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Introduction: A group of SARS-CoV-2 infected individuals present lingering
symptoms, defined as long COVID (LC), that may last months or years post the
onset of acute disease. A portion of LC patients have symptoms similar to myalgic
encephalomyelitis or chronic fatigue syndrome (ME/CFS), which results in a
substantial reduction in their quality of life. A better understanding of the
pathophysiology of LC, in particular, ME/CFS is urgently needed.

Methods: We identified and studied metabolites and soluble biomarkers in
plasma from LC individuals mainly exhibiting ME/CFS compared to age-sex-
matched recovered individuals (R) without LC, acute COVID-19 patients (A), and
to SARS-CoV-2 unexposed healthy individuals (HC).

Results: Through these analyses, we identified alterations in several metabolomic
pathways in LC vs other groups. Plasma metabolomics analysis showed that LC
differed from the R and HC groups. Of note, the R group also exhibited a different
metabolomic profile than HC. Moreover, we observed a significant elevation in
the plasma pro-inflammatory biomarkers (e.g. IL-1o, IL-6, TNF-o, Flt-1, and
sCD14) but the reduction in ATP in LC patients. Our results demonstrate that
LC patients exhibit persistent metabolomic abnormalities 12 months after the
acute COVID-19 disease. Of note, such metabolomic alterations can be
observed in the R group 12 months after the acute disease. Hence, the
metabolomic recovery period for infected individuals with SARS-CoV-2 might
be long-lasting. In particular, we found a significant reduction in sarcosine and
serine concentrations in LC patients, which was inversely correlated with
depression, anxiety, and cognitive dysfunction scores.

Conclusion: Our study findings provide a comprehensive metabolomic
knowledge base and other soluble biomarkers for a better understanding of
the pathophysiology of LC and suggests sarcosine and serine supplementations
might have potential therapeutic implications in LC patients. Finally, our study
reveals that LC disproportionally affects females more than males, as evidenced
by nearly 70% of our LC patients being female.
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Introduction

SARS-CoV-2 infection can result in asymptomatic or
symptomatic presentations, ranging from mild to fatal
coronavirus disease 2019 (COVID-19) (1). The coordinated
action of the innate and adaptive immune systems provides
adequate control of SARS-CoV-2 replication, resulting in the
recovery of most immunocompetent individuals.

However, a substantial number of patients recovering from
COVID-19 have reported a wide range of symptoms that last for
many months or years after the onset of acute infection (2, 3). This
syndrome is defined as post-acute COVID-19 syndrome (PACS),
long-term COVID or “long hauler” patients (2, 4, 5). Multiple
studies have evaluated LC symptoms in hospitalized patients,
inevitably including only the more severe end of the spectrum (6-
8). LC is not restricted to hospitalized patients and its estimated
incidence is reported to lie between 10% and 60%, which depends
on the definition of LC used and patient cohorts under study (9). LC
is composed of heterogeneous sequelae that often affect multiple
organ systems, with an impact on functional status and ability to
work. The most prominent reported LC manifestations include
breathlessness, headache, cough, chest pain, abdominal pain,
muscle pain, fatigue, sleep disturbance, cognitive dysfunction
(also termed “brain fog”), anxiety, and diarrhea (4, 9). Recent
studies and surveys conducted by patient groups indicate that 50
to 80% of patients continue to have bothersome symptoms three
months after the onset of COVID-19 disease even after tests no
longer detect the virus in their body (7, 10, 11). In support of these
observations, a recent study reported that 36% of COVID-19
patients experience several symptoms more than 3-6 months after
the acute phase of the disease (3). Nevertheless, around 10% of
individuals who have recovered may experience symptoms for over
a year following the initial SARS-CoV-2 infection. These symptoms
closely resemble those of myalgic encephalomyelitis or chronic
fatigue syndrome (ME/CES) (7, 12, 13), and/or exhibit other
manifestations similar to systemic autoimmune rheumatic
diseases (SARDs).

Any acute infection that damages multiple organs (e.g. cardiac,
pulmonary, and/or renal involvement), like SARS-CoV-2, can be
associated with lingering symptoms. In some individuals with
persistent, debilitating fatigue following SRAS-CoV-2 infection,
documented damage of vital organs may be a sufficient
explanation for their fatigue. However, many cases of post-
infectious fatigue follow acute infections that did not cause
discernible organ damage or in those who had mild disease.

In people with lingering severe fatigue post-COVID-19 and
without chronic cardiac, pulmonary, or renal dysfunction one likely
explanation for the chronic fatigue is a state of chronic low-grade
neuroinflammation (14). SARS-CoV-2 may form reservoirs
resulting in viral-associated damage affecting the brain (15, 16),
intestine, and liver, which can result in ongoing damage (17). It is
known that SARS-CoV-2 enters the olfactory mucosa and can
penetrate into the brain from the cribriform plate or via vagal
pathways (18). Alternatively, the virus may also directly translocate
across the blood-brain barrier (BBB) as a result of increased
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permeability stemming from inflammatory cytokines or
inflammatory cells (e.g. monocytes) (19). Also, SARS-CoV-2 can
reach neural tissue via circumventricular organs (CVOs) (20).
Therefore, long-term neuropsychiatric symptoms may stem from
chronic neuroinflammation and hypoxic injury (20). Indeed, recent
studies have suggested that patients with LC may suffer from
chronic hypoxic changes affecting the brain (21). Consistent with
this, a vascular inflammation associated with hypoxia-inducible
factor-1 is reported to contribute to neurological and
cardiometabolic dysfunction in LC (22).

