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Abstract

This study explored the relationship between the concentrations of homoarginine and arginine and between homoarginine
concentration and laboratory parameters in coronavirus disease 2019 (COVID-19) patients with different severity to demon-
strate the role of homoarginine in the progress of COVID-19. The laboratory-confirmed COVID-19 patients were included
from Peking University Third Hospital during December 2022 to January 2023. Serum, urine, and stool samples were
collected from the patients and detected by liquid chromatography-mass spectrometry. Totally 46 patients were recruited,
including 18 in the mild group, 19 in the severe group, and 9 fatal. The concentration of homoarginine was positively cor-
related with the concentration of arginine in serum (r=0.50), urine (r=0.55), and stool samples (r=0.39), respectively (all
P <0.001). The serum concentration and urine concentration of homoarginine were lower in severe patients than in mild
patients (both P <0.05). 13 indicators reflecting immunity and coagulation, including but not limited to T cell, white blood
cell, natural killer cell, interleukin 6 (IL-6), and IL-8, had statistically significant correlations with both disease severity and
the homoarginine concentration. Patients with hypertension were significantly associated with the decreased serum homoar-
ginine (odds ratio 10.905, 95% confidence interval 1.454 — 137.144). Our results suggest that the homoarginine plays a role
in the progress of COVID-19, which may be achieved by influencing arginine metabolism.
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Introduction

The coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has resulted in millions of confirmed cases and
deaths worldwide (Shanthanna et al. 2022). To identify
diagnostic and prognostic biomarkers, numerous studies
have evaluated the effect of SARS-CoV-2 infection and
COVID-19 severity on metabolites in plasma, urine, and
stool samples (Bourgin et al. 2023).

As one of the important metabolites in the SARS-CoV-2
infection, arginine is considered to play a vital role in
COVID-19 (Barberis et al. 2020; Danlos et al. 2021; Rees
et al. 2021), mainly through its effects on nitric oxide (NO)
production and immune function (Rees et al. 2021). Argi-
nine promotes NO production, which has been proven to
be a signaling molecule involved in numerous processes,
including antiviral responses, oxidized phospholipids gen-
eration, and programmed cell death (Lisi et al. 2021). In
addition, a large part of a normal immune function, includ-
ing T cell and macrophage function, depends on arginine
levels (Adebayo et al. 2021). The reduced availability of
arginine was reported to be connected with decreased pro-
liferation of T cells and diminished responses in T cell-
mediated memory (Zhu et al. 2014) and the administration
of arginine improved the host immune response (Tepaske
et al. 2001). The lower concentration of plasmatic argi-
nine was observed in COVID-19 patients compared with
healthy controls (Rees et al. 2021) and in severe COVID-
19 patients compared with moderate patients (Sacchi et al.
2021). However, arginine is substantially eliminated by
arginases after oral administration, which requires rela-
tively high oral doses to increase the plasma concentration
of arginine (Morris 2004).

Homoarginine is an endogenous and nonproteino-
genic amino acid and structurally related to arginine, and
has potential physiological functions in humans as well
(Atzler et al. 2015). On the one hand, homoarginine is
generated from arginine and glycine by arginine: glycine
amidinotransferase (AGAT) (Tsikas and Wu 2015). On
the other hand, in spite of that the binding affinity (K,,) of
homoarginine was 10-20 times lower than that of arginine,
homoarginine is a weak substrate for nitric oxide synthase
(NOS) and thus has been considered a biomarker of car-
diovascular disease (Atzler et al. 2015; Moali et al. 1998).
Although it is controversial whether homoarginine is a
substrate or an inhibitor of arginase, it can be hypothesized
that the concentration of homoarginine theoretically has
an effect on arginase level and even arginine concentra-
tion (Reczkowski and Ash 1994; Tommasi et al. 2018).
Therefore, the relationship between the concentrations of
homoarginine and arginine in humans remains unclear.
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Studies about the association between homoarginine con-
centration and disease severity in COVID-19 patients are
limited. The study by Adnan et al. (Hasimi et al. 2023)
determined the serum concentrations of arginine and
homoarginine in 86 COVID-19 patients and 21 controls
and showed no statistically significant associations with
disease severity. However, the patients spanned a wide
range of ages in the different groups. According to previ-
ous studies, the high arginine concentration are negatively
correlated with the increase of age (Atzler et al. 2014).
Therefore, more studies need to explore and validate the
relationship between homoarginine and disease severity.

This study aimed to explore the effects of homoarginine
on the progress of the COVID-19, especially on the concen-
trations of arginine and the association with clinical labora-
tory parameters in COVID-19 patients.

