometric bead
array human inflammation kit (BD™ CBA Human Th1/Th2 Cytokine
Kit, BD Biosciences, San Diego, CA, USA). The procedure was conducted
following the manufacturers’ instructions. Data were analyzed using
FlowJo software (FlowJo LLC, Ashland, OR, USA).
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2.4. Serum sample preparation for NMR measurements

An aliquoted blood serum sample was stored at —80 °C until
measured. The delivered frozen serum sample was thawed to room
temperature. After that, 500 pL of blood serum was added to the filter
(Amicon Ultra - 3 kDa) and it was centrifuged at 14,000 g for 30 min at
4 °C. Then, 150 pL of filtered serum was transferred to a 5 mm NMR tube
(Wilmad Standard Series 5 mm, Sigma-Aldrich) containing 60 pL of
phosphate buffer [(monobasic sodium phosphate, NaH;PO4 H50, 137.99
g~mol’1; dibasic sodium phosphate, Na;HPO3, 141.96 g-mol’l), TMSP-
d4 (3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid sodium salt)
at 0.5 mmol-L™! (internal reference)] and 390 pL of deionized water
(99.9%; Cambridge Isotope Laboratories Inc.) for immediate NMR
acquisition.

All the filters were washed with 500 pL of ultra-pure water, followed
by centrifugation at 14,000 g for 5 min at 4 °C. This process was
repeated five times. After the fifth wash, spinning (filter reverse and
rotation at 7500 g for 60 s) was performed to eliminate any residue of
ultra-pure water.

2.5. Spectrum acquisition and metabolite quantification

All the NMR measurements were acquired in a 14.1 Tesla Bruker
spectrometer (600 MHz for hydrogen frequency), equipped with a 5 mm
TXI cryoprobe using temperature 343 K, TSP-d 4 as an internal refer-
ence, solvent deionized water, and the inverse detection probe head
except for 13C (the broadband direct observe).

For the 'H spectrum with HDO presaturation signal using
continuous-wave the parameters were, acquisition time (AQ = 5.45 s),
sweep width (SWH = 12019 Hz), relaxation delay (d1 = 3 s), the 90°
pulse time (pl = 9.125 ps) and number of scans (ns = 128). After
spectrum acquisition, baseline corrections, identification, and quantifi-
cation of metabolites present in the samples were conducted using Suite
8.6 Chenomx software (Chenomx Inc., Edmonton, AB, Canada) by the
TMSP-d4 signal (known concentration = 0,5 mmol.L™Y) as an internal
reference to quantify other metabolites. All spectra were processed with
0.3 Hz line broadening (Ib) to attenuate the noise in the spectral signals.

2.6. Statistical analysis

Continuous data are presented as median [1st, 3rd quartile] ac-
cording to the Shapiro-Wilk test. Categorical variables are presented as
counts (percentages). Comparisons between groups were performed
using Kruskal-Wallis test followed by Dunn’s Post Hoc test with
Benjamini-Hochberg p-value correction for continuous variables, and
Pearson’s Chi-squared test with Yates’ continuity correction for cate-
gorical variables. Multivariate linear regression models were used to
investigate the relationship between the circulating levels of phenylal-
anine and major inflammatory cytokines. Phenylalanine and cytokine
measurements were transformed (log10) in order for variables to meet
the assumptions of statistical tests. Clinical characteristics and disease
severity were selected for the multivariate analysis. All analyses were
conducted using R version 4.0.3 (The R Foundation for Statistical
Computing, Vienna, Austria) in R-Studio 1.3.1093 (RStudio Inc., Boston,
USA).