Another possible mechanism to explain LC may be that the
initial infection triggers a broad immune response characterized by
inflammation and immune dysregulation (1, 23). Furthermore,
inflammation outside the brain can activate both immunological
and somatic signals via both humoral and retrograde neuronal
signals which largely involve the vagus nerve (24). These changes
can culminate in symptoms of fatigue through the action of various
cytokines which act on a “fatigue nucleus” or a collection of neurons
dedicated to inhibiting energy-consuming activities that promote
focusing on available energy stores for healing (25). Finally,
impaired energy production associated with oxidative stress,
glycolytic T cell metabolism, and immune alterations are
suggested to play important roles in patients with idiopathic ME/
CES (26-29).

Given the global burden of LC and lack of understanding
regarding its immunobiology, and pathophysiology, we aimed to
systematically follow a cohort of individuals for > 12 months after
the acute SARS-CoV-2 infection. This cohort was characterized by
multiple clinical visits and laboratory analyses, and compared with a
cohort of individuals who had been infected with SARS-CoV-2 but
recovered without displaying any clinical symptoms. These
individuals were recruited to the Long-COVID clinic at the
University of Alberta hospital, with the recruitment was
facilitated through patient community groups and the Alberta
Long-COVID Facebook community. We also compared these two
groups with a cohort of healthy controls (HCs, unexposed to SARS-
CoV-2), and with patients suffering from a severe form of acute
COVID-19 (A) who were admitted to the Intensive Care Unit
(ICU). Collectively, these studies allowed us to analyze metabolomic
profiles in these cohorts.

Results
Cohort characteristics

This is a single-centered cohort and consisted of 60 PCR-
confirmed SARS-CoV-2 infected individuals (30 LC patients, 15
individuals without LC symptoms who were previously infected
with SARS-CoV-2 but recovered without any symptoms per se
(recovered group, denoted R), 15 acute hospitalized COVID-19
patients (A)) as well as 15 healthy controls (HCs) without acute
symptoms and negative SARS-CoV-2 immunoassays (Figure 1A,
Supplementary Table 1). Study participants were age -and sex-
matched (Figure 1B) and all were infected with the Wuhan strain
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Demographic analysis of LC cohorts. (A) schematic of the study design. Numbers in center of diagram indicate participants in each study cohort
(HC, healthy controls with no prior-SARS-CoV-2 exposure/vaccination; A, acute SARS-CoV-2 infected and ICU-admitted; LC, Long COVID; R,
recovered). Outer ring indicates different studies/assays performed on patients/samples. (B) Demographic characteristics for each group displayed as

ring charts for sex and age.

and recruited at ~12 months post the onset of acute infection
(Supplementary Table 1). Considering that the majority of our LC
and R participants had a mild acute infection, confounding health
conditions were not common (Supplementary Table 1).

HCs were HIV, HCV, and HB seronegative, and mainly
recruited pre-COVID-19 pandemic.

A key strength of this study was our unique focus on LC
patients who met classification criteria for ME/CFS, which was
not rigorously performed in any previous study. Those LC patients
who did not fulfill ME/CEFS criteria were excluded. Our LC patients
were evaluated based on diagnostic criteria developed by CDC and
WHO (30, 31) for ME/CFS. Moreover, we used a set of validated
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clinical questionnaires to capture the severity of symptoms for ME/
CFES. This was conducted through in-person meetings using 7
different questionnaires including 1) De Paul Symptom
Questionnaires (DSQ); 2) Functional Assessment of Chronic
Hlness Therapy (FACIT) Fatigue scale questionnaire; 3) FACIT-
Dyspnea; 4) Fibromyalgia (FM) diagnostic criteria; 5) Cognitive
Failure Questionnaire (CFQ); 6) The Pittsburgh Sleep Quality Index
(PSQI): 7) The Hospital Anxiety and Depression Scale (HADS). We
evaluated each patient based on different components of each
questionnaire. For instance, the DSQ is used to assess symptoms
related to ME/CFS (32). In this survey, patients were asked to rate
54 symptoms, and based on their responses we characterized them
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into 6 groups: fatigue (I), malaise (II), sleep difficulties (III), pain
(IV), cognitive/neurological manifestations (V), and other (VI)
which included autonomic, neuroendocrine, and immune
manifestations. At the same time, the frequency of symptoms was
evaluated using a 5-point Likert scale with 0: none of the time, 1: a
little of the time, 2: about half the time, 3: most of the time, and 4: all
of the time. Similarly, the severity of the symptoms was also
recorded with 0: no symptom, 1: mild, 2: moderate, 3: severe, and
4: very severe. Each patient was considered positive if scored
frequency and severity of >2 on at least one symptom from each
category. For neurologic/cognitive manifestations, patients were
considered positive if they scored a frequency and severity of >2
on at least two symptoms. For other categories (category VI),
patients were considered positive if they had a minimum of one
symptom from two of the autonomic, neuroendocrine, and immune
manifestations. The diagnosis of ME/CFS was made if the patients
met the criteria for categories I, II, III, IV, V, and VI (32-34).

A similar evaluation approach was utilized for the other
questionnaires mentioned above. Thus, based on the obtained
information from these questionnaires and clinical analyses, we

characterized our LC patients.