Materials and methods
Study design

The laboratory-confirmed COVID-19 patients
aged > 18 years old whose imaging shows the characteristic
manifestations of COVID-19 pneumonia from December
2022 to January 2023 were included. Patients with lung
tumor, bronchiectasis, interstitial lung disease, tubercu-
losis, pulmonary embolism, hepatitis, hyperthyroidism,
hyperuricemia and those who had the history of lung sur-
gery were excluded. The laboratory-confirmation of SARS-
CoV-2 infection and severity of COVID-19 were confirmed
according to Diagnosis and Treatment of Novel Coronavirus
Pneumonia (Version 9) released by National Health Com-
mission (Diagnosis and Treatment of Novel Coronavirus
Pneumonia (Version 9). 2022). According to the outcomes,
the severe COVID-19 patients were divided into survival
and fatal groups. Serum samples, urine samples, and stool
samples were collected from all COVID-19 patients, while
samples were collected again in patients who survive severe
infection before being discharged from the hospital. Patients
were discharged from the hospital with normal blood tests,
undetectable SARS-CoV-2 genome, and no obvious clinical
symptoms.

The study protocol was approved by the Human Eth-
ics Committee of Peking University Third Hospital and
Informed consent was obtained from all the participants.

Information and samples collection

Demographic data and clinical manifestations were col-
lected from medical records. Demographic data consists of
age, sex, body mass index (BMI), smoking status, drink-
ing status, and underlying diseases. Clinical manifestations
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consisted of fever, the highest body temperature, cough,
expectoration, dyspnea, polypnea, and wheezing. Serum
samples, urine samples, and stool samples were collected
by skilled nurses.

Laboratory tests

The detection of lymphocyte subsets used Fluorescent Mon-
oclonal Antibody Kits (Beijing Tongshengshidai Biotech-
nology Co., Ltd, Beijing, China, Cat. no.: Luqing Equipment
20,180,087). The cytokine detection reagent was provided
by Qingdao Raisecare Biotechnology Co., Ltd (Shandong,
China). Both the samples were analyzed by fluorescence
flow cytometry (DxFLEX, BECKMAN COULTER, USA).
Other detection steps were carried out according to the oper-
ating instructions on the kit used.

Sample preparation and Liquid
Chromatography-Mass Spectrometry (LC-MS)
analysis

Blood samples were centrifuged with 699 g at 4 °C for
10 min and 1.5 mL of each supernatant was transferred to
fresh Eppendorf tubes to obtain serum samples, which were
stored at -80°C until use.

Serum samples were thawed in the ice water bath and
vortexed for 30 s. 50 pL of the sample was added to a fresh
Eppendorf tube with 250 pL pure water. Then 1200 uL
extraction solution with internal standard (methanol: ace-
tonitrile, viv=1:1, internal standard containing isotope,
pre-cooled at — 40 °C) were added and vortexed for 30 s.
The mixed liquid were kept in the ice water bath for 15 min
and then at — 40 °C for 2 h, which were centrifuged with
13,800 g at 4 °C for 15 min and transferred 1000 pL super-
natant into a new Eppendorf tube. The supernatant was cen-
trifuged and concentrated until dry and redissolved with 100
puL 60% acetonitrile, swirled for 30 s, kept in the ice water
bath for 5 min, and centrifuged (13,800 g) at 4°Cfor 15 min.
The clear supernatants were transferred to LC vials and then
stored at 4°C until analysis.

Samples were analyzed by 600 Multiple Reaction Moni-
toring (600 MRM), one kind of targeted metabolomics,
with LC-MS. ACQUITY UPLC PREMIER (Waters) with
a Waters Atlantis Premier BEH Z-HILIC Column (1.7 pm,
2.1x 150 mm) was used for LC analysis. Mobile phases A
and B were ultra-pure water/ acetonitrile (8/2) and cetoni-
trile/ultra-pure water (9/1), respectively, both containing
10 mmol/L ammonium acetate. SCIEX 6500 QTRAP + (AB
Sciex) triple quadrupole mass spectrometer equipped with
IonDrive Turbo V ESI ion source was used for MS in MRM
mode. Temperature was set at 500 °C. IonSpray Voltage
was set as + 5000 V/—4500 V. Curtain gas, ion source gas 1,

and ion source gas 2 were set as 35 psi, 50 psi, and 50 psi,
respectively.

Statistical analysis

The categorical variables were described by frequencies and
proportions, and the continuous variables were described
by medians and interquartile ranges (IQRs). Comparisons
between groups were performed by the Chi-square test or
Fisher’s exact test. The logistic regression model was used
to explore the effects of demographic variables on homoargi-
nine levels. The Spearman rank correlation coefficient with
associated p-value was calculated to measure the relation-
ship between variables. All statistical analyses were per-
formed by R version 4.1.2 (R Development Core Team). A
two-sided P < 0.05 was considered statistically significant.

