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Abstract: Recent studies highlight the crucial role of the gut microbiome in post-infectious complica-
tions, especially in patients recovering from severe COVID-19. Our research aimed to explore the
connection between gut microbiome changes and the cytokine profile of patients with post-COVID
syndrome. Using 16S rRNA amplicon sequencing, we analyzed the composition of the gut micro-
biome in 60 COVID-19 patients over the course of one year. We also measured the levels of serum
cytokines and chemokines using the Milliplex system. Our results showed that severe SARS-CoV-2
infection cases, especially those complicated by pneumonia, induce a pro-inflammatory microbial
milieu with heightened presence of Bacteroides, Faecalibacterium, and Prevotella_9. Furthermore, we
found that post-COVID syndrome is characterized by a cross-correlation of various cytokines and
chemokines MDC, IL-1b, Fractalkine, TNFa, FGF-2, EGF, IL-1RA, IFN-a2, IL-10, sCD40L, IL-8, Eo-
taxin, IL-12p40, and MIP-1b as well as a shift in the gut microbiome towards a pro-inflammatory
profile. At the functional level, our analysis revealed associations with post-COVID-19 in homolactic
fermentation, pentose phosphate, NAD salvage, and flavin biosynthesis. These findings highlight the
intricate interplay between the gut microbiota, their metabolites, and systemic cytokines in shaping
post-COVID symptoms. Unraveling the gut microbiome’s role in post-infectious complications opens
avenues for new treatments for those patients with prolonged symptoms.

Keywords: SARS-CoV-2; Post-COVID; gut microbiome; cytokines; cytokine storm

1. Introduction

Post-COVID syndrome encompasses a spectrum of physical and psychological symp-
toms emerging in individuals after COVID-19 recovery, while the cytokine storm in COVID-
19 involves the rapid and excessive release of antiviral cytokines and inflammatory media-
tors due to SARS-CoV-2 infection, triggering immune hyperactivation and tissue hypoxia.
Particularly, IL-1β, IL-1RA, IL-6, IL-8, IL-18, and TNF-α are associated with cytokine storm.

Hirayama et al. have found that secondary bile acids produced by gut bacteria, such as
Collinsella, suppress cytokine storm syndrome by inhibiting pro-inflammatory cytokines [1].
Other publications showed that in response to changes towards opportunistic flora, the
microbiome activates the innate immune system, induces pro-inflammatory cytokines,
and contributes to cytokine storms [2,3]. Furthermore, gut microbiota plays a crucial
role in the development and functionality of the host immune system and may influence
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COVID-19 severity [4], especially in patients with gastrointestinal symptoms, who are at
higher risk of developing severe complications such as liver injury and acute respiratory
distress syndrome (ARDS), leading to worse clinical outcomes [5]. Even after the acute
phase of the illness has resolved, patients may experience ongoing inflammation and tissue
damage, leading to long-term complications. The pathophysiological mechanisms of post-
COVID complications can be significantly influenced by the gut microbiome. Dysbiotic
changes in the post-COVID period were characterized by a decrease in the number of
anti-inflammatory bacteria such as Bifidobacterium and Faecalibacterium and an enrichment
of microbiota associated with inflammation, including Streptococcus and Actinomyces [6,7].
A decrease in the relative abundance of Christensenellaceae, Ruminococcus, Akkermansia, and
Bacteroides thetaiotaomicron and an increase in the proportion of the genera Faecalibacterium,
Veillonella, Lachnospiraceae, the Bacteroides fragilis group, Proteus, Enterococcus, Enterobacter,
and Citrobacter was shown in patients during the post-COVID period [8–10]. The char-
acteristics of the microbiota differ among populations; the results showed that a high
concentration of Collinsella was found in the intestines of (0.29–1.1%) of study participants
in Australia [11] (0.73%), Japan [1] (0.831%) and South Korea [12] (0.7%), while in the United
States [13] (1.1%), Germany [14], Britain [15] (0.29%), and Italy [16] (0.60%), where high
mortality rates are reported, a higher concentration was detected only in 4–18% of cases. In
Brazilian patients with post-COVID syndrome were found an increase in several genera,
including Desulfovibrio, Haemophilus, Dialister, and Prevotella, in addition to a decrease in
beneficial microbes such as Bifidobacterium and Akkermansia [17]. A large number of studies
in the field of COVID-19 and post-COVID syndromes represent contributions to the study
of the constituent links of the pathogenetic mechanism in the pathogenesis of SARS-CoV-2
infection and its complications. This study focuses on the relationship between changes
in the gut microbiome and cytokine profile in the post-COVID period. It is important to
explore if there are lasting changes in the gut microbiome after recovering from COVID-19
and whether these changes could affect the severity of post-COVID-19 symptoms.

2. Methods
2.1. Study Design

We conducted a prospective cohort study to study the long-term consequences of
COVID-19 in adult patients admitted to a modular infectious disease hospital in Astana
from 5 May to 9 June 2021. The study examined the clinical course and outcome of all
extremely severe cases of patients in the intensive care unit (ICU), according to the inclusion
criteria, which were, in addition to symptoms and severity, mandatory PCR for COVID-19
infection, confirmed COVID pneumonia, and signed informed consent from the patient
and his relatives. Relatives of critically ill patients were invited to participate in the study
and provided consent on behalf of the patients, given their serious condition. A total of
60 severe patients were included in the study. Data on demographics, medical parameters,
and antibiotic use during hospitalization were extracted from electronic medical records,
as well as directly from patients after their condition improved and they were transferred
to the internal medicine department; these data are presented in Supplementary Table S1.
The design of the study is shown by the scheme in Figure 1.

2.2. Sample Collection

A total of 75 stool samples and 167 blood samples were collected from COVID-19
patients by professional healthcare workers. Stool samples were collected in ZymoRe-
search DNA/RNA shield fecal collection tubes (Cat.No:R1101) and were stored at −80 ◦C
immediately until processing.

2.3. Laboratory Measurement

Determination of the blood biochemical analysis was outsourced to the commer-
cial clinical-diagnostic laboratory “Olymp”, which routinely performs biochemical anal-
yses. Cytokines/chemokines were analyzed in blood serum using the Milliplex HCYT-



Viruses 2024, 16, 722 3 of 14

MAG60PMX41BK kit (Millipore, Burlington, MA, USA) according to the manufacturer’s rec-
ommendations on a BioRad Bio-Plex 200 system (Bio-Rad Laboratories, Hercules, CA, USA).
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Figure 1. Study design.