LC patients are presented with a distinct
metabolomic profile compared to R, HC,
and acute COVID-19 patients

A total of 2584 metabolites were detected from 75 plasma
samples including LC n=30, acute n=15, R n=15, and HC n=15.
First, we compared the whole metabolome in our four study groups.
Partial least squares-discrimination analysis (PLS-DA) and the
heatmap showed a clear classification of the metabolomes
between four groups (Figures 2A, B). The acute COVID-19 group
showed clearly a distinct metabolome profile from the other three
groups. Once the acute group was excluded from analysis, the LC
group displayed a more distinct metabolome profile compared to
the HC and R groups (Figures 2C, D).

While the LC and HC groups were separated, it appeared that
the R group was located between these two groups (Figure 2C).
Next, we characterized the difference at the single metabolite level
between groups. Volcano plots showed 478 metabolites were
significantly reduced while 294 metabolites were significantly
increased in acute (A) COVID-19 patients compared to HCs
(Figure 2E). Compared to HCs, 103 metabolites were elevated but
123 were declined in the R group (Figure 2F). Interestingly, the
number of altered metabolites were much lower between LC and
HC groups, showing 61 and 76 decreased and increased,
respectively (Figure 2G). The number of altered metabolites
between acute patients and the R group were very similar to those
of acute/HCs with 419 increased and 285 decreased metabolites
(Figure 2H). Compared to acute patients, we noted 495 metabolites
were significantly reduced but 167 metabolites were elevated in the
plasma of LC patients (Figure 2I). Finally, compared to the R group,
LC patients had 49 reduced but 111 increased metabolites
(Figure 2J). When we compared the top 100 altered metabolites
between groups, we found that acute COVID-19 patients had a
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distinct metabolomic profile from HCs and R groups
(Supplementary Figures 1A, B, Supplementary Table 2). Even
though in general R individuals were segregated from HCs, three
R patients assimilated with HCs (Supplementary Figure 1C,
Supplementary Table 2). Next, we compared the pattern of
metabolomic profile in LC patients versus the R and HC groups.
These analyses indicated that when the top 100 altered metabolites
were compared the LC group was segregated from both the R and
HC groups (Supplementary Figures 2A, B, Supplementary Table 2).
Overall, these observations demonstrate that LC and even R
individuals present an altered metabolomic profile even ~12
months post the acute disease onset.

Differential metabolic pathways in LC
patients versus the R and HC groups

To obtain further insight into the differential metabolic
characteristics of LC from R and HCs, we performed a metabolic
pathway enrichment analysis (https://www.metaboanalyst.ca/) (35-
37). Compared to HCs, these analyses revealed that 18 pathways
were significantly altered in LC patients (Figure 3A). These
alterations in metabolic pathways, resulted in a significant decline
in the levels of aspartate, uracil, serine, sarcosine, arginine,
dehydroalanine, thymine, and porphobilinogen in LC patients
versus HCs (Figure 3B, Supplementary Figure 3A). However, the
levels of other metabolites such as 5-Aminolevulinate, cysteate,
putrescine, 4-Aminobutyraldehyde, kynurenine, serotonin, Formyl-5-
hydroxykynurenamine, 5-Hydroxykynurenine, 2-Aminomuconate,
xanthine, and 5-Aminolevulinate were significantly increased in LC
patients (Figure 3C, Supplementary Figure 3A). Given the role of
Metabolic pathway analyses between the LC and R group revealed also
the alteration of 18 pathways, however, 15 out of these 18 pathways
were similar to those observed between LC versus HCs (Figure 4A).
The three differentially altered pathways between the LC vs HCs were
glutamine, nitrogen, and butanoate mechanisms whereas cysteine and
methionine, taurine, and glutathione metabolisms were altered
between the LC and R groups (Figure 4A). Overall these alterations
in metabolism pathways resulted in a substantial reduction in the levels
of metabolites such as aspartate, asparagine, glutamine, histidine,
N-formimino-glutamate, sarcosine, and ethanolamine phosphate in
LC patients (Figure 4B, Supplementary Figure 3B). In contrast,
metabolites such as 4-Aminobutanoate, 4-aminobutyraldehyde,
3-hydroxyanthranilate and porphobilinogen were elevated in the
plasma of LC patients compared to the R group (Figure 4C,
Supplementary Figure 3B).

Finally, we conducted a metabolic enrichment pathway analysis
between the R and HCs. Although these individuals did not have
any clinical symptoms and appeared to be healthy, they exhibited
alterations in 15 metabolomics pathways compared with HCs
(Figure 5A). Interestingly, 13 of these pathways were similar to
those altered pathways between LC and HCs. Of note, the other two
altered pathways in the R group were vitamin B and glutathione
metabolisms (Figure 5A). These 15 altered metabolomics pathways
resulted in increased levels of glutamate, 4-Aminobutanoate,
carnosine, thymine, porphobilinogen, homogentisate and 4-
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FIGURE 2