Results
Demographic characteristics

Totally 46 COVID-19 patients were enrolled, including 18 in
mild group and 28 in severe group (19 survival and 9 fatal)
(Supplemental Fig. 1). Serum samples, urine samples, and
stool samples were collected at the acute stage for all 46
COVID-19 patients and at the recovery stage for 19 survival
patients. No significant differences were observed between
mild and severe groups or survival and fatal groups in terms
of sex, body mass index (BMI), smoking, drinking, under-
lying diseases and clinical manifestations (Table 1). The
patients were older in the fatal group than in the survival
group (P <0.001). The hospital stay of severe patients was
significantly longer than that of mild patients (P=0.001).

Relationships between homoarginine and arginine
or disease severity

The concentration of homoarginine was positively cor-
related with the concentration of arginine in serum sam-
ples (r=0.50), urine samples (r=0.55), and stool samples
(r=0.39) (all P<0.001, Fig. 1A-C). Higher concentrations
of homoarginine were detected in the arginine group with
higher concentrations across all three samples (all P <0.05,
Fig. ID-F).

The serum concentration and urine concentration of
homoarginine were lower in severe patients than in mild
patients (both P <0.05, Fig. 2). In spite of not being statisti-
cally significant, the serum concentration and urine concen-
tration of homoarginine appeared to be lower in fatal patients
and at the acute stage. While no differences were observed
in stool samples.
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Table 1 ereral and clinical Variables Mild Severe (n=28) p
Cha.I'aCtCI’ISthS of COVID-19 (n=18) . .
patients Survival (n=19) Dead (n=9) P

Sex, male, n (%) 16 (88.9) 11 (57.9) 7(77.8) 0.417 0.090
Age, years, n (%) <0.001 0.548
<65 6(33.3) 5(26.3) 0(0)
65-75 6 (33.3) 11 (57.9) 1(11.1)
>75 6(33.3) 3(15.8) 8 (88.9)
BMI, kg/m?, mean + SD 25.6+2.2 25.1+3.5 25.0+2.4 0.928 0.580
Smoking, n (%) 1(5.6) 2 (10.5) 1(11.1) 1 1
Drinking, n (%) 1(5.6) 2 (10.5) 0(0) 1 1
Underlying disease, n (%)
Hypertension 12 (66.7) 10 (52.6) 7(77.8) 0.250 0.761
Diabetes 6 (33.3) 8 (42.1) 4 (44.4) 1 0.554
Coronary heart disease 2(11.1) 5(26.3) 3(33.3) 1 0.274
Cerebral infarction 3(16.7) 3(15.8) 2(22.2) 1 1
Clinical manifestations
Fever, n (%) 14 (77.8) 14 (73.7) 6 (66.7) 1 0.740
Highest body temperature,  38.7+0.7 39.1+£0.6 39.0+0.6 0.634 0.120
°C, mean +SD
Cough, n (%) 13 (72.2) 16 (84.2) 8 (88.9) 1 0.284
Expectoration, n (%) 12 (66.7) 14 (73.7) 6 (66.7) 1 0.753
Dyspnea, n (%) 9 (50.0) 13 (68.4) 9 (100) 0.136 0.058
Polypnea, n (%) 2(11.1) 2 (10.5) 4(44.4) 0.064 0.453
Wheezing, n (%) 1(5.6) 2 (10.5) 2(22.2) 0.574 0.634
Hospital stays, mean+ SD 7+2 13+7 11+8 0.631 0.001

The significance of bold means P < 0.05

SD standard deviation

*Between survival and fatal groups

#Between mild and severe groups

The relationship between the concentrations of homoargi-
nine and arginine varied in different disease severity groups
(Fig. 3). For the severe patients, the serum concentration of
homoarginine were significantly lower in the patients with a
low arginine level than with a high arginine level (P =0.006),
while no significant correlation was detected for mild
patients. A big difference of serum homoarginine concen-
tration between the groups of high and low arginine concen-
trations was also observed for the fatal patients (P=0.111),
different from the survival patients (P=0.142); however,
neither difference reached statistical significance. In con-
trast, in the urine samples, the difference of serum homoargi-
nine concentration was more pronounced in the mild patients
(P=0.122) and in the survival patients (P=0.022).