2.4. Microbiome Analysis

The DNA/RNA shield fecal collection tubes were designed with a total volume of
10 mL, comprising 9 mL of lysis buffer and 1 mL of fecal material each. The DNA ex-
traction utilized the ZymoBiomics DNA Microprep kit (Cat. No: D4300) (Zymo Research
Corporation, Tustin, CA, USA). A standardized 1 mL of material was extracted from each
DNA/RNA shield fecal collection tube. DNA concentrations were measured using a Nan-
odrop2000/2000c (ThermoFisher, Waltham, MA, USA). DNA sequencing was performed
on the Illumina NovaSeq6000 (Illumina, Inc., San Diego, CA, USA). PICRUSt was used to
predict functional content from the 16S rRNA amplicons. Data analysis was performed
using less operational taxonomic units scripts 2 (LotuS2).

2.5. Statistical Analysis

The distribution of key study population characteristics by COVID-19 status was
analyzed using the Mann–Whitney U-test for continuous variables and the χ2 test for
categorical variables. A p-value of <0.05 was considered statistically significant.

Within-sample community diversity (α-diversity) was assessed using the Shannon
and Simpson indices and the observed and estimated number of taxa (observed and
Chao1 index, respectively) and compared between groups using a Mann–Whitney U-
test for two independent groups (control vs. T1) or Friedman test for dependent groups
with the Wilcoxon post hoc test (with FDR, BH correction, p-value < 0.05) for dependent
groups (T1–T5). Only those OTUs that were present in at least 25% of the samples were
included. Divergence in community composition between samples (β-diversity) was
assessed by calculating the Bray–Curtis metric (abundance). Before calculating the β-
diversity, data were transformed using the Hellinger transformation. Ordination was
visualized using principal coordinate analysis (PCoA) and compared using ANOSIM tests
with 999 permutations. Diversity calculation, ordination, ANOSIM, and PERMANOVA
tests were performed in Python 3 using the “scikit-bio0.5.6” package. STAMP 2.1.3 software
was used to identify significant functional differences between experimental groups. LEfSe
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was used to identify the most differentially distributed taxa. Metabolic pathways, as well
as OTUs, were derived from the MetaCyc microbial database. Associative networks were
constructed using the Spearman correlation coefficient for continuous variables and Point-
Biserial for mixed binary–continuous pairs. Association was considered significant at (FDR,
BH, p-value < 0.05). All other statistical calculations were performed in Python 3 using
“SciPy 1.7.0,” and visualization was performed using the “matplotlib 3.7.0” library.

3. Results
3.1. Characteristics of Gut Microbiome and Cytokines of COVID-19 and Non-COVID-19 Controls

Our findings indicate a significant elevation of various cytokines, both pro-inflammatory
and anti-inflammatory, in the COVID-19 group (acute phase of disease) compared to
the control. Notably, pro-inflammatory cytokines such as IL-1a (FDR = 0.03047), FLT-3L
(FDR = 0.00302), IL-2 (FDR = 0.03924), IL-6 (FRD = 0.00048), IL-9 (FDR = 0.00778), MCP-3
(FDR = 0.01850), IFNy (FDR = 0.06763), and IL-17A (FDR = 0.00012) exhibited significant
increases. Additionally, anti-inflammatory cytokines including IL-5 (FDR = 0.09064), EGF
(FDR = 0.00012), Eotaxin (FDR = 0.00012), IL-4 (FDR = 0.00001), IL-12(p40) (FDR = 0.00082),
MDC (FDR = 0.05648), MCP-1 (FDR = 0.00012), and IL-15 (FDR = 0.00004) were also found
to be elevated (Figure 2).
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  Figure 2. Box plot representations of cytokine expression levels of COVID-19 (n = 60) and con-

trol (n = 51) groups. The x-axis shows healthy and COVID-19 severe groups, and the y-axis is
analyte concentration in pg/mL. Mann–Whitney U-test, with an FDR corrected * p-value ≤ 0.05,
** p-value ≤ 0.001, *** p-value ≤ 0.0001, **** p-value ≤ 0.00001.

Compositional analysis of gut microbiome of COVID-19 (acute phase of disease)
showed dominance of Bacteroidota and Firmicutes (Figure 3A, Supplementary Table S2) and
a reduction in Actinobacteria, Fusobacteria, and Proteobacteria; at the class level, a decrease
in Actinobacteria, Gammaproteobacteria, and Negativicutes and an increased abundance of
Bacteroidia and Clostridia (Figure 3B); at the order level, a significant decrease in Oscillospirales
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and Micrococcales and increased Bacteroidales and Lachnospirales (Figure 3C). At the genus
level, the study group exhibited a higher abundance of Bacteroides, Feacalibacterium, and
Prevotella_9 and, conversely, there was a reduction in Haemophilus, Leptotrichia, Prevotella,
Prevotella_7, Neisseria, and Streptococcus.

Figure 3. Stacked barplots (A) Phylum, (B) Class, (C) Order, (D) Genus showing the relative abun-
dance of bacterial OTUs in control (n = 15, left) and COVID-19 (n = 15, right) samples, classified into
levels. Relative abundance is represented by the height of the bar. Only taxa with the highest relative
abundance (>1%) at each level are displayed.

Based on the alpha diversity analysis using the Shannon and Simpson indices, the
study did not find a statistically significant difference; the observed richness and Chao1
showed a statistically significant difference (Figure 4A). Beta diversity analysis using
Bray–Curtis distance with analysis of similarities (ANOSIM) was performed to compare
the microbial community structure and indicated a significant difference in the microbial
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community structure between the COVID-19 (acute phase of disease) and control groups.
(Figure 4B). The compositional differences of abundance at different taxonomic levels were
confirmed by LEfSe (Figure 4C,D, Supplementary Table S3).

Figure 4. (A). Alpha biodiversity between control (n = 15) and COVID-19 (n = 15) groups uti-
lizing Shannon, Simpson, observed, and Chao1 indices. Mann–Whitney U-test, * p-value ≤ 0.05,
** p-value ≤ 0.001, and d-value indicating effect size. (B). Beta diversity. PCoA ordination of com-
munity membership based on Bray–Curtis distance in control and COVID-19 groups with ANOSIM
test for degree of separation. (C,D). Linear discriminant analysis (LDA) with effect size (LEfSe).
(C). Cladogram showing the phylogenetic distribution of the microbiota discriminating between the
control and COVID-19 groups. The central point marks the root of the tree and extends to lower
taxonomic levels from phylum to species. The diameter of each circle is proportional to the abundance
of the taxon. (D). Key discriminating phylotypes of taxa, LDA score > 2.0. Taxa enriched in the
control group are indicated by a positive LDA score (green). Taxa enriched in the COVID-19 group
are indicated by a negative score (purple).
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Furthermore, functional biomarkers of bacterial genes are investigated in Supplemen-
tary Figure S1 (Supplementary Table S4). The dominance of the carbohydrate metabolism
module in the COVID-19 group was revealed, with the exception of the (R,R)-butanediol
biosynthesis superpathway and glucose and glucose-1-phosphate degradation, which were
more abundant in healthy controls. It is consistent with the findings [18] that dysregula-
tion of glucose metabolism leads to an increase in opportunistic bacteria. Metabolism of
cofactors and prosthetic groups, electron carriers, and nucleosides/nucleotides exhibited
decreased activity across all pathways in the COVID-19 group, except for NAD biosyn-
thesis I, which showed a slight increase. Amino acid and vitamin metabolism displayed a
consistent increase, while fatty acid and lipid metabolism showed decreased activity.