Altered metabolomic profile in SARS-CoV-2 infected individuals. (A) Partial least squares-discrimination analysis (PLS-DA) plot based on the
metabolites in LC (n=30), acute COVID-19 (n=15), HC (n=15) and R (n=15). (B) Heatmap based on ANOVA using the top 100 significantly altered
metabolites. The heatmap indicates the auto scaled levels of each metabolite in each sample, colored blue for decline and red for elevation as
indicated on the horizontal bar. (C) Partial least squares-discrimination analysis (PLS-DA) plot based on the metabolites in LC (n=30), HC (n=15) and
R (n=15). (D) Heatmap based on ANOVA using the 100 significantly altered metabolites. The heatmap indicates the auto scaled levels of each
metabolite in each sample, colored blue for decline and red for elevation as indicated on the horizontal bar. (E) Volcano plots of significantly
increased (red), decreased (blue) or unchanged (black) metabolites in acute A vs HCs. (F) Volcano plots of significantly increased, decreased or
unchanged metabolites in R vs HC. (G) Volcano plots of significantly increased, decreased or unchanged metabolites in LC vs HC. (H) Volcano plots
of significantly increased, decreased or unchanged metabolites in A vs R. (I) Volcano plots of significantly increased, decreased or unchanged
metabolites in A vs LC. (J) Volcano plots of significantly increased, decreased or unchanged metabolites in LC vs R.
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Guanidinobutanoate in the R group (Figure 5B, Supplementary
Figure 4A). At the same time, compared to HCs, the levels of a wide
range of metabolites such as glutamine, asparagine, N-Formimino-
glutamate, putrescine, serotonin, kynurenine, 2-Aminomuconate,
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Cys-Gly, 5-Aminolevulinate, and pyridoxine were reduced in the
plasma of R group (Figure 5C, Supplementary Figure 4A). Despite
the lack of clinical symptoms, the R group also exhibited a
differential metabolomics profile compared to HCs. Taken

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1341843
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Saito et al. 10.3389/fimmu.2024.1341843

LC vs HC
Nicotinate and nicotinamidem\ e
A metabolism Cysteinée ang meéthionine metabolism
Argininej biosynthesis
Pyrimidine metgbglism l / Beta-Alanine metabolism

Pantothenate and . Alanine, aspartate and
CoA biosynthesis ™o .4/ glutamate metabolism
Glutathione metghdlisma L e Q@ hCchine, sernsf‘
threonine metabolism

s e o

Purine melabolism\g\ Histidine metabolism
)
8
' e [ = Taurine and
[¢]

“ e -
\ O hypotaurine metabolism
A

rginine and proline metabolism

V.

Sphingolipid metabolism

o
Porphyrin & chlorophyll metabolism 1 //

-
Glyoxylate & dicarboxylate metabolism / o

Tryptophan.metabolism
i O

Aminoacyl-tRNA biosynthesis

Ao o o

]
o 4.0
T

1 P <0.05, -log10
0.0 0.2 0.4 0.6 0.8 1.0 (p)=1.3<

B Pathway Impact

Aspartate|
Uracil

Serinel

Sarcosinel
Arginine]
Dehydroalanine|
Thymine|
Porphobilinogen|

N Y > D PN PR N L D > L NP D o A
SILELEL LS E S GG

J\ J

L

Y

Y
HC LC

Cc

5-Aminolevulinate|
Cysteate|
Putrescine
4-Aminobutyraldehyde|
Kynurenine|

Serotoni|
Formyl-5-hydroxykynurenamine|
5-Hydroxykynurenine]
2-Aminomuconate

Xanthine|

5-Aminolevulinate|

C
L 1 0 1 2 3 4 5 I ]
Y Y
HC LC

FIGURE 3
Altered metabolomic profile in LC vs HC. (A) Metabolic pathway enrichment analysis plot shows significantly altered pathways in LC vs HC. (B) The
heatmap shows significantly decreased metabolites in different metabolic pathways in LC vs R. (C) The heatmap shows significantly elevated
metabolites in different metabolomics pathways in LC vs R

together, these observations imply substantial metabolic pathways  others as outlined in Supplementary Figures 5A, B. In contrast, we
alterations in LC patients. found that these metabolomic alterations led to a reduction in the
plasma level of different metabolites including uridine, thymine,
carnosine, theophylline, aspartate, taurine, serine, glutamate,
Differential metabolomic proﬁle of acute tryptophan, arginine, and 53 other metabolites in the acute
COvID-19 patients vs HCs patients compared to HCs (Supplementary Figures 6A, B).

In agreement with previous reports (38), we observed alteration
in plasma metabolite levels of acute patients vs HCs. Pathway — Differential metabolomic profile of acute
analysis between acute and HCs revealed alteration in 29 COVID-19 patients vs R individuals
pathways as indicated in Supplementary Figure 4B. These
modifications in metabolism pathways resulted in a substantial We also compared a metabolomic profile of those recovered
increase in the levels of 48 metabolites such as Xanthine, ascorbate, ~ from COVID-19 infection with the acute stage of the disease.
Cys-Gly, kynurenine, phenylalanine, 5-hydroxykynurenine, and  Pathway analysis between acute and R indicated alteration in 36
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Altered metabolomic profile in LC vs R. (A) Metabolic pathway enrichment analysis plot shows significantly altered pathways in LC vs R. (B) The
heatmap shows significantly decreased metabolites in different metabolic pathways in LC vs R. (C) The heatmap shows significantly elevated

metabolites in different metabolomics pathways in LC vs R

pathways as indicated in Supplementary Figure 7. These
modifications in metabolism pathways resulted in a substantial
increase in the levels of 39 metabolites in acute COVID 19 patients
compared to the R group such as phenylaniline, pyrimidodiazepine,
xanthine, ascorbate, kynurenine, 5-hydroxykynurenine and others
as outlined in Supplementary Figures 8A, B. In contrast, we found
that these metabolomic alterations led to a reduction in the
plasma level of 66 different metabolites in acute patients versus
the R group (Supplementary Figures 9A-C). Finally, we compared
the metabolomic profile of LC vs acute COVID-19 patients.
These analyses revealed alteration in 30 metabolism pathways
(Supplementary Figure 10). These changes in metabolism
pathways were associated with a significant increase in 29
metabolites as shown in Supplementary Figure 11. In contrast,
we observed a significant reduction in 16 metabolites in LC
patients compared to those with acute COVID-19 disease
(Supplementary Figure 12).