Relationships between homoarginine
and laboratory test results

The relationship between disease severity of COVID-19 and

42 immune indexes, including lymphocyte subsets cytokines,
and immunoglobulins, was explored (Supplementary Fig. 2).
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Compared with mild patients, lower percentages of T cell
and CD31tCD4* T cell, lower counts of CD3*CD4* T cell
and natural killer (NK) cell, and higher levels of interleu-
kin-6 (IL-6) and granulocyte-colony stimulating factor
(GCSF) were observed in severe patients (all P <0.05).
Compared with survival patients, lower counts of T cell,
CD3*CD4* T cell, and white blood cell (WBC), lower levels
of IL-13, CH50, C3, and higher levels of monocyte che-
moattractant protein 1 (MCP-1) were observed in patients
in fatal group (all P <0.05). The concentration of IL-8
was significantly lower in patients at the acute stage than
at the recovery stage (P=0.046). Immunology test results
of patients with different homoarginine levels were illus-
trated in Supplementary Fig. 3. The counts of T cell, WBC,
and NK cell and the concentrations of IL-8 and IL-9 were
related to the level of homoarginine in serum (all P <0.05).
Additionally, there was a negative relationship between the
levels of IL-6 and the urine concentration of homoarginine
(P=0.004). Five indicators were statistical significantly cor-
related with both disease severity and homoarginine concen-
tration, including less counts of T cell, WBC, and NK cell
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Fig.1 The correlation between the concentrations of homoarginine
and arginine. A The concentrations of homoarginine and arginine
in serum samples. Datapoints are index values. The line is the fitted
curve and the shadow is its 95% confidence interval. B The concen-
trations of homoarginine and arginine in urine samples. C The con-
centrations of homoarginine and arginine in stool samples. D The

and higher levels of IL-6 and IL-8 in the low concentration
of homoarginine group and in severe group or fatal group, or
in patients at the acute stage (all P <0.05, Fig. 4).

Other laboratory test result of patients in different sever-
ity groups, including blood routine test and coagulation
function test, were illustrated in Supplementary Fig. 4.
Higher WBC counts and neutrophils counts and percent-
age and lower lymphocyte percentage were observed in
patients in the severe and fatal groups compared with
that in the mild and survival groups (all P <0.05). It’s
worth noting that over half of the coagulation function
test results showed the significant difference between the
fatal and survival patients (all P <0.05). The relationships
between the concentration of homoarginine and other labo-
ratory test results were explored (Supplementary Fig. 5).
Several test results were statistically associated with the

Arginine groups

Arginine groups

concentrations of homoarginine in serum samples of different argi-
nine concentration groups. E The concentrations of homoarginine
in urine samples of different arginine concentration groups. F The
concentrations of homoarginine in stool samples of different arginine
concentration groups

concentration of homoarginine, including but not limited
to the counts of platelets, and the percentage of lympho-
cyte and neutrophils (all P <0.05). Eight items with the
significant association with both disease severity and
homoarginine concentration were screened, with six and
two items in blood routine test and coagulation function
test (all P <0.05), respectively (Fig. 5). Lower counts of
platelets and lymphocyte, lower percentages of lympho-
cyte, eosinophil, and neutrophilic granulocyte, and higher
platelet large cell ratio were observed in patients with low
homoarginine levels and in fatal or severe patients (all
P <0.05). In terms of coagulation function, higher lev-
els of D-Dimer and fibrinogen degradation products in
patients were associated with low homoarginine concen-
trations (both P <0.05) and in fatal group (both P <0.05).
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Fig.2 The concentrations of homoarginine in serum, urine, and
stool samples of patients with different disease severity. A in severe
and mild patients from serum; B in fatal and survival patients from
serum; C at acute and recovery stage from serum; D in severe and

Associations between the concentration
of homoarginine and demographic characteristics

Patients with hypertension had a significantly lower con-

centration of serum homoarginine (odds ratio 10.905, 95%
confidence interval 1.454 —137.144, P <0.001, Table 2).
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mild patients from urine; E in fatal and survival patients from urine;
F at acute and recovery stage from urine; G in severe and mild
patients from stool; H in fatal and survival patients from stool; I at
acute and recovery stage from stool

The risk of decreased serum homoarginine was higher in
severe patients compared with mild patients (odds ratio
7.695, 95% confidence interval 1.429 —58.773, P<0.001).
No associations between serum homoarginine levels and
sex, age, smoking status, drinking status and underlying
diseases except hypertension were observed.
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Fig.3 The concentrations of homoarginine in serum and urine sam-
ples of different arginine concentration groups and of different dis-
ease severity groups. *P<0.05, **P<0.01. A in severe and mild
patients from serum; B in fatal and survival patients from serum; C

Discussion

This study revealed a positive association between the con-
centrations of homoarginine and arginine, suggesting that
homoarginine can be generated from arginine by AGAT
(Tsikas 2023; Mangoni et al. 2019). In spite of the rela-
tively low concentration of homoarginine in humans, the
concentration of homoarginine may have effects on the
concentration of arginine as well. Given the similar chemi-
cal structure, homoarginine is also a substrate for NOS and
arginase like arginine (Atzler et al. 2015), which lead to
the hypothesis that the supplementation with homoarginine
may be able to reduce the binding of arginine to enzymes
thereby reducing the consumption of arginine. The statis-
tically significant relationship between the serum concen-
tration of homoarginine and arginine was shown in severe
COVID-19 patients, but not in mild patients. It may due
to the increased consumption of arginine in severe patients
and the more pronounced interaction between homoarginine
and arginine. However, the relationship was not detected
in fatal or survival groups, probably because of inadequate
sample size.