3. Results
3.1. Baseline characteristics of study participants

We included a total of 166 subjects in this study. The overall median
age was 60 years old, ranging from 22 to 99 years. About a half were
males (53.6%), with a median Charlson Comorbidity Index (CCI) of 2,
and about a fourth (24.7%) of them presented high comorbidity (index
> 5). Almost a half were hypertensive (47%), while most were not
diabetic (69.9%), nor had cardiovascular diseases (84.9%). Table 1
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Table 1
Baseline characteristics of enrolled subjects.
Variable Overall Mild Moderate Severe P
N = (n= (n = 84) (n=
166) 21) 61)
Male sex 89 5 46 (54.8) 38 0.009%"
(53.6) (23.8) (62.3)
Age, years 60 [44, 38[35, 61 [47, 65 [48, <
74] 49] 73] 79] 0.001%"
65 + years 65 3 31 (36.9) 31 0.01°
(39.2) (14.3) (50.8)
Comorbidities
Hypertension 78 (47) 6 43 (51.2) 29 0.1
(28.6) (47.5)
Diabetes mellitus 50 3 29 (34.5) 18 0.1
(30.1) (14.3) (29.5)
Cardiovascular 25 2 (9.5) 12 (14.3) 11 (18) 0.6
diseases (15.1)
Charlson 2 [0, 4] 0 [0, 2 [0, 4] 3[1,5] 0.001%"
Comorbidity Index 0]
Time from symptom 7 7 7 [4,10] 7 0.8
onset to hospital [4,10] [6,10] [4,10]
admission, days
NEWS?2 at hospital 4 [2,5] 1[1,1] 31[2,4] 5 [5,6] <
admission 0.001%¢

Continuous data are presented as median [1st, 3rd quartile]. Categorical vari-
ables are presented as counts (percentages). Post-hoc significant (p < 0.05)
pairwise comparisons: * Mild vs Moderate, > Mild vs Severe, © Moderate vs
Severe.

summarizes baseline demographic and clinical characteristics for each
severity group. Patients with mild disease were significantly different
from those with moderate and severe conditions as regard to sex, age,
CCI, and NEWS2 score on admission. Besides the expected differences in
NEWS2 score on admission, there were no significant differences be-
tween the moderate and severe groups.

3.2. Phenylalanine and other laboratory parameters according to disease
severity

Baseline serum levels of phenylalanine and other laboratory pa-
rameters were evaluated at hospital admission and stratified according
to the disease severity (see Table 2). Post hoc tests indicated that all
groups were significantly different from each other, except for serum
levels of IL-4, TNF-a, IFN-y, histidine, ornithine, and creatine phos-
phokinase. Phenylalanine was significantly lower in mild disease as
compared to moderate and severe groups (both p adjusted < 0.001).
Tyrosine was also lower in mild disease (both p adjusted = 0.03).
Tyrosine-related analyzes can be found in the Supplementary Material.
Moreover, subjects with severe disease presented a lower median esti-
mated glomerular filtration rate when compared to mild and moderate
groups (p adjusted = 0.05 and 0.04, respectively).

3.3. Relationship between serum phenylalanine levels and inflammatory
markers

The relationship between serum levels of phenylalanine and major
inflammatory cytokines (IL-2, IL-6, and IL-10) was evaluated using
linear regression analysis adjusted for sex, age, comorbidity (CCI), and
disease severity groups. Table 3 shows that serum phenylalanine levels
are independently and positively associated only with disease severity
regardless of the cytokine analyzed.

3.4. Serum levels of phenylalanine as a marker of disease severity

Considering a possible role of phenylalanine as a marker of disease
severity independent from major markers of inflammation, we further
evaluated the temporal evolution of serum levels of phenylalanine
during the first ten days from illness onset to hospital admission. Fig. 1
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Table 2
Phenylalanine and other laboratory parameters at hospital admission, according
to the severity groups.