Frontiers in Immunology

Increased levels of pro-inflammatory
cytokines and auto-antibody in LC

Considering the alteration in a variety of pathways such as
tryptophan-kynurenine and Xanthine/hypoxanthine, we quantified
the levels of inflammatory cytokines. We found a significant increase
in the plasma IL-1q, IL-6, TNF-0, IP-10, and liver-associated active
phase proteins (CRP and SAA) in LC patients versus R and HCs
(Figures 6A-F). However, the plasma IL-13 and IL-1f concentrations
remained unchanged between groups (Figures 6G, H). Although we
did not find any significant difference between soluble Flt-1, also
known as vascular endothelial growth factor receptor 1, levels in the
plasma of R and LC patients, LC group exhibits a significant plasma
elevation compared to the HC cohort (Figure 6I). We also quantified
sCD14, a nonspecific monocyte activation marker, levels in the plasma
of our study participants, which showed a significant elevation in LC
patients compared to the HC and R groups (Figure 6]). In light of
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Altered metabolomic profile in R vs HC. (A) Metabolic pathway enrichment analysis plots of significantly altered pathways in the R vs HC group
(B) The heatmap shows significantly increased metabolites in different metabolic pathways in the R vs HC group. (C) The heatmap shows
significantly decreased metabolites in different metabolic pathways in the R vs HC group

hypocalcemia in COVID-19 patients and its association with
hypoparathyroidism (39, 40), we detected significant levels of the
anti-CaSR antibody (calcium receptor) in LC cohort (Figure 6K).
This observation forced us to measure the soluble form of CaSR in
our different cohorts. Interestingly, we observed the elevation of
soluble/shed CaSR in the plasma of acute COVID-19 patients, which
was not the case in LC patients (Figure 6L). Finally, considering the
impact of COVID-19 infection on the purinergic system (41), we

Frontiers in Immunology

08

quantified the plasma levels of ATP in our different cohorts. We found
a significant reduction in the plasma ATP levels in acute COVID-19
patients compared to HCs and R groups (Figure 6M). Notably, LC
patients had a substantially reduced level of ATP in their plasmas
compared to either R and HCs (Figure 6M). Intriguingly, the R groups
exhibited a significant elevation in the plasma ATP compared to the
HC and R groups (Figure 6M). Overall, these observations imply a
dysregulated and inflammatory immune response in LC patients.
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The association of sarcosine and serine
with clinical manifestations in LC

In our investigations of metabolite levels associated with symptoms
commonly seen in LC patients such as cognitive function, anxiety,
chronic pain, and depression in LC patients, we conducted additional
analyses. Despite finding no association between serotonin, tryptophan,
aspartate, and kynurenine plasma levels with these symptoms,
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interestingly, we observed a subtle inverse correlation between
sarcosine concentrations and both cognitive failure function scores
(Figure 7A) and depression scores in LC patients (Figure 7B).
Moreover, our observations revealed a similar association between
the plasma serine levels and anxiety and depression scores in LC
patients (Figures 7C, D). These initial findings suggest a potential link
between reduced levels of sarcosine and serine metabolites and some of

the clinical symptoms seen in LC patients.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1341843
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Saito et al.
A 20+
.18-
s oo K]
o @
7] 12:r
o) w-e
e o P=0.028
X @ 2|
X i R2=0.20
< ® }_ X
® 24
1 1 . I. 1 1
-2 1 0 1 2 3
Serine leves
c o
q
O
(%)
o
=)
8
)
=
©
c
(@)]
o
O
I 1 1 1
-15 1.0 -05 0.0 0.5
Sarcosine levels
FIGURE 7

10.3389/fimmu.2024.1341843

20+
B o 18
Q 164
@ ® 14
'5 ® W
2 P=0.0018
o e R2=0.317
o)
a o6 °
T —@ 169 T 1
-2 -1 0 1 2
Serine leves
D
20
o) 18-
8 164 P=0.01
@ ® 144 R2=0.27
s ® 121
i ® 10
n
g
5]
a ® e o .3\
T T O 1 @
-15 -10 -05 0.0 0.5

Sarcosine levels

The association of sarcosine and serine with clinical symptoms in LC. (A) The correlation between serine levels with anxiety score, and (B)
depression score in LC patients. (C) The correlation between sarcosine levels with cognitive failure score, and (D) depression score in LC patients
Each dot represents a study subject. P values and R? were obtained by Simple linear repression analysis

Discussion

Diverse metabolomic alterations are reported in the acute phase
of SARS-CoV-2 infection (42, 43). However, there have been
limited studies to determine whether such metabolomic signature
is transient or last for a while after the recovery from the acute
disease. To elucidate potential mechanisms, the plasma metabolome
of LC patients was investigated and compared to age-sex-matched
acutely ill COVID-19, R, and HCs. Our metabolomic analysis
revealed alterations in a variety of metabolic pathways in both LC
and R individuals even 12 months after the onset of COVID-19
disease. Although our metabolomic analyses are descriptive, they
provide insights into metabolomic changes following SARS-CoV-2
infection that lasts for months and possibly years in the absence of a
detectable virus. Our results suggest that LC has the potential to
severely impact the functionality of different organs. It is possible to
speculate that the delay in the tissue repair process following acute
COVID-19 disease and the inflammatory milieu result in
metabolomic alterations in LC. For example, we noted a
reduction in glutamine and ornithine plasma levels, which
suggests a disturbance in amino acid and nitrogen metabolism as
reported in CFS (44). This may also be consistent with impaired
mitochondrial biogenesis as described in circulating lymphocytes in
chronic inflammatory conditions (45) and in patients with
idiopathic ME/CFS (29).