There is evidence of an association of the genus Gemella with respiratory tract infec-
tions [19] and our analysis demonstrated a positive correlation in Supplementary Figure S2
with closely related IL4 and IL-13, which are Th2 cytokines, and associated with a type-2 im-
mune response [20,21]. In turn, IL-13 and IL-4 show independent positive correlations with
IFN-a2 and FGF-2, which may be a compensatory response to Th2-driven inflammation.
Dysregulation of glycogen biosynthesis, NAD salvage, and L-alanine biosynthesis path-
ways, which are involved in cellular metabolism, can exacerbate infectious processes. IFN-γ
has a significant positive correlation with the Prevotella genus and negative correlation with
the Bacteroidaceae family.

Furthermore, MIP-1b is positively correlated with IP-10, IL-10, and G-CSF in COVID-
19 patients. IP-10 has been shown to be elevated in COVID-19 patients and may play a role
in attracting T-cells to the lungs. IL-10 has been hypothesized to play a role in regulating
the immune response in COVID-19 patients, while G-CSF has been shown to stimulate the
production of neutrophils, which contributes to lung inflammation.

IL-1A has been found to be positively correlated with the degradation of adenosine
nucleotides II, guanosine nucleotides III, and purine nucleotides II, while negatively corre-
lated with 4-deoxy-L-threo-hex-4-enopyranuronate degradation. Also, in Supplementary
Figure S2B, we observe that IL-1A was positively correlated with pathways involved in
the degradation of purine and guanosine nucleotides, as well as adenosine-nucleotide
degradation-II, while being negatively with the 4-deoxy-L-threo-hex-4-enopyranuronate
degradation pathway. IL-1A may contribute to the dysregulation of nucleotide metabolism
and may lead to the accumulation of nucleotides and some metabolites that may have a pro-
inflammatory effect and contribute to the pathogenesis of the disease [22]. Nucleotides are
important building blocks of DNA and RNA and are involved in many cellular processes.
However, excessive accumulation of nucleotides can be toxic and trigger inflammatory
reactions [23,24]. There is evidence of increased nucleotide biosynthesis and decreased nu-
cleotide catabolism in COVID-19, which can lead to accumulation of nucleotides and their
metabolites. This accumulation can activate immune cells and trigger pro-inflammatory
responses, contributing to the pathogenesis of the disease.

In addition, some studies have shown that the accumulation of nucleotides and
their metabolites can also contribute to the cytokine storm observed in severe cases of
COVID-19 [25].

Fractalkine has been found to positively correlate with Eotaxin and IL-1A in patients
with COVID-19. Eotaxin has been shown to be elevated in patients with COVID-19 and it
has been suggested that it may play a role in recruiting eosinophils, which may contribute
to lung injury [26].

3.2. Gut Microbiome and Cytokine Profile in Dynamics

A significant difference in gut composition over time was observed in the COVID-19
group, as indicated by changes in species richness in Supplementary Figure S3. The effect
sizes varied depending on the time points. The largest differences were observed between
T4/T5 and earlier time points with large to very large effect sizes. Differences between
T1/T2 and T3/T4 were generally smaller, with small to moderate effect sizes.
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The dynamics of the compositional gut microbiome at T1–T5 points at the level of
phylum, class, order, and genus is shown in Supplementary Figure S4. Additionally, Sup-
plementary Table S5 provides a detailed representation of the data, including error bars
for enhanced clarity in the interpretation of the results. Across the initial 6-month period
from T1 to T4, the gastrointestinal tract exhibited a predominance of microbial classes,
notably Bacteroidia and Clostridia, accompanied by a decreased presence of Negativicutes,
Alphaproteobacteria, and Gammaproteobacteria. Subsequent to the T4 time point, indicative
of one year, a noticeable decline in opportunistic flora was discerned, coinciding with a
statistically significant rise in commensal microbial populations. Moreover, several statisti-
cally significant taxa of bacteria are identified, including at the order level Coriobacteriales,
Erysipelotrichales, Lachnospirales, and Burkholderiales, at the family level Tannerellaceae, the [Eu-
bacterium] coprostanoligenes group, and Sutterellaceae, and at the genus level Parabacteroides
and the E. hallii group (Figure 5).

Figure 5. An overview of gut composition, metabolic pathways, and immune features that showed
significant changes in the COVID-19 group over time. (A–C). The abundance of taxonomic features
(green), metabolic pathways (blue), and immune markers (red). Marker size indicates the average
abundance of each component and the direction of change (upwards-facing: enriched, downwards-
facing: depleted) compared to baseline (square markers, T0). (D). Relative abundance of taxo-
nomic features. Friedman, Wilcoxon, FDR, * p-value ≤0.05, ** p-value ≤0.001, *** p-value ≤ 0.0001,
**** p-value ≤ 0.00001.
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Further, using PICRUSt2, we predicted major metabolic pathways and found de-
pletions in homolactic fermentation and the pentose phosphate pathway throughout the
observation period. NAD-salvage pathway-I and flavin biosynthesis-I were depleted
during the acute T1–T2 stage and enriched a month later at T3–T5. Chitin derivative degra-
dation was initially enriched, then depleted at T3–T5, while aerobactin biosynthesis was
gradually depleted throughout the observation. The depletion and subsequent enrichment
of NAD-salvage pathway-I and flavin biosynthesis-I may indicate a shift in gut microbiota
metabolic needs during COVID-19 infection.