This study showed lower concentrations of homoargi-
nine in patients in severe or fatal groups compared with
that in mild or survival groups, which does not support

at acute and recovery stage from serum; D in severe and mild patients
from urine; E in fatal and survival patients from urine; F at acute and
recovery stage from urine;

the previous findings that homoarginine concentration was
not associated with disease severity (Hasimi et al. 2023).
However, one study observed significantly lower concen-
tration of homoarginine and increased arterial stiffness in
post-COVID-19 patients compared with healthy controls,
suggesting a potential role for homoarginine in endothelial
dysfunction in COVID-19 (Jud et al. 2021). In addition, the
correlation between homoarginine concentration and the
risk of cardiovascular events has been confirmed by many
epidemiological studies (Karetnikova et al. 2019), consist-
ent with the hypothesis that homoarginine affects endothe-
lial function. In this study, patients with hypertension were
associated with a significantly higher likelihood of decreased
serum concentration of homoarginine, which was in accord-
ance with the correlation between homoarginine levels and
the risk of cardiovascular events (Karetnikova et al. 2019).

Although there are few studies on the relationship
between homoarginine and COVID-19, it can be hypoth-
esized that homoarginine has a potential effect on COVID-
19 through its interference with the arginine pathway (Atzler
et al. 2015). In terms of arginine, several metabolomics stud-
ies have illustrated that the disturbed arginine metabolism
is involved in SARS-CoV-2 infection (Rees et al. 2021;
Blasco et al. 2020), with the association between reduced
arginine and more severe disease (Rees et al. 2021; Sacchi
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Fig.4 Laboratory test results
about immunity function of dif-
ferent serum and urine homoar-
ginine concentration groups
and of different disease severity
groups. ¥*P<0.05, **P<0.01. A
T-cell count in serum; B T-cell
count in urine; C Lymphocyte
count in serum; D Lymphocyte
count in urine; E NK count in
serum; F NK count in urine; G
IL-6 in serum; H IL-6 in urine;
IIL-8 in serum; J IL-8 in urine
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et al. 2021). This result is open to several possible expla-  responses in the presence of reduced arginine and increased
nations. A growing body of research suggests endothelial ~ expression of arginase in cells (Czystowska-Kuzmicz et al.
dysfunction as a key role in COVID-19 (Xu et al. 2023; 2019; Lercher et al. 2019; Fletcher et al. 2015) and affected
Bonaventura et al. 2021), which is correlated with NO (Cyr ~ T-cell proliferation due to arginine, possibly through dys-
et al. 2020) and therefore with arginine as a substrate for ~ regulation of the expression of cyclin D3 and cyclin-depend-
NO production by NOS (Khalaf et al. 2019; Gambardella  ent kinase 4, which modulate the G1 to S phase transition
et al. 2020). Given the similar structure, it is also a pos-  (Rodriguez et al. 2007). In our study, the counts of T cell
sible way for homoarginine to affect endothelial function. =~ were found to positively connected with homoarginine
Immune function is affected by arginine levels (Almeida  concentration, consistent with the trend of the effect of
et al. 2021), including but not limited to diminished T-cell ~ arginine on T cell. Previous studies have reported that the
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Table2 The associations between the demographic characteristics
and lower serum homoarginine levels by the binary logistic regres-
sion model

Variables OR (95%CI)
Sex

Male Ref

Female 2.310 (0.304~22.031)
Age

<65 Ref

65-75 0.775 (0.072~8.794)

>75 5.290 (0.461~96.071)
Smoking

No Ref

Yes 16.452 (0.095 ~36,538.040)
Drinking

No Ref

Yes 0.304 (0.003 ~ 134.706)
Hypertension

No Ref

Yes 10.905 (1.454~137.144)
Diabetes

No Ref

Yes 0.159 (0.022~0.872)
Coronary heart disease

No Ref

Yes 3.746 (0.444 ~53.734)
Cerebral infarction

No Ref

Yes 1.405 (0.107 ~16.842)
Severity

Mild Ref

Severe 7.695 (1.429~58.773)