Also, we detected a reduction in serine concentration, which
was inversely associated with depression and anxiety scores in LC
patients. Considering that this amino acid is essential for central
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nervous system (CNS) function and development (46), its decline
has been associated with severe neurological disorders (47, 48).
Therefore, recognition of serine deficiency in LC is highly important
because serine therapy has shown promising outcomes in
neurological conditions (49) and in reducing depression and
cognitive impairment (50).

We found a significant decline in plasma sarcosine levels in LC
patients, which is also reported in critically ill COVID-19 patients
(35). Sarcosine, a glycine transporter-I inhibitor, is reported to
reduce depression-like symptoms in animal models and human
subjects (51). Although, it is unclear whether sarcosine is the cause
or the effect, our findings support a link between the low sarcosine
levels with cognitive dysfunction and depression scores in LC
patients. In support of this concept, sarcosine supplementation
has shown promising outcomes in those with learning and memory
deficits (52), Parkinson’s disease (53), and depression (54).
Ultimately, whether sarcosine supplementation can be harnessed
to target some of the deleterious manifestations of LC through
stimulation of autophagy (55) is an intriguing potential therapy to
explore further.

Despite previous reports on the role of tryptophan/serotonin in
anxiety and depression (56), our results did not support the idea
that changes in these metabolites are associated with depression,
anxiety, and cognitive function scores in our LC patients.

The lower arginine in LC patients as reported in acute COVID-
19 (57) can be related to increased frequency of CD71+ erythroid
cells (CECs) expressing arginase-I and II (58, 59) or the pathology
associated with the effects of the virus on the endothelium (60).
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Based on this, there is a possibility that arginine has beneficial effects
on endothelium function in LC patients.

Other metabolites such as L/D-aspartate and serine amino acids
are enriched in the brain and their reduction/dysfunction have been
associated with neurological disorders (61). Considering the ability
of D-aspartate to cross the BBB (62), D-aspartate supplementation
may have therapeutic potential in LC patients. Similarly, arginine
and aspartate intake has been associated with delayed muscle
fatigue and increased exercise tolerance (63), which could be
beneficial in LC with ME/CFS.

Notably, a lower ATP plasma level may imply the impact of LC
on the glycolytic and mitochondria pathway for cellular energy
production. Such alterations may result in dysfunction or
symptoms involving high energy-consuming organs such as the
brain, liver, heart, and skeletal muscles (64). While intermediate
metabolites associated with TCA cycle (Tricarboxylic Acid Cycle)
such as fumarate, succinate, and malate were not significantly
different between the groups, we suggest a decrease in
mitochondrial activity may result in lower ATP generation as
reported in other inflammatory conditions (65, 66). Alternatively,
the lingering low level of hypoxia (1) following the acute COVID-19
infection may also contribute to lower ATP levels. Overall, the
elevation of pro-inflammatory cytokines may result in
mitochondrial dysfunction and/or alteration in LC patients. In
line with our observations, mitochondrial dysfunction has been
reported in ME/CFS (67, 68). Although we were unable to quantify
tissue-specific ATP levels, it is likely to suggest that a lower plasma
ATP in LC may contribute to, at least in part, ME/CES. Given the
role of ATP in tissue repair, its low level in LC patients may delay
the tissue repair process resulting in sustained inflammatory
condition. Therefore, increased ATP levels by ATP regulators
may provide a strategy for cell/tissue protection in LC as reported
in neurological condition (69).

It has been shown that tryptophan metabolism is enhanced in
COVID-19 infection, leading to a decrease in tryptophan and
increased levels of kynurenine metabolites (43), which can have
multiple deleterious effects on the musculoskeletal system (70).
Therefore, increased plasma kynurenine could be linked to LC
symptoms. Similarly, increased plasma serotonin levels may explain
the mechanism associated with diarrhea in LC patients as reported
in acute COVID-19 (71). Similarly, elevated Xanthine/
hypoxanthine in LC patients can be associated with increased
pro-inflammatory cytokine and acute phase proteins (e.g. IL-1,
TNEF- o, IL-6, CRP, and SAA) as reported elsewhere (72). While we
did not specifically evaluate the M1/M2 macrophage phenotype in
our study cohorts, the observed pro-inflammatory immune profile
suggests an activation of M1-type macrophages in patients with LC.
This finding contrasts with a recent study that proposed higher M2-
type macrophage activity in LC (73). Several factors may account
for the disparities in our results. Our LC and R groups were
recruited 12 months post-acute SARS-CoV-2 infection, whereas
Kovarik et al. conducted their study at a much shorter interval (3
months) (73). Additionally, our study cohorts were vaccine-naive,
while subjects in the other study had received 2 doses of SARS-
CoV-2 vaccines. Lastly, our cohort represents a homogeneous
subset of LC patients with ME/CFS. Other factors such as
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reduced thymine, increased Flt-1 and pro-inflammatory analytes
may favor vascular inflammation in LC (22, 74). Moreover, elevated
plasma levels of sCD14 (monocyte activation marker) support the
residual general immune activation in LC.