It is found that Eubacterium coprostanoligenes exhibited negative correlations with
homolactic fermentation and pentose phosphate pathways (Figure 6), which are known to
play a crucial role in energy metabolism and immune response [27]. Positive correlations
between NAD-salvage pathway-I and Eubacterium halii are observed, and negative with
Burkholderiales. Additionally, we found a positive correlation between Lachnospirales and
the flavin biosynthesis-I pathway.
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Figure 6. Correlation analysis. (A) Network plot showing the co-occurrence between cytokines and
chemokines (red nodes), taxa (green nodes), and pathways (blue nodes) in the COVID-19 group over
time. Node size represents average feature abundance. (B) Heatmap correlation between taxa of
bacteria and metabolic pathways. (C) Heatmap correlation between taxa of bacteria and cytokines
and chemokines. Positive correlations are represented in red and negative correlations in light blue.
Spearman, FDR, p < 0.05.

Finally, we identified the cytokines that exhibit significant changes in dynamics in the
post-COVID period (Figure 5A T4-N5, Supplementary Table S6). A reduction in immune
markers at the end of the one-year study, as compared to the six-month period, was deter-
mined. However, the levels of cytokines such as Eotaxin (p = 0.01619), MCP-1 (p = 0.00794),
MDC (p = 0.00169), MIP-1a (p = 0.00072), TGFa (p = 0.00111), TNFa (p = 0.06176), and
VEGF-A (p = 0.02385) decreased, while FGF-2 (p = 0.01133), G-CSF (p = 0.01133), and IL-15
(p = 0.03340) were increased post-COVID.

Our results showed cross-correlation of MDC, IL-1b, Fractalkine, TNFa, FGF-2, EGF,
IL-1RA, IFN-a2, IL-10, sCD40L, IL-8, Eotaxin, IL-12p40, and MIP-1b; this confirms the pre-
viously published data and their associations with the severity of coronavirus infection [28].
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A similar cross-correlation was found for IL-7, G-CSF, MIP-1b, and MCP-1 in dynamics,
which is also associated with the severity of SARS-CoV-2 infection [29].

A significant negative correlation of MCP-1, MIP-1b, IFN-a2, eotaxin, TNFa, IL-7,
IL-12P40, FGF-2, IP-10, and IL-10 with Eubacterium halii at the genus and species levels has
been established (Figure 6). It should be noted that IL-6 critically increases in the acute
period and remains elevated throughout the entire observation period without significant
changes compared to the T0 point, and IL-1RA even by the 6th month retains a downward
trend, while IL-1a is elevated, indicating an ongoing inflammatory process.

4. Discussion

The intestinal microbiome with produced metabolites, in combination with systemic
immunity, makes a significant contribution to the complex multi-level pathogenetic mecha-
nism for the development of post-COVID syndrome. In this study, we evaluate the fecal
microbiota of Kazakhstan patients in different post-COVID periods and correlate this with
serum cytokines patterns.

Severe SARS-CoV-2 infection complicated by pneumonia is characterized by a shift
towards the pro-inflammatory phenotype with an increase in IL-1a, FLT-3L, IL-2, IL-6,
IL-9, MCP-3, IFNy, IL-5, Eotaxin, IL-12(p40), MDC, IL-17A, MCP-1, and IL-15, and on
the part of the fecal microbiome, with dominance of Bacteroides, Feacalibacterium, and
Prevotella_9 and a reduction in Haemophilus, Leptotrichia, Prevotella, Prevotella_7, Neisseria,
and Streptococcus. In a study involving 294 COVID-19 patients, the analysis revealed key
post-COVID cytokines—FGF-2, VEGF-A, EGF, IL-12(p70), IL-13, and IL-6—crucial for
understanding pathophysiology. Complications like arterial hypertension, diabetes, and
others may arise within six months post-recovery, irrespective of disease severity [30].

In our study, post-COVID syndrome, accompanied by prolonged symptoms of
headache, weakness, fatigue, and sleep disorders [9], is characterized by cross-correlation
of MDC, IL-1b, Fractalkine, TNFa, FGF-2, EGF, IL-1RA, IFN-a2, IL-10, sCD40L, IL-8, Eo-
taxin, IL-12p40, and MIP-1b and a shift in the gut microbiome towards a pro-inflammatory
microflora. Zhou et al. identified several opportunistic pathogens enriched in recovered
COVID-19 patients after 3 months, including Escherichia unclassified, Intestinibacter bartlettii,
Clostridium aldenense, Clostridium bolteae, Flavonifractor plautii, and Clostridium ramosum,
which are associated with COVID-19 severity compared to healthy controls (HCs) [31].
These results mirror our findings after a 6-month period. During this time frame (T1 to
T4), there was a predominance of the microbial classes Bacteroidia and Clostridia in the
gastrointestinal tract, accompanied by a reduced presence of Negativicutes, Alphaproteobac-
teria, and Gammaproteobacteria. Zhang and colleagues reported notable variations in the
relative abundance of the bacterial genera Eubacterium, Agathobacter, Subdoligranulum, and
Ruminococcus among COVID-19 patients who developed long COVID, with Veillonella being
notably overrepresented in long COVID patients one year after infection [32]. Interestingly,
our study did not find an enrichment of Veillonella in the COVID-19 group, but we ob-
served similar results with other genera. Nevertheless, we observed considerable long-term
clinical consequences of coronavirus infections, the severity of which correlated with the
composition of the intestinal microbiota. Mare’s milk has been shown to counteract the
shift towards a pro-inflammatory gut microbiome, fostering the recovery of gut health and
alleviating prolonged symptoms [33].

Most of the results are in agreement with those previously published [17,34–36]. At
the functional level, the associations with post-COVID in homolactic fermentation, pentose
phosphate, NAD-salvage, and flavin biosynthesis-related genes are revealed.

The homolactic fermentation and pentose-phosphate pathways can contribute energy
metabolism and SCFA pro1duction. Alterations in the activity of the pentose phosphate
pathways, or disbalance of bacteria that used this pathway, like Bacteroides and Prevotella
in our study, can lead to conditions such as obesity, type 2 diabetes, and inflammatory
bowel disease [37]. Under conditions of high energy demand and oxidative stress, as in our
study with coronavirus infection, NAD+ uptake may exceed its synthesis with subsequent
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depletion. In turn, it leads to a violation of cellular functions, subsequently manifested
by metabolic disorders and cognitive dysfunction [38]. In addition, NAD+ depletion is
associated with increased production of pro-inflammatory cytokines such as IL-1beta,
IL-6, and TNF-alpha [39], while in our study it negatively correlates with MCP-1 and
IP-10. Flavins also affect immune function; some studies suggest that depletion of flavin
biosynthesis may be associated with changes in cytokine levels and immune function [40].

The metabolic pathways mentioned are linked to beneficial bacteria such as Lacto-
bacillus and Bifidobacterium, which were significantly reduced in the study group and in
post-COVID dynamics.