The significance of bold means P < 0.05

expression of activated GPIIb/IIIa complexon platelets was
negatively correlated with arginine concentration, suggest-
ing the effect of arginine on coagulation function (Sacchi
et al. 2021). Consistently, the concentration of homoargi-
nine was found to be negatively connected with the levels
of D-Dimer and fibrinogen degradation products, supporting
the association of homoarginine and abnormal coagulation
status. The administration of arginine has been proved to
boost immune system (Tepaske et al. 2001; Popovic et al.
2007) and increase NO bioavailability and hence improve
endothelial function (Nagaya et al. 2001; Brown et al. 2018).
A randomized, double-bind, placebo-controlled, parallel
trial revealed that additional oral arginine supplementation
in patients with COVID-19 led to significantly reduced lev-
els of pro-inflammatory IL-2, IL-6, and IFN-y (Fiorentino
et al. 2021). In our study, pro-inflammatory IL-6 and IL-8
were found to negatively connected with homoarginine

@ Springer

concentration. In patients with arginine administration, the
in-hospital stay was significantly reduced compared with
patients taking placebo (Fiorentino et al. 2021). In terms of
long COVID-19, the administration of arginine plus vitamin
C was shown to restored serum l-arginine concentrations,
improved endothelial function and walking performance and
relieved symptoms, including dyspnea, asthenia, and chest
tightness (Tosato et al. 2022; [zzo et al. 2022).

Considering the effect of homoarginine on body, the
effect of arginine on COVID-19, and the interaction between
arginine and homoarginine, the administration of homoar-
ginine appears to be meaningful in clinical treatment. The
orally administered homoarginine was readily absorbed in
the intestine and almost recovered in urine without metabo-
lism in pigs and rats (Stockebrand et al. 2015; Hou et al.
2016). Previous studies have showed that oral daily sup-
plementation with homoarginine can significantly improve
the serum concentration of homoarginine in young volun-
teers, which provide a theoretical basis for homoarginine
administration (Atzler et al. 2016). An animal study reported
that the supplementation of arginine and homoarginine both
showed positive effects on amelioration of oxidative stress
(Chetla et al. 2022), suggesting potential therapeutic effects.
In reviewing the literature, no data was found on the effect
of homoarginine administration on COVID-19, which would
be a fruitful area for further work.

There were some limitations in our study. This study was
mainly limited by the relatively small sample size. Despite
the limitations in sample size, our study broadened the exist-
ing knowledge about the relationships between homoargi-
nine concentration, arginine concentration and disease sever-
ity in COVID-19 patients. Unfortunately, this study did not
include laboratory tests on endothelial functions, leaving the
way in which homoarginine affects disease severity unclear.

Conclusion

The homoarginine concentration was positively correlated
with arginine concentration and negatively correlated with
disease severity. Homoarginine concentrations were cor-
related with several indicators of immunity and coagula-
tion. The metabolic mechanism of homoarginine needs to
be further investigated to explore its potential role for the
treatment of COVID-19.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00726-025-03453-6.

Acknowledgements The authors thank the medical staff in the Peking
University Third Hospital for their help with sample collection and
case investigations, as well as all the participants for their cooperation.

Author contributions Q-B.L. and Q.G. provided the conception of the
study. Z.Z., W-X.Z., LW, FL, QZ., JX., TW, Q-B.L. and Q.G.


https://doi.org/10.1007/s00726-025-03453-6

Association of homoarginine with arginine and disease severity in COVID-19 patients

Page110f12 24

collected the epidemiological data, samples and conducted laboratory
tests. Z.Z., T-T.W.,1.D., Y.Z.,H.Y., S-S.Z., Q-B.L. and Q.G. cleaned,
analyzed, and interpreted the data. T-T.W., Z.Z., Q-B.L. and Q.G.
drafted the manuscript. Q-B.L. and Q.G. provided critical revision
of the article for important intellectual content. All authors read and
approved the final version.

Funding Beijing Municipal Natural Science Foundation, [.222019,
L242050, Natural Science Foundation of China, 82473690,
Fundamental Research Funds for the Central Universities and Peking
University Health Science Center, Hygiene and Health Development
Scientific Research Fostering Plan of Haidian District Beijing,
HP2022-28-501002.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Conflict of interests The authors declare no competing interests.

Patient consent The study protocol was approved by the Human Ethics
Committee of Peking University Third Hospital and Informed consent
was obtained from all the participants.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Adebayo A, Varzideh F, Wilson S, Gambardella J et al (2021) 1-Argi-
nine and COVID-19: an update. Nutrients 13(11):3951

Almeida L, Dhillon-LaBrooy A, Carriche G, Berod L et al (2021)
CD4(+) T-cell differentiation and function: unifying glycolysis,
fatty acid oxidation, polyamines NAD mitochondria. J Allergy
Clin Immunol 148(1):16-32

Atzler D, Schwedhelm E, Nauck M, Ittermann T et al (2014) Serum ref-
erence intervals of homoarginine, ADMA, and SDMA in the study
of health in pomerania. Clin Chem Lab Med 52(12):1835-1842