Although we did not find any difference in glutathione and
methionine pathways between LC and R groups, they were
significantly altered in LC vs HCs. A recent study has reported
the prevalence of the genotype CC of the methylenetetrahydrofolate
reductase (MTHFR) gene in LC patients (75). Hence, this genetic
polymorphism may explain differences in cysteine and methionine
metabolism in LC patients.

Likewise, alteration in glutathione metabolism may promote
oxidative stress and an inflammatory milieu in LC patients as
reported in acute COVID-19 disease (76).

Taken together, our results demonstrate diverse metabolomic
alterations in patients with LC syndrome. The existence of
metabolomic alterations and chronic systemic inflammation even
12 months after acute SARS-CoV-2 infection suggests a
dysregulated immune response. This has been supported by the
presence of autoantibodies (77, 78). In light of hypocalcemia in
COVID-19 patients and its association with hypoparathyroidism
(39, 40), we detected significant levels of the anti-CaSR antibody in
our LC cohort. Mechanistically, the consequences of SARS-CoV-2
infection-induced mediators (e.g. cytokines, chemokines, growth
factors, and metabolites) can have a prominent impact on
hematopoietic stem and progenitor cells (HSPCs)'. Lingering
dysregulated hematopoiesis in LC patients suggests a potentially
impaired antiviral response and/or increased innate immune
response. Subsequently, an impaired antiviral response may
increase antigen persistence and promote chronic inflammation
which contributes to metabolomic alteration. Therefore, our studies
add novel insights into a growing body of evidence implying that a
combination of virus and host factors such as residual immune
activation, hematopoietic dysregulation, and autoimmune
phenomena could contribute to LC syndrome.

While a recent study has reported alterations in the taurine
pathway in LC patients (79), our findings do not support this
concept. We did not observe any changes in taurine and
hypotaurine metabolism in LC compared to the R group.
However, a slight alteration in this metabolic pathway was noted
in LC when compared to HCs. In contrast, our results reveal a
significant reduction in sarcosine and serine concentrations in LC
patients compared to both HCs and the R group. Notably, the
inverse correlation between sarcosine/serine levels and cognitive
dysfunction/depression suggests that sarcosine/serine
supplementations might have therapeutic applications in
LC patients.

The substantial differences in our findings compared to the
recent study (79) might be related to two main factors. Firstly, our
study subjects were recruited 12 months post the onset of acute
infection, as opposed to 6 months in the recent report. It is possible
to speculate that alterations in the taurine pathway are transient and
does not persist until 12 months post the acute disease onset.
Secondly, our cohort comprised a homogenous subset of LC
patients with ME/CFS, in contrast to the heterogenous cohort in
the recent study. In summary, our study provides an insight into
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lingering immune activation and altered/impaired mitochondrial
bioenergetics in LC patients with ME/CFS. In particular, our global
metabolomic analyses revealed important therapeutic targets in LC
patients. Nevertheless, it's important to note that further research
and clinical trials are needed to validate and establish the efficacy of
sarcosine and serine supplementations for therapeutic purposes
in LC.

We are aware of several study limitations. This is a single-
centered study, therefore, similar studies in larger cohorts of LC
patients with ME/CFS are needed. Also, we were unable to collect
blood samples on multiple occasions to determine changes in
metabolites over time. This study was done on patients infected
with the Wuhan strain of SARS-CoV-2. In lights of differential
immune response in those infected with other SARS-CoV-2 viral
variants (e.g. Delta, Omicron, etc.) (80), further comparative studies
are needed. Although sex is a crucial biological variable, the limited
representation of males with LC compared to females in our cohort
prevented us from observing any significant differences. Moreover,
we encountered difficulties in recruiting an equal number of study
subjects for each group due to participants availability. This
imbalance in group sizes has implications for the statistical power
of our study. Our metabolomic analyses did not include lipids;
therefore, the lack of data on lipid metabolism in LC prevents our
study from providing a comprehensive picture of metabolic
alterations. This limitation highlights the importance of future
studies incorporating lipid analysis in large prospective LC
cohorts. Finally, further studies in animal models of Long-
COVID may provide deeper insight into disease pathogenesis and
validation of our observations for therapeutic purposes.

Materials and methods
Study population

Sixty PCR-confirmed SARS-CoV-2 infected individuals
comprised of 30 LC patients, 15 individuals without LC
symptoms who were previously infected with SARS-CoV-2 but
recovered without any symptoms per se (recovered group, denoted
R), 15 acute hospitalized COVID-19 patients) as well as 15 healthy
controls (HCs) without acute symptoms and negative SARS-CoV-2
immunoassays (Figure 1A, Supplementary Table 1). All individuals
were infected with SARS-CoV-2 Wuhan viral strain in 2020, which
was confirmed by PCR at University of Alberta Hospital,
Edmonton. Both LC and R groups were recruited ~12 months
after the onset of SARS-CoV-2 infection (Supplementary Table 1).

Ethics statement

This study was approved by the Human Research Ethics
Board (HREB) at the University of Alberta (protocol #
Pro00099502). A written informed consent form was obtained
from all participants but a waiver of consent was obtained for
those admitted to the ICU.
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Plasma collection

Plasma samples were collected following centrifugation of fresh
blood samples and kept frozen at -80 until use.