Our study suggests a relationship between a range of post-COVID symptoms and
complex interactions between gut microbiota with their metabolites and systemic cytokines.
Reduced E. hallii is a member of the beneficial intestinal flora and maintains the balance of
intestinal metabolism due to its ability to utilize glucose and acetate and lactate fermentation
intermediates to form butyrate and hydrogen, unlike other intestinal bacteria that produce
butyrate from monosaccharides [41]. In our study, E. hallii was significantly reduced
during the acute period, but a month after the onset of the disease, a persistent upward
trend was observed. Limited research on the role of E. hallii specifically in COVID-19
has been conducted, but studies suggest that alterations in the gut microbiota, including
changes in the abundance of E. hallii, may be associated with COVID-19 severity [42].
Studies have found that COVID-19 patients had a significant decrease in the abundance of
E. hallii and other beneficial gut bacteria compared to healthy controls, and the depletion
of these bacteria was associated with markers of inflammation and disease severity in
COVID-19 patients [1]. In our study, we found in the dynamics of the study that E. hallii
negatively correlates with MIP-1b, MCP-1, IFNa2, Eotaxin, TNFa, IL-7, IL-12(p40), G-CSF,
IP-10, IL-10, and FGF-2. It is suggested that E. hallii may impact the immune system and
cytokine production; it is associated with the production of anti-inflammatory cytokines
and decreased levels of pro-inflammatory cytokines in human gut epithelial cells [43].
E. hallii may be a marker of both insulin resistance and cognitive dysfunction; however, this
requires more research.

This study has several limitations. The relatively small sample size (n = 15 for gut
metagenome and n = 60 for immune cytokine profiles) may make it difficult to establish
a specific association, despite our efforts to apply a rigorous correction for false positives.
However, our findings appear to be supported and strengthened by the existing research,
which we hope to expand upon by providing new data. Second, our study included patients
with extremely severe disease compared to healthy controls, but not in a comparison with
mild, moderate, and severe disease. For this reason, it is not possible to analyze markers
by severity. However, this was not our goal, but to study how the parameters of the
stool microbiome and serum cytokines change during a year of severe COVID-19 infection
complicated by pneumonia. Third, we do not have information on the circulating SARS-
CoV-2 strains present in the study population. However, given that patient recruitment
occurred over a narrow time period, it is possible to assume the possibility of infection with
the same strain.

5. Conclusions

Post-COVID syndrome demonstrates the significant involvement of the gut micro-
biome and systemic cytokines in its development. A shift towards a pro-inflammatory
gut microflora is observed in severe COVID-19 cases, especially those complicated by
pneumonia. Prolonged symptoms in post-COVID patients are associated with specific
cytokine patterns and altered microbial profiles, highlighting a complex interplay between
microbiota, metabolites, and immune responses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16050722/s1, Figure S1: Gut microbiome metabolic pathways;
Figure S2: Correlation analysis; Figure S3. Alpha diversity in the covid-19 group over time; Figure S4.
Stacked barplots showing the average relative abundance of bacterial OTUs in the acute period;

https://www.mdpi.com/article/10.3390/v16050722/s1
https://www.mdpi.com/article/10.3390/v16050722/s1


Viruses 2024, 16, 722 12 of 14

Table S1: Demographics, baseline characteristics and laboratory characteristics of control and COVID-
19 patients according to gender; Table S2: Relative Abundance of Bacterial Taxa in control and covid
group; Table S3: Linear discriminant analysis (LDA) results with effect size in control and covid
group; Table S4: Metabolic Pathways with Significant FDR in control and covid group; Table S5.
Compositional Gut Microbiome with Error Bars in covid group over time; Table S6: Abundance of
taxonomic features, metabolic pathways, and immune markers in covid group over time.

Author Contributions: A.K. and M.B. conceived and designed the study; M.D. and A.D.
(Aigul Dusmagambetova) provided administrative and technical support; A.K. and M.B. super-
vised the study; K.M., A.T., A.M. and A.D. (Aiganym Daulbaeva) performed patient recruitment
and clinical and laboratory examination; K.M., S.K., M.N. and L.C. performed research; Z.J. and E.V.
contributed to the bioinformatic and statistical analysis; K.M. and E.V. drafted the manuscript; A.K.,
S.K., M.B. and E.V. analyzed the data and critically revised the paper. All authors were responsible
for the acquisition, analysis, and interpretation of the data. All authors accessed and verified the data.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan, BR10965164, Assessment of the influence of clinical, functional,
immunological and genetic factors on the severity of the course of SARS-CoV-2 coronavirus infection
and post-COVID syndrome.

Institutional Review Board Statement: This study was approved by the Local Ethics Committee
(reference number 01-91/2021 from 22 April 2021) of JSC “National Scientific Cardiac Surgery
Center”. All included patients and healthy controls provided signed informed consent to participate
in the study.

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The datasets presented in this study can be found in online repositories.
The names of the repository/repositories and accession number(s) can be found below: Temporary
SubmissionID: SUB13279337. Release date: 20 June 2024.

Conflicts of Interest: The authors declare no conflicts of interest in this work.

References
1. Hirayama, M.; Nishiwaki, H.; Hamaguchi, T.; Ito, M.; Ueyama, J.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ohno, K. Intestinal

Collinsella may mitigate infection and exacerbation of COVID-19 by producing ursodeoxycholate. PLoS ONE 2021, 16, e0260451.
[CrossRef] [PubMed]

2. Liu, Y.; Kuang, D.; Li, D.; Yang, J.; Yan, J.; Xia, Y.; Zhang, F.; Cao, H. Roles of the gut microbiota in severe SARS-CoV-2 infection.
Cytokine Growth Factor Rev. 2022, 63, 98–107. [CrossRef]

3. Kossumov, A.; Mussabay, K.; Pepoyan, A.; Tsaturyan, V.; Sidamonidze, K.; Tsereteli, D.; Supiyev, A.; Kozhakhmetov, S.;
Chulenbayeva, L.; Dusmagambetov, M.; et al. Digestive system and severe acute respiratory syndrome coronavirus 2: New era of
microbiome study and gastrointestinal tract manifestations during the coronavirus disease-19 pandemic. Open Access Maced. J.
Med. Sci. 2021, 9, 676–682. [CrossRef]

4. Nejadghaderi, S.A.; Nazemalhosseini-Mojarad, E.; Asadzadeh Aghdaei, H. Fecal microbiota transplantation for COVID-19; a
potential emerging treatment strategy. Med. Hypotheses 2021, 147, 110476. [CrossRef] [PubMed]