Atzler D, Schwedhelm E, Choe CU (2015) L-homoarginine and car-
diovascular disease. Curr Opin Clin Nutr Metab Care 18(1):83-88

Atzler D, Schonhoff M, Cordts K, Ortland I et al (2016) Oral supple-
mentation with L-homoarginine in young volunteers. Br J Clin
Pharmacol 82(6):1477-1485

Barberis E, Timo S, Amede E, Vanella VV et al (2020) Large-scale
plasma analysis revealed new mechanisms and molecules asso-
ciated with the host response to SARS-CoV-2. Int J Mol Sci
21(22):8623

Blasco H, Bessy C, Plantier L, Lefevre A et al (2020) The specific
metabolome profiling of patients infected by SARS-COV-2

supports the key role of tryptophan-nicotinamide pathway and
cytosine metabolism. Sci Rep 10(1):16824

Bonaventura A, Vecchié A, Dagna L, Martinod K et al (2021) Endothe-
lial dysfunction and immunothrombosis as key pathogenic mecha-
nisms in COVID-19. Nat Rev Immunol 21(5):319-329

Bourgin M, Durand S, Kroemer G (2023) Diagnostic, prognostic and
mechanistic biomarkers of COVID-19 identified by mass spectro-
metric metabolomics. Metabolites 13(3):342

Brown MB, Kempf A, Collins CM, Long GM et al (2018) A prescribed
walking regimen plus arginine supplementation improves function
and quality of life for patients with pulmonary arterial hyperten-
sion: a pilot study. Pulm Circ 8(1):2045893217743966

Chetla VS, Bommu S, Laxmi NA, Putty K et al (2022) Comparative
evaluation of the effect of L-Arginine and L-Homoarginine sup-
plementation on reproductive physiology in ewes. Res Vet Sci
149:159-171

Cyr AR, Huckaby LV, Shiva SS, Zuckerbraun BS (2020) Nitric oxide
and endothelial dysfunction. Crit Care Clin 36(2):307-321

Czystowska-Kuzmicz M, Sosnowska A, Nowis D, Ramji K et al (2019)
Small extracellular vesicles containing arginase-1 suppress T-cell
responses and promote tumor growth in ovarian carcinoma. Nat
Commun 10(1):3000

Danlos FX, Grajeda-Iglesias C, Durand S, Sauvat A et al (2021) Metab-
olomic analyses of COVID-19 patients unravel stage-dependent
and prognostic biomarkers. Cell Death Dis 12(3):258

Diagnosis and Treatment of Novel Coronavirus Pneumonia (Version
9). Series 2022.03.14 [cited 2023 July].

Fiorentino G, Coppola A, Izzo R, Annunziata A et al (2021) Effects
of adding L-arginine orally to standard therapy in patients with
COVID-19: a randomized, double-blind, placebo-controlled,
parallel-group trial. Results of the first interim analysis. EClini-
calMedicine 40:101125

Fletcher M, Ramirez ME, Sierra RA, Raber P et al (2015) 1-Arginine
depletion blunts antitumor T-cell responses by inducing myeloid-
derived suppressor cells. Cancer Res 75(2):275-283

Gambardella J, Khondkar W, Morelli MB, Wang X et al (2020) Argi-
nine and endothelial function. Biomedicines 8(8):277

Hasimi A, Dogan 0, Serdar CC, Serdar MA (2023) Association of
serum ADMA, SDMA and L-NMMA concentrations with dis-
ease progression in COVID-19 patients. Biochem Med (Zagreb)
33(1):010701

Hou Y, Hu S, Jia S, Nawaratna G et al (2016) Whole-body synthesis of
L-homoarginine in pigs and rats supplemented with L-arginine.
Amino Acids 48(4):993-1001

Izzo R, Trimarco V, Mone P, Alo¢ T et al (2022) Combining L-Argi-
nine with vitamin C improves long-COVID symptoms: the LIN-
COLN survey. Pharmacol Res 183:106360

Jud P, Gressenberger P, Muster V, Avian A et al (2021) Evaluation
of endothelial dysfunction and inflammatory vasculopathy after
SARS-CoV-2 infection-a cross-sectional study. Front Cardiovasc
Med 8:750887

Karetnikova ES, Jarzebska N, Markov AG, Weiss N et al (2019) Is
homoarginine a protective cardiovascular risk factor? Arterioscler
Thromb Vasc Biol 39(5):869-875

Khalaf D, Kriiger M, Wehland M, Infanger M et al (2019) The effects
of oral I-Arginine and 1-Citrulline supplementation on blood pres-
sure. Nutrients 11(7):1679

Lercher A, Bhattacharya A, Popa AM, Caldera M et al (2019) Type
I interferon signaling disrupts the hepatic urea cycle and alters
systemic metabolism to suppress T cell function. Immunity
51(6):1074-1087.e9

Lisi F, Zelikin AN, Chandrawati R (2021) Nitric oxide to fight viral
infections. Adv Sci (Weinh) 8(7):2003895

Mangoni AA, Rodionov RN, McEvoy M, Zinellu A et al (2019) New
horizons in arginine metabolism, ageing and chronic disease
states. Age Ageing 48(6):776-782

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

24 Page 12 of 12

Z.7Zhao et al.