Metabolomic profiling

Frozen plasma samples were thawed at RT, then were
centrifuged at 600 g for 5 min. The 100 pl of soluble fraction was
transferred into a new tube and mixed with 300 ul of LC-MS grade
methanol. The samples were stored at -20°C for 30 min, then were
centrifuged at 16,260 g to let precipitate proteins. The supernatants
were transferred into new tubes and dried up completely. The dried
samples were reconstituted by dissolving in 85 pl of water. The
metabolomic analysis was performed by following the Chemical
Isotope Labeling (CIL) LC-MS protocol described in our previous
report (81). Briefly, each individual sample was labeled with '*C,-
dansyl chloride. The pooled sample was generated by mixing each
of the individual samples, and labeled by '*C,-dansyl chloride. After
mixing each '*C-labeled sample with an equal volume of the "*C-
labeled pool, the '*C-/">C- mixtures were injected onto LC-MS for
analysis. The LC-MS system was Agilent 1290 LC linked to Brukler
Impact II QTOF Mass spectrometer. The samples were injected into
an Agilent Eclipse Plus reversed-phase C18 column (2.1 mm x 150
mm, 1.8 wm particle size, 95 A pore size) for separation. Solvent A
was 0.1% (v/v) formic acid in water, and solvent B was 0.1% (v/v)
formic acid in acetonitrile. The chromatographic conditions were:
t= 0 min, 25% B; t= 10 min, 99% B; t= 15 min, 99% B; t= 15.1 min,
25% B; t= 18 min, 25% B. The flow rate was 400 uL/min. All MS
spectra were obtained in the positive ion mode. The MS conditions
used for Q-TOF were as follows: nebulizer, 1.0 bar; dry temperature,
230°C; dry gas, 8 L/min; capillary voltage, 4500 V; end plate offset,
500 V; spectra rate, 1.0 Hz. The raw data were exported by Bruker
Data Analysis 4.4. as.csv files, and the.csv files were processed by
IsoMS Pro 1.2.15. The '*C/">C- peak pairs were extracted, and
missing values in the data matrix were filled. Metabolite
identification was performed by searching against libraries with
different confidence levels. Tier 1 library (DnsID library) contains
accurate mass, MS/MS, and retention time information; Tier 2
library (Linked ID library) contains accurate mass and predicted
retention time information; Tier 3 library (My Compound ID
library, www.MycompoundID.org) contains accurate mass of
predicted metabolites. IsoMS Pro was also used for performing
the univariate analysis (volcano plot) and multivariate analysis
(PCA and PLS-DA). The data file containing Tier 1 metabolites
was uploaded to Metaboanalyst 5.0 (www.metaboanalyst.ca) for
generating Heatmap. Pathway enrichment analysis was performed
by using Metaboanalyst 5.0.

Cytokine and chemokine multiplex analysis

Frozen plasma samples at -80 °CC were thawed and centrifuged
for 15 min at 1500g followed by dilution for quantifying cytokine
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and chemokine profiles, respectively. The concentration of
cytokines and chemokines was quantified using the V-PLEX from
Meso Scale Discovery (MSD). Data were acquired on the V—plex®
Sector Imager 2400 plate reader. Analyte concentrations were
extrapolated from a standard curve calculated using a four-
parameter logistic fit using MSD Workbench 3.0 software
according to reported protocols (82-84).

The plasma concentration of ATP was quantified using the ATPlite
luminescence assay system (PerkinElmer, MA) as we have reported
elsewhere (85). The plasma was subjected to ELISA kit sCD14 (R&D,
383CD-050) (80) and Anti-CaSR (EAGLE Biosciences).

Statistical analysis

We initially determined the distribution of data using the
Wilks-Shapiro test and then based on the distribution of data the
appropriate test was used. When data were not normally distributed
the non-parametric tests such as the Mann-Whitney U-test or
Kruskal-Wallis analysis of variance were used. Depending on the
data set different post hoc tests were used. The Dunn’s multiple
comparisons as the post hoc test for the Kruskal-Wallis analysis.
The Tukey-Kramer test was used for one-way ANOVA with
multiple comparisons. For nonparametric correlational studies
tow-tailed Spearman correlation was used. P-values are shown in
the graphs and measures are expressed as mean + SEM and P-value
< 0.05 was considered to be statistically significant. In violin plots,
the middle line represents median, the bottom line 1** quartile, and
to top line 3™ quartile. No randomization was performed and no
data points were excluded.
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SUPPLEMENTARY FIGURE 1
(A) The heatmap of the top 100 altered metabolites in acute COVID-19
patients (A) vs HC. (B) A vs R, and (C) HC vs R.

SUPPLEMENTARY FIGURE 2
(A) The heatmap of the top 100 altered metabolites in R vs LC, and (B), LC
vs HC.

SUPPLEMENTARY FIGURE 3

(A) Cumulative data showing relative concentrations of increased and
decreased metabolites in the LC vs R group. (B) Cumulative data showing
relative concentrations of increased and decreased metabolites in LC vs R.
Each dot represents a study subject. P values were calculated using one-
way ANOVA.

SUPPLEMENTARY FIGURE 4

(A) Cumulative data showing relative concentrations of increased and
decreased metabolites in R vs HC. (B) Metabolic pathway enrichment
analysis plot shows significantly altered pathways in A vs HC. Each dot
represents a study subject. Data are analyzed by one-way ANOVA.

SUPPLEMENTARY FIGURE 5

(A, B) Cumulative data showing relative concentrations of increased
metabolites in the A vs HC group. Each dot represents a study subject. P
values were calculated using one-way ANOVA.
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