5. Ye, Q.; Wang, B.; Zhang, T.; Xu, J.; Shang, S. The mechanism and treatment of gastrointestinal symptoms in patients with
COVID-19. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 319, G245–G252. [CrossRef] [PubMed]

6. Zhou, B.; Pang, X.; Wu, J.; Liu, T.; Wang, B.; Cao, H. Gut microbiota in COVID-19: New insights from inside. Gut Microbes 2023,
15, 2201157. [CrossRef] [PubMed]

7. Lau, R.I.; Zhang, F.; Liu, Q.; Su, Q.; Chan, F.K.L.; Ng, S.C. Gut microbiota in COVID-19: Key microbial changes, potential
mechanisms and clinical applications. Nat. Rev. Gastroenterol. Hepatol. 2022, 20, 323–337. [CrossRef] [PubMed]

8. Mauro, C.S.I.; Hassani, M.K.; Barone, M.; Esposito, M.T.; Calle, Y.; Behrends, V.; Garcia, S.; Brigidi, P.; Turroni, S.; Costabile, A.
Cerrado and Pantanal fruit flours affect gut microbiota composition in healthy and post-COVID-19 individuals: An in vitro pilot
fermentation study. Int. J. Food Sci. Technol. 2022, 58, 4495–4510. [CrossRef] [PubMed]

9. Liu, Q.; Mak, J.W.Y.; Su, Q.; Yeoh, Y.K.; Lui, G.C.; Ng, S.S.S.; Zhang, F.; Li, A.Y.L.; Lu, W.; Hui, D.S.; et al. Gut microbiota dynamics
in a prospective cohort of patients with post-acute COVID-19 syndrome. Gut 2022, 71, 544–552. [CrossRef]

10. Zurabov, F.M.; Chernevskaya, E.A.; Beloborodova, N.V.; Zurabov, A.Y.; Petrova, M.V.; Yadgarov, M.Y.; Popova, V.M.; Fatuev,
O.E.; Zakharchenko, V.E.; Gurkova, M.M.; et al. Bacteriophage Cocktails in the Post-COVID Rehabilitation. Viruses 2022, 14, 2614.
[CrossRef]

https://doi.org/10.1371/journal.pone.0260451
https://www.ncbi.nlm.nih.gov/pubmed/34813629
https://doi.org/10.1016/j.cytogfr.2022.01.007
https://doi.org/10.3889/oamjms.2021.7470
https://doi.org/10.1016/j.mehy.2020.110476
https://www.ncbi.nlm.nih.gov/pubmed/33482620
https://doi.org/10.1152/ajpgi.00148.2020
https://www.ncbi.nlm.nih.gov/pubmed/32639848
https://doi.org/10.1080/19490976.2023.2201157
https://www.ncbi.nlm.nih.gov/pubmed/37078497
https://doi.org/10.1038/s41575-022-00698-4
https://www.ncbi.nlm.nih.gov/pubmed/36271144
https://doi.org/10.1111/ijfs.16274
https://www.ncbi.nlm.nih.gov/pubmed/36721386
https://doi.org/10.1136/gutjnl-2021-325989
https://doi.org/10.3390/v14122614


Viruses 2024, 16, 722 13 of 14

11. Gomez-Arango, L.F.; Barrett, H.L.; Wilkinson, S.A.; Callaway, L.K.; McIntyre, H.D.; Morrison, M.; Dekker Nitert, M. Low dietary
fiber intake increases Collinsella abundance in the gut microbiota of overweight and obese pregnant women. Gut Microbes 2018,
9, 189–201. [CrossRef] [PubMed]

12. Lim, M.Y.; Hong, S.; Bang, S.J.; Chung, W.H.; Shin, J.H.; Kim, J.H.; Nam, Y.D. Gut Microbiome Structure and Association with
Host Factors in a Korean Population. mSystems 2021, 6, e0017921. [CrossRef] [PubMed]

13. Park, D.E.; Aziz, M.; Koch, B.J.; Roach, K.; Clabots, C.; Johnson, J.R.; Price, L.B.; Liu, C.M. Gut microbiome predictors of
Escherichia coli sequence type 131 colonization and loss. eBioMedicine 2024, 99, 104909. [CrossRef] [PubMed]

14. Frost, F.; Storck, L.J.; Kacprowski, T.; Gärtner, S.; Rühlemann, M.; Bang, C.; Franke, A.; Völker, U.; Aghdassi, A.A.; Steveling, A.;
et al. A structured weight loss program increases gut microbiota phylogenetic diversity and reduces levels of Collinsella in obese
type 2 diabetics: A pilot study. PLoS ONE 2019, 14, e0219489. [CrossRef] [PubMed]

15. Astbury, S.; Atallah, E.; Vijay, A.; Aithal, G.P.; Grove, J.I.; Valdes, A.M. Lower gut microbiome diversity and higher abundance
of proinflammatory genus Collinsella are associated with biopsy-proven nonalcoholic steatohepatitis. Gut Microbes 2020, 11,
569–580. [CrossRef]

16. Candela, M.; Biagi, E.; Soverini, M.; Consolandi, C.; Quercia, S.; Severgnini, M.; Peano, C.; Turroni, S.; Rampelli, S.; Pozzilli, P.;
et al. Modulation of gut microbiota dysbioses in type 2 diabetic patients by macrobiotic Ma-Pi 2 diet. Br. J. Nutr. 2016, 116, 80–93.
[CrossRef] [PubMed]

17. Ferreira-Junior, A.S.; Borgonovi, T.F.; De Salis, L.V.V.; Leite, A.Z.; Dantas, A.S.; De Salis, G.V.V.; Cruz, G.N.F.; De Oliveira, L.F.V.;
Gomes, E.; Penna, A.L.B.; et al. Detection of Intestinal Dysbiosis in Post-COVID-19 Patients One to Eight Months after Acute
Disease Resolution. Int. J. Environ. Res. Public Health 2022, 19, 10189. [CrossRef] [PubMed]

18. Anhê, F.F.; Barra, N.G.; Schertzer, J.D. Glucose alters the symbiotic relationships between gut microbiota and host physiology. Am.
J. Physiol. Endocrinol. Metab. 2020, 318, 111–116. [CrossRef] [PubMed]

19. García López, E.; Martín-Galiano, A.J. The Versatility of Opportunistic Infections Caused by Gemella Isolates Is Supported by the
Carriage of Virulence Factors From Multiple Origins. Front. Microbiol. 2020, 11, 524. [CrossRef] [PubMed]

20. Zhang, J.-H.; Zhang, M.; Wang, Y.-N.; Zhang, X.-Y. Correlation between IL-4 and IL-13 gene polymorphisms and asthma in Uygur
children in Xinjiang. Exp. Ther. Med. 2018, 17, 1374–1382. [CrossRef] [PubMed]

21. Afshari, J.T.; Hosseini, R.F.; Farahabadi, S.H.; Heydarian, F.; Boskabady, M.H.; Khoshnavaz, R.; Razavi, A.; Karimiani, E.G.;
Ghasemi, G. Association of the Expression of IL-4 and IL-13 Genes, IL-4 and IgE Serum Levels with Allergic Asthma. Iran. J.
Allergy Asthma Immunol. 1970, 6, 67–72. Available online: https://ijaai.tums.ac.ir/index.php/ijaai/article/view/167 (accessed on
6 January 2007).