Variable Overall Mild Moderate Severe p
(N = (n= (n=84) (n=
166) 21) 61)
Lymphocyte count 1.16 2.17 1.17 0.8 <0.0012>¢
(x10°/L) [0.72, [1.55, [0.35, [0.52,
1.58] 2.65] 1.52] 1.42]
Lactate 276 185 247 [205, 336 <0.001%¢
dehydrogenase [215, [167, 350] [270,
(U/L) 3871 265] 486]
C-reactive protein 6.5 0.6 5.1 [1.1, 11.6 [5, <0.001%"¢
(mg/dL) [1.1, [0.1, 11.6] 18.5]
13.6] 0.6]
1L-2 (pg/dL) 14.1 12.2 14.1 14.4 <0.001%°
[12.9, [11.5, [13.2, [13.6,
14.7] 13.6] 14.8] 14.9]
1L-4 (pg/dL) 20 19.4 19.9 20.3 0.1
[19.1, [18.6, [18.8, 21] [19.4,
21] 20.5] 21.1]
1L-6 (pg/dL) 35.3 20.1 34.4 59.7 <0.0012°¢
[15.8, [18.8, [23.5, [31.9,
94.1] 22.1] 70.6] 140.4]
1L-10 (pg/dL) 40.4 36.1 39.2 45.5 <0.001%°¢
[36.9, [34.8, [36.7, [40,
48.5] 37.6] 46.6] 66.6]
TNF-o (pg/dL) 13.1 13.1 13.1 13.3 0.5
[12.7, [12.6, [12.7, [12.9,
14.5] 14.7] 14.1] 14.6]
IFN-y (pg/dL) 14.8 13.9 14.9 15.1 0.1
[13.9, [13.4, [13.9,17] [14,
17.1] 17] 18.3]
1L-6/IL-10 ratio 0.8 0.6 0.8 [0.6, 1.1 <0.001%¢
[0.6, [0.5, 1.4] [0.7,
1.7] 0.6] 2.7]
IL-6/IFN-y ratio 2.2 1.4 2.1 [1.5, 3.5 <0.001%¢
[1.5. [1.1, 4.3] [2.0,
4.5] 1.6] 8.4]
TNF-0/IL-10 ratio 3[2.7, 2.8 2.9 [2.7, 3.3 <0.001%¢
3.5] [2.5, 3.4] [2.9,
2.9] 4.1]
Phenylalanine (mg/ 1.51 1 1.5 [1.14, 1.71 <0.001%°
dL) [1.18, [0.85, 2.23] [1.43,
2.08] 1.35] 2.17]
Histidine (mg/dL) 0.84 0.68 0.9 [0.49, 0.81 0.2
[0.36, [0.22, 1.11] [0.35,
1.07] 1.03] 1.03]
Ornithine (mg/dL) 0.65 0.59 0.64 0.68 0.4
[0.48, [0.48, [0.47, [0.5,
0.88] 0.75] 0.86] 0.92]
Tyrosine (mg/dL) 1.28 1.01 1.29 [1, 1.36 [1, 0.04%°
[0.94, [0.9, 1.71] 1.61]
1.60] 1.3]
Creatinine (mg/dL) 0.9 0.9 0.8 [0.7, 1[0.8, 0.02¢
[0.7, [0.8,1] 1.12] 1.6]
1.3]
Estimated 88 [54, 95 [83, 91 [66, 75 [39, 0.02"
Glomerular 105] 108] 109] 171]
Filtration Rate,
eGFR (mL/min/
1.73 m?
Creatine 87 [49, 72 [48, 86 [51, 100 0.2
phosphokinase 201] 114] 140] [47,
(mg/dL) 264]

Continuous data are presented as median [1st, 3rd quartile]. Categorical vari-
ables are presented as counts (percentages). Post-hoc significant (p < 0.05)
pairwise comparisons: * Mild vs Moderate, ® Mild vs Severe, ¢ Moderate vs
Severe.

shows the distribution of serum levels of phenylalanine in each disease
severity group as a function of the time from illness onset to hospital
admission. In the figure, serum levels of phenylalanine in mild severity
have lower and less variable concentrations throughout the time as
moderate and severe groups.
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Table 3

International Immunopharmacology 101 (2021) 108313

Linear regression models for the association between serum levels of phenylalanine and inflammatory markers, adjusted for sex, age, comorbidity (CCI), and disease

severity groups.

