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Objective: To investigate transcriptional alterations in human semen samples associated with COVID-19 infection.
Design: Retrospective observational cohort study.
Setting: City hospital.
Patient(s): Ten patients who had recovered from mild COVID-19 infection. Eight of these patients had different sperm abnormalities
that were diagnosed before infection. The control group consisted of 5 healthy donors without known abnormalities and no history of
COVID-19 infection.
Intervention(s): We used RNA sequencing to determine gene expression profiles in all studied biosamples. Original standard bio-
informatic instruments were used to analyze activation of intracellular molecular pathways.
Main Outcome Measure(s): Routine semen analysis, gene expression levels, and molecular pathway activation levels in semen
samples.
Result(s): We found statistically significant inhibition of genes associated with energy production pathways in the mitochondria,
including genes involved in the electron transfer chain and genes involved in toll-like receptor signaling. All protein-coding genes
encoded by the mitochondrial genome were significantly down-regulated in semen samples collected from patients after recovery
from COVID-19.
Conclusion(s): Our results may provide a molecular basis for the previously observed phenomenon of decreased sperm motility asso-
ciated with COVID-19 infection. Moreover, the data will be beneficial for the optimization of preconception care for men who have
recently recovered from COVID-19 infection. (Fertil Steril Sci� 2021;2:355–64.�2021 by American Society for ReproductiveMedicine.)
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A ccording to the World Health
Organization, more than 100
million married couples face

the problem of infertility, with 40% of
cases due to male infertility. The main
causes of male infertility are genital in-
fections, varicocele, and idiopathic
oligo-, astheno-, and teratozoospermia.
Infectious diseases account for 15% of
cases of male fertility (1). Thus, investi-
gating the potential impact of novel co-
ronavirus COVID-19 infection on male
reproductive health is a particularly
relevant topic.

According to Holtmann et al. (2),
mild COVID-19 infection is not associ-
ated with impaired function of the
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ORIGINAL ARTICLE: GAMETE BIOLOGY
testes and epididymis, whereas patients with moderate
COVID-19 infection have changes in semen parameters:
decreased sperm concentration, decreased total number of
sperm in the ejaculate, and decreased sperm motility. Ma
et al. (3) found the following abnormal semen parameters in
patients who had recovered from COVID-19 infection:
increased rate of DNA fragmentation and decreased sperm
motility. Several other studies have described cases of
decreased libido and loss of morning erection in patients
with COVID-19 infection. Ruan et al. (4) found decreased
sperm concentration and motility in patients with COVID-
19 infection from analysis of semen parameters from 55 pa-
tients and 145 controls.

Hajizadeh Maleki and Tartibian (5) investigated semen
samples of 84 patients who had recovered from COVID-19
infection and 105 controls. The semen of patients was
analyzed every 10 days for 2 months. The investigators
found statistically significant decreases in ejaculate volume,
sperm motility, and sperm concentration and changes in
spermmorphology in the COVID-19 patients. It is interesting
to note that analysis of the semen at 30, 40, 50, and 60 days
after COVID-19 infection revealed a progressive increase in
sperm motility. The study also found that ejaculate volume,
spermmorphology, and sperm concentration in the ejaculate
did not change during the entire observation period (5).
Analysis of a wide range of molecular abnormalities in
semen of patients with COVID-19 infection can reveal the
potential mechanisms of the influence of SARS-CoV-2 on
male fertility and can be used to optimize the treatment
plan for these patients.

In this study, we profiled gene expression in semen sam-
ples obtained from 10 patients after mild COVID-19 infection.
All the patients had different sperm abnormalities that were
diagnosed before infection. We were also able to profile the
semen specimens from 5 patients obtained before infection,
thus giving 5 matched sample pairs before and after
COVID-19 infection. As the control group, we included 5
healthy donors with no known abnormalities or previous his-
tory of COVID-19 infection. We used RNA sequencing to
establish gene expression profiles in these 20 biosamples.
Gene ontology analysis of differentially regulated genes and
in-depth study of activation of molecular pathways revealed
statistically significant inhibition of genes associated with
toll-like receptor (TLR) pathways and with energy production
pathways in the mitochondria, including genes involved in
the electron transfer chain. In addition, all protein-coding
genes encoded by the mitochondrial genome were signifi-
cantly down-regulated in postinfection samples. This finding
may provide a molecular basis for the previously observed
phenomenon of decreased sperm motility after COVID-19
infection.
MATERIALS AND METHODS
Ethical Statement

The Committee of Biomedical Ethics of the World-Class Med-
ical Center, Moscow (Institutional Review Board) approved all
procedures and study methods. Informed written consent was
obtained from all patients included in the study. The study
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was conducted in accordance with the Declaration of
Helsinki, 1975.
Study Population and Design

The participants were divided into 3 groups according to the
time of sample collection. Group 1 consisted of 5 patients
who had recovered from mild COVID-19 infection and pro-
vided semen samples before infection and after proven recov-
ery (10 samples in total). The semen samples of these patients
were stored before COVID-19 infection as they were preparing
for in vitro fertilization (IVF). Four patients in this group had
different sperm abnormalities before infection. Inclusion of
these patients in the study allowed us to determine whether
they needed additional treatment before IVF.

Group 2 consisted of 5 patients who had recovered from
mild COVID-19 infection and provided semen samples after
proven recovery. Four patients in this group also had different
sperm abnormalities before infection. Inclusion of these pa-
tients in the study allowed us to determine whether they
needed additional treatment before IVF. Group 3 consisted
of 5 healthy controls.

The inclusion criteria were sexually active men of repro-
ductive age (18 to 65 years) with proven recovery from mild
COVID-19 infection by 2 consecutive negative nasopharyn-
geal swabs for SARS-CoV-2 RNA. The severity of COVID-19
infection was classified according to the World Health Orga-
nization guideline, which defines mild COVID-19 infection as
infection without evidence of viral pneumonia or hypoxia (6).
The patients complained of fever (38.5�C for 3 days) and fa-
tigue. No treatment was administered except acetaminophen
500 mg. The exclusion criteria were ejaculatory disorders, a
history of prostate surgery, treatment with antihypertensive
medications, and inability to express informed consent. The
diagnosis of COVID-19 infection was confirmed by the pres-
ence of SARS-CoV-2 RNA in a nasopharyngeal swab detected
by molecular testing (reverse transcription polymerase chain
reaction) according to medical records.
Collection of Biosamples

The participants received clear instructions about collecting
their semen samples into a sterile container following at least
2 days of sexual abstinence (but no more than 5 to 7 days). All
patients included in the study provided semen samples in the
hospital. Semen samples of patients in the COVID-19 groups
were collected within less than 75 days after proven recovery
from infection.

Information regarding serum levels of testosterone,
follicle-stimulating hormone (FSH), and luteinizing hormone
(LH) was obtained from the medical records of the patients.
Routine laboratory analyses were performed with commer-
cially available kits. The laboratory’s reference ranges were
8.33–30.19 nmol/L for testosterone, 0.95–11.95 IU/L for
FSH, and 0.57–12.07 IU/L for LH.
RNA Isolation and Sequencing

RNA was extracted from semen samples with the QIAGEN
RNeasy Plus Universal Mini Kit (Qiagen, Germantown, MD)
VOL. 2 NO. 4 / NOVEMBER 2021
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following the manufacturer’s protocol. RNA 6000 Nano (Agi-
lent, Santa Clara, CA) or Qubit RNA Assay kits (Life Technol-
ogies, Bleiswijk, Netherlands) were used to measure RNA
concentration. The RNA integrity number was measured
with an Agilent 2100 Bio-Analyzer. For depletion of ribo-
somal RNA and library construction, the KAPA RNA Hyper
with rRNA erase kit (KAPA, Cape Town, South Africa) (HMR
only) was used. Different adaptors were used for multiplexing
samples in one sequencing run. Library concentrations and
quality were measured with the Qubit ds DNA HS Assay kit
(Life Technologies, Eugene, OR) and Agilent TapeStation
(Agilent, Santa Clara, CA). RNA sequencing was done with Il-
lumina NextSeq 550 equipment for single-end sequencing,
75-bp read length, for approximately 30 million raw reads
per sample. Demultiplexing was performed with the Illumina
Bcl2fastq2 v 2.17 program.
Bioinformatic Analysis

RNA sequencing FASTQ files were processed with STAR
aligner in ‘‘GeneCounts’’mode with the Ensembl human tran-
scriptome annotation (Build version GRCh38 and transcript
annotation GRCh38.89) (7). Ensembl gene IDs were converted
to HUGO Gene Nomenclature Committee (HGNC) gene sym-
bols with the use of the Complete HGNC data set (https://
www.genenames.org/; database version from July 13,
2017). Expression levels were established for 36,596 anno-
tated genes with the corresponding HGNC identifiers. The
minimum number of uniquely mapped reads was 5.66 million
for the studied biosamples, with a mean value of 21.66
million. Differential gene expression analysis was performed
with DESeq2 software with the following thresholds: false
discovery rate-adjusted P< .05 and |log2(fold change)|>1
(8). Volcano plots were built with the use of ‘‘EnhancedVol-
cano’’ R package (9). Gene ontology (GO) analysis was per-
formed with the R ‘‘enrichgo’’ package (10). Pathway
activation levels and corresponding visualization were per-
formed with Oncobox software and pathway collection (11,
12). We checked all biosamples for the presence of SARS-
CoV-2–specific reads with fastv utility (13).

RESULTS
In this study, we compared gene expression profiles in semen
samples of patients with different diagnosed sperm abnor-
malities before COVID-19 infection and after proven recov-
ery. All patients in groups 1 and 2 suffered