22. Makaremi, S.; Asgarzadeh, A.; Kianfar, H.; Mohammadnia, A.; Asghariazar, V.; Safarzadeh, E. The role of IL-1 family of cytokines
and receptors in pathogenesis of COVID-19. Inflamm. Res. 2022, 71, 923–947. [CrossRef] [PubMed]

23. Liu, W.; Zeng, Q.; Zeng, Y.; Tang, Y.; Luo, R. Genetic Variations in Nucleotide Excision Repair Pathway Genes and Risk of Allergic
Rhinitis. Mediat. Inflamm. 2022, 2022, 7815283. [CrossRef] [PubMed]

24. Qin, C.; Rao, Y.; Yuan, H.; Wang, T.Y.; Zhao, J.; Espinosa, B.; Liu, Y.; Zhang, S.; Savas, A.C.; Liu, Q.; et al. SARS-CoV-2 couples
evasion of inflammatory response to activated nucleotide synthesis. Proc. Natl. Acad. Sci. USA 2022, 119, e2122897119. [CrossRef]
[PubMed]

25. Montazersaheb, S.; Hosseiniyan Khatibi, S.M.; Hejazi, M.S.; Tarhriz, V.; Farjami, A.; Sorbeni, F.G.; Farahzadi, R.; Ghasemnejad, T.
COVID-19 infection: An overview on cytokine storm and related interventions. Virol. J. 2022, 19, 92. [CrossRef] [PubMed]

26. Kim, D.M.; Kim, Y.; Seo, J.-W.; Lee, J.; Park, U.; Ha, N.-Y.; Koh, J.; Park, H.; Lee, J.-W.; Ro, H.-J.; et al. Enhanced eosinophil-
mediated inflammation associated with antibody and complement-dependent pneumonic insults in critical COVID-19. Cell Rep.
2021, 37, 109798. [CrossRef] [PubMed]

27. Mukherjee, A.; Lordan, C.; Ross, R.P.; Cotter, P.D. Gut microbes from the phylogenetically diverse genus Eubacterium and their
various contributions to gut health. Gut Microbes 2020, 12, 1802866. [CrossRef]

28. Ling, L.; Chen, Z.; Lui, G.; Wong, C.K.; Wong, W.T.; Ng, R.W.Y.; Tso, E.Y.K.; Fung, K.S.C.; Chan, V.; Yeung, A.C.M.; et al.
Longitudinal Cytokine Profile in Patients with Mild to Critical COVID-19. Front. Immunol. 2021, 12, 763292. [CrossRef] [PubMed]

29. Chi, Y.; Ge, Y.; Wu, B.; Zhang, W.; Wu, T.; Wen, T.; Liu, J.; Guo, X.; Huang, C.; Jiao, Y.; et al. Serum cytokine and chemokine profile
in relation to the severity of coronavirus disease 2019 in China. J. Infect. Dis. 2020, 222, 746–754. [CrossRef]

30. Bekbossynova, M.; Tauekelova, A.; Sailybayeva, A.; Kozhakhmetov, S.; Mussabay, K.; Chulenbayeva, L.; Kossumov, A.; Khas-
senbekova, Z.; Vinogradova, E.; Kushugulova, A. Unraveling Acute and Post-COVID Cytokine Patterns to Anticipate Future
Challenges. J. Clin. Med. 2023, 12, 5224. [CrossRef] [PubMed]

31. Zhou, Y.; Zhang, J.; Zhang, D.; Ma, W.L.; Wang, X. Linking the gut microbiota to persistent symptoms in survivors of COVID-19
after discharge. J. Microbiol. 2021, 59, 941–948. [CrossRef] [PubMed]

32. Zhang, D.; Zhou, Y.; Ma, Y.; Chen, P.; Tang, J.; Yang, B.; Li, H.; Liang, M.; Xue, Y.; Liu, Y.; et al. Gut Microbiota Dysbiosis Correlates
with Long COVID-19 at One-Year After Discharge. J. Korean Med. Sci. 2023, 38, e120. [CrossRef] [PubMed]

33. Kushugulova, A.; Löber, U.; Akpanova, S.; Rysbekov, K.; Kozhakhmetov, S.; Khassenbekova, Z.; Essex, M.; Nurgozhina, A.;
Nurgaziyev, M.; Babenko, D.; et al. Dynamic Changes in Microbiome Composition Following Mare’s Milk Intake for Prevention
of Collateral Antibiotic Effect. Front. Cell. Infect. Microbiol. 2021, 11, 622735. [CrossRef] [PubMed] [PubMed Central]

34. Stoian, M.; Procopiescu, B.; S, eitan, S.; Scarlat, G. Post-COVID-19 syndrome: Insights into a novel post-infectious systemic disorder.
J. Med. Life 2023, 16, 195–202. [CrossRef] [PubMed]