Dependent variable: Phenylalanine (log mg/dL)

Model 2 Model 3

Standardized p
B Coefficient (95% CI)

Standardized p
B Coefficient (95% CI)

Independent variables Model 1

Standardized p

f Coefficient (95% CI)
IL-2 (log pg/mL) 0.06 (—0.09 to 0.21) 0.4
IL-6 (log pg/mL) - -
IL-10 (log pg/mL) - -
Male sex 0.07 (-0.23 to 0.39) 0.1
Age, years 0.12 (—0.15 to 0.39) 0.3
Charlson Comorbidity Index —0.03 (-0.3 to 0.24) 0.8
Disease severity
Mild Reference -
Moderate 0.73 (0.23-1.22) 0.004
Severe 0.91 (0.39-1.43) <0.001

0.13 (—0.02 to 0.28) 0.08 - -

- - 0.09 (—0.06 to 0.24) 0.2
0.09 (—0.21 to 0.4) 0.5 0.08 (—0.22 to 0.39) 0.5
0.11 (—0.6 to 0.38) 0.4 0.11 (—0.16 to 0.38) 0.4
—0.01 (—0.28 to 0.25) 0.9 —0.01 (0.28 to 0.25) 0.9
Reference - Reference -
0.70 (0.22-1.19) 0.005 0.70 (0.21-1.19) 0.005
0.85 (0.34-1.37) 0.001 0.86 (0.35-1.38) 0.001

95% CI, 95% Confidence Interval.

Disease severity
== Mild
41 Moderate

=== Severe

Plasma levels of Phenylalanine (mg/dL)

Days from symptom onset to hospital admission

Fig. 1. Distribution of serum levels of phenylalanine according to the time from
illness onset to hospital admission and disease severity.

4. Discussion

There is an increasing attempt to answer why some COVID-19 pa-
tients progress to severe states and the determinants of the speed at
which it occurs. Currently, there are several studies on clinical param-
eters [21], specific comorbidities [22,23], biochemical [24] and hema-
tological [25] laboratory parameters, and inflammatory cytokines
alterations [26]. More recently, some have brought a new perspective to
COVID-19 through the prism of metabolomics [27,28].

We analyzed the metabolomic and inflammatory profile of adults
with COVID-19 according to disease severity. We demonstrated that
phenylalanine and tyrosine are markedly higher among subjects with
moderate to severe disease. Inflammatory cytokines promote muscle
breakdown with the release of phenylalanine for gluconeogenesis to
supply the metabolic demand during the infection. Thus, higher
phenylalanine levels would be associated with the catabolic state.
However, we have shown that phenylalanine maintained an indepen-
dent association with disease severity even after adjusting for different
pro-inflammatory cytokines. This association is independent of the time
between the onset of symptoms and the magnitude of the inflammatory
state. In particular, these findings point to phenylalanine as a distinct
marker of disease severity.

The evidence for phenylalanine as a marker of severity is not new. A
study carried out between 2017 and 2018, that is, before the COVID-19
pandemic, evaluated patients with different serious infections (SOFA >
2), analyzing levels of plasma phenylalanine, leucine, C-reactive protein
(CRP), and nutritional indices (albumin, pre-albumin, and transferrin)

and monitored their outcomes for three months. Phenylalanine was
associated with higher mortality and ICU admission rates, SOFA scores,
episodes of bacteremia, CRP levels, and lower levels of pre-albumin,
transferrin, and leucine. When dividing patients according to phenyl-
alanine levels, participants with higher phenylalanine levels had higher
SOFA scores, ICU admission rates, and levels of CRP and leucine [29].
However, this study did not analyze the relationship of phenylalanine
levels with inflammatory markers taking into account possible con-
founding factors in a multivariate model.