Moali C, Boucher JL, Sari MA, Stuehr DJ et al (1998) Substrate speci-
ficity of NO synthases: detailed comparison of L-arginine, homo-
L-arginine, their N omega-hydroxy derivatives, and N omega-
hydroxynor-L-arginine. Biochemistry 37(29):10453-10460

Morris SM Jr (2004) Enzymes of arginine metabolism. J Nutr 134(10
Suppl):2743S-2747S

Nagaya N, Uematsu M, Oya H, Sato N et al (2001) Short-term oral
administration of L-arginine improves hemodynamics and exer-
cise capacity in patients with precapillary pulmonary hyperten-
sion. Am J Respir Crit Care Med 163(4):887-891

Popovic PJ, Zeh HJ 3rd, Ochoa JB (2007) Arginine and immunity. J
Nutr 137(6 Suppl 2):1681s—1686s

Reczkowski RS, Ash DE (1994) Rat liver arginase: kinetic mecha-
nism, alternate substrates, and inhibitors. Arch Biochem Biophys
312(1):31-37

Rees CA, Rostad CA, Mantus G, Anderson EJ et al (2021) Altered
amino acid profile in patients with SARS-CoV-2 infection. Proc
Natl Acad Sci U S A 118(25):¢2101708118

Rodriguez PC, Quiceno DG, Ochoa AC (2007) L-arginine avail-
ability regulates T-lymphocyte cell-cycle progression. Blood
109(4):1568-1573

Sacchi A, Grassi G, Notari S, Gili S et al (2021) Expansion of mye-
loid derived suppressor cells contributes to platelet activation
by 1-Arginine deprivation during SARS-CoV-2 infection. Cells
10(8):2111

Shanthanna H, Nelson AM, Kissoon N, Narouze S (2022) The COVID-
19 pandemic and its consequences for chronic pain: a narrative
review. Anaesthesia 77(9):1039-1050

Stockebrand M, Hornig S, Neu A, Atzler D et al (2015) Homoarginine
supplementation improves blood glucose in diet-induced obese
mice. Amino Acids 47(9):1921-1929

Tepaske R, Velthuis H, Oudemans-van Straaten HM, Heisterkamp
SH et al (2001) Effect of preoperative oral immune-enhancing

@ Springer

nutritional supplement on patients at high risk of infection after
cardiac surgery: a randomised placebo-controlled trial. Lancet
358(9283):696-701

Tommasi S, Elliot DJ, Da Boit M, Gray SR et al (2018) Homoarginine
and inhibition of human arginase activity: kinetic characterization
and biological relevance. Sci Rep 8(1):3697

Tosato M, Calvani R, Picca A, Ciciarello F et al (2022) Effects of
I-Arginine plus vitamin ¢ supplementation on physical perfor-
mance, endothelial function, and persistent fatigue in adults with
long COVID: a single-blind randomized controlled trial. Nutrients
14(23):4984

Tsikas D (2023) Homoarginine in health and disease. Curr Opin Clin
Nutr Metab Care 26(1):42-49

Tsikas D, Wu G (2015) Homoarginine, arginine, and relatives: analysis,
metabolism, transport, physiology, and pathology. Amino Acids
47(9):1697-1702

Xu SW, Ilyas I, Weng JP (2023) Endothelial dysfunction in COVID-19:
an overview of evidence, biomarkers, mechanisms and potential
therapies. Acta Pharmacol Sin 44(4):695-709

Zhu X, Pribis JP, Rodriguez PC, Morris SM Jr et al (2014) The central
role of arginine catabolism in T-cell dysfunction and increased
susceptibility to infection after physical injury. Ann Surg
259(1):171-178

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Association of homoarginine with arginine and disease severity in COVID-19 patients
	Abstract
	Introduction
	Materials and methods
	Study design
	Information and samples collection
	Laboratory tests
	Sample preparation and Liquid Chromatography-Mass Spectrometry (LC–MS) analysis
	Statistical analysis

	Results
	Demographic characteristics
	Relationships between homoarginine and arginine or disease severity
	Relationships between homoarginine and laboratory test results
	Associations between the concentration of homoarginine and demographic characteristics

	Discussion
	Conclusion
	Acknowledgements 
	References