https://doi.org/10.1080/19490976.2017.1406584
https://www.ncbi.nlm.nih.gov/pubmed/29144833
https://doi.org/10.1128/mSystems.00179-21
https://www.ncbi.nlm.nih.gov/pubmed/34342532
https://doi.org/10.1016/j.ebiom.2023.104909
https://www.ncbi.nlm.nih.gov/pubmed/38096689
https://doi.org/10.1371/journal.pone.0219489
https://www.ncbi.nlm.nih.gov/pubmed/31318902
https://doi.org/10.1080/19490976.2019.1681861
https://doi.org/10.1017/S0007114516001045
https://www.ncbi.nlm.nih.gov/pubmed/27151248
https://doi.org/10.3390/ijerph191610189
https://www.ncbi.nlm.nih.gov/pubmed/36011823
https://doi.org/10.1152/ajpendo.00485.2019
https://www.ncbi.nlm.nih.gov/pubmed/31794261
https://doi.org/10.3389/fmicb.2020.00524
https://www.ncbi.nlm.nih.gov/pubmed/32296407
https://doi.org/10.3892/etm.2018.7096
https://www.ncbi.nlm.nih.gov/pubmed/30680016
https://ijaai.tums.ac.ir/index.php/ijaai/article/view/167
https://doi.org/10.1007/s00011-022-01596-w
https://www.ncbi.nlm.nih.gov/pubmed/35751653
https://doi.org/10.1155/2022/7815283
https://www.ncbi.nlm.nih.gov/pubmed/35693108
https://doi.org/10.1073/pnas.2122897119
https://www.ncbi.nlm.nih.gov/pubmed/35700355
https://doi.org/10.1186/s12985-022-01814-1
https://www.ncbi.nlm.nih.gov/pubmed/35619180
https://doi.org/10.1016/j.celrep.2021.109798
https://www.ncbi.nlm.nih.gov/pubmed/34587481
https://doi.org/10.1080/19490976.2020.1802866
https://doi.org/10.3389/fimmu.2021.763292
https://www.ncbi.nlm.nih.gov/pubmed/34938289
https://doi.org/10.1093/infdis/jiaa363
https://doi.org/10.3390/jcm12165224
https://www.ncbi.nlm.nih.gov/pubmed/37629267
https://doi.org/10.1007/s12275-021-1206-5
https://www.ncbi.nlm.nih.gov/pubmed/34382150
https://doi.org/10.3346/jkms.2023.38.e120
https://www.ncbi.nlm.nih.gov/pubmed/37069814
https://doi.org/10.3389/fcimb.2021.622735
https://www.ncbi.nlm.nih.gov/pubmed/33968795
https://www.ncbi.nlm.nih.gov/pmc/PMC8097163
https://doi.org/10.25122/jml-2022-0329
https://www.ncbi.nlm.nih.gov/pubmed/36937488


Viruses 2024, 16, 722 14 of 14

35. Acosta-Ampudia, Y.; Monsalve, D.M.; Rojas, M.; Rodríguez, Y.; Zapata, E.; Ramírez-Santana, C.; Anaya, J.-M. Persistent
Autoimmune Activation and Proinflammatory State in Post-Coronavirus Disease 2019 Syndrome. J. Infect. Dis. 2022, 225,
2155–2162. [CrossRef] [PubMed]

36. Zhang, F.; Wan, Y.; Zuo, T.; Yeoh, Y.K.; Liu, Q.; Zhang, L.; Zhan, H.; Lu, W.; Xu, W.; Lui, G.C.; et al. Prolonged Impairment of
Short-Chain Fatty Acid and L-Isoleucine Biosynthesis in Gut Microbiome in Patients with COVID-19. Gastroenterology 2022, 162,
548–561.e4. [CrossRef] [PubMed]

37. Ge, T.; Yang, J.; Zhou, S.; Wang, Y.; Li, Y.; Tong, X. The Role of the Pentose Phosphate Pathway in Diabetes and Cancer. Front.
Endocrinol. 2020, 11, 365. [CrossRef] [PubMed]

38. Xie, N.; Zhang, L.; Gao, W.; Huang, C.; Huber, P.E.; Zhou, X.; Li, C.; Shen, G.; Zou, B. NAD+ metabolism: Pathophysiologic
mechanisms and therapeutic potential. Signal Transduct. Target. Ther. 2020, 5, 227. [CrossRef] [PubMed]

39. Liu, J.; Zong, Z.; Zhang, W.; Chen, Y.; Wang, X.; Shen, J.; Yang, C.; Liu, X.; Deng, H. Nicotinamide Mononucleotide Alleviates
LPS-Induced Inflammation and Oxidative Stress via Decreasing COX-2 Expression in Macrophages. Front. Mol. Biosci. 2021,
8, 702107. [CrossRef] [PubMed]

40. Farah, N.; Chin, V.K.; Chong, P.P.; Lim, W.F.; Lim, C.W.; Basir, R.; Chang, S.K.; Lee, T.Y. Riboflavin as a promising antimicrobial
agent? A multi-perspective review. Curr. Res. Microb. Sci. 2022, 3, 100111. [CrossRef] [PubMed]

41. Engels, C.; Ruscheweyh, H.J.; Beerenwinkel, N.; Lacroix, C.; Schwab, C. The common gut microbe Eubacterium hallii also
contributes to intestinal propionate formation. Front. Microbiol. 2016, 7, 713. [CrossRef] [PubMed]

42. Yeoh, Y.K.; Zuo, T.; Lui, G.C.-Y.; Zhang, F.; Liu, Q.; Li, A.Y.; Chung, A.C.; Cheung, C.P.; Tso, E.Y.; Fung, K.S.; et al. Gut microbiota
composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut 2021, 70, 698–706.
[CrossRef] [PubMed]

43. Duncan, S.H.; Belenguer, A.; Holtrop, G.; Johnstone, A.M.; Flint, H.J.; Lobley, G.E. Reduced dietary intake of carbohydrates by
obese subjects results in decreased concentrations of butyrate and butyrate-producing bacteria in feces. Appl. Environ. Microbiol.
2007, 73, 1073–1078. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/infdis/jiac017
https://www.ncbi.nlm.nih.gov/pubmed/35079804
https://doi.org/10.1053/j.gastro.2021.10.013
https://www.ncbi.nlm.nih.gov/pubmed/34687739
https://doi.org/10.3389/fendo.2020.00365
https://www.ncbi.nlm.nih.gov/pubmed/32582032
https://doi.org/10.1038/s41392-020-00311-7
https://www.ncbi.nlm.nih.gov/pubmed/33028824
https://doi.org/10.3389/fmolb.2021.702107
https://www.ncbi.nlm.nih.gov/pubmed/34295923
https://doi.org/10.1016/j.crmicr.2022.100111
https://www.ncbi.nlm.nih.gov/pubmed/35199072
https://doi.org/10.3389/fmicb.2016.00713
https://www.ncbi.nlm.nih.gov/pubmed/27242734
https://doi.org/10.1136/gutjnl-2020-323020
https://www.ncbi.nlm.nih.gov/pubmed/33431578
https://doi.org/10.1128/AEM.02340-06
https://www.ncbi.nlm.nih.gov/pubmed/17189447

	Introduction 
	Methods 
	Study Design 
	Sample Collection 
	Laboratory Measurement 
	Microbiome Analysis 
	Statistical Analysis 

	Results 
	Characteristics of Gut Microbiome and Cytokines of COVID-19 and Non-COVID-19 Controls 
	Gut Microbiome and Cytokine Profile in Dynamics 

	Discussion 
	Conclusions 
	References