Despite that, phenylalanine appears to be a severity marker related
to respiratory distress. Recently Xu et al. showed that patients with acute
respiratory distress syndrome (ARDS) have significantly different
metabolomic profiles than healthy controls. [30] According to their
results, phenylalanine, D-phenylalanine, and phenylacetylglutamine
levels were higher among non-survivors. Phenylalanine metabolism was
the most notably altered pathway among non-survivors and survivors. In
vivo animal experiments have also shown that higher phenylalanine
levels were associated with severe lung injury and increased mortality
from ARDS. Moreover, Chen et al. have recently reported that phenyl-
alanine predicted mortality in critically ill patients with acute heart
failure (HF) or acute on chronic HF [31]. In multivariate analysis,
phenylalanine levels > 112 pM predicted death over one year, regardless
of age, APACHE II and SOFA scores, atrial fibrillation, C-reactive pro-
tein, cholesterol, prealbumin, transferrin, and IL-8 and IL-10. Thus, a
growing body of evidence points to phenylalanine as a marker of disease
severity, especially related to respiratory distress.

The dominant respiratory feature of COVID-19 is the progressive
worsening of arterial hypoxemia, eventually leading to ARDS. To this
end, the classification of severity proposed by the WHO reflects different
clinical and laboratory findings, responses to therapy, and clinical
evolution [2,20]. However, most of these class markers are non-specific
and share similarities with other inflammatory and respiratory condi-
tions. Furthermore, as far as we know, no study has demonstrated an
independent predictive value of a serum marker on disease severity in
patients with COVID-19. Accordingly, previous studies using NMR
metabolomic analysis have shown several abnormalities when
comparing COVID-19 patients to healthy individuals, including the
reduction in some essential amino acids (methionine, isoleucine, histi-
dine, lysine, tyrosine, and glutamine) and increased levels of phenylal-
anine (81%) and 2-hydroxybutyric acid, suggesting a condition of
metabolic stress in COVID-19 [32]. Untargeted analysis of non-critical
COVID-19 patients demonstrated that phenylalanine, tyrosine and
tryptophan biosynthesis, phenylalanine metabolism, aminoacyl-tRNA
degradation, arachidonic acid metabolism, and the tricarboxylic acid
(TCA) cycle were the most important metabolic pathways affected by
the SARS-CoV-2 infection [33]. A genome-scale metabolic study com-
plemented these findings by revealing a significantly higher
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phenylalanine flux among COVID-19 deceased patients. It suggested
that the usage of phenylalanine residues for the production of viral
proteins and their subsequent assembly in viral particles would some-
how be related to disease severity [34].

Nevertheless, our results agree with the significant association be-
tween higher phenylalanine levels and COVID-19 severity [35]. This
association is also in line with reports of low occurrence of severe
COVID-19 among patients with phenylketonuria, which has previously
been attributed to the lower rates of vitamin D deficiency in these pa-
tients as a result of protein substitutes in their diet [36]. One of our
strengths was that we demonstrated that this association is independent
of the time between the onset of symptoms and the magnitude of the
inflammatory state. However, the role of phenylalanine in the viral cycle
and the impact of changes in its levels on the worsening of disease
severity is still unknown.

Our study has some limitations. It includes its cross-sectional design
and single-center nature that avoid predictive causal result inferences.
Moreover, the metabolic and inflammatory parameters were recorded
once at hospital admission, whereas consecutive measurements would
have given a better idea of the dynamics between metabolic and in-
flammatory states and disease severity. Therefore, there is little infor-
mation available on variations in phenylalanine levels during
hospitalization and respiratory deterioration. However, our study pro-
vided a significant picture of the relationship between phenylalanine
levels and inflammatory markers in adult patients with COVID-19,
considering disease severity and the main features of the phenylala-
nine metabolic pathway. Considering that serum phenylalanine
screening is a well-known blood test for diagnosing phenylketonuria
(PKU) in newborns. We believe that future strategies may enable the
rapid and practical measurement of phenylalanine levels after extensive
validation of phenylalanine as a COVID-19-related biomarker. In this
sense, the follow-up of these patients over time will be relevant to assess
the diagnostic performance of phenylalanine levels as a marker of dis-
ease severity, an object of further analysis.

We showed that phenylalanine is a marker of disease severity. This
association is independent of the time between the onset of symptoms
and the magnitude of the inflammatory state. These results may help to
better understand the metabolic and inflammatory pathways involved in
COVID-19 and offer new pathophysiological insights into the interaction
between inflammation and metabolism in COVID-19.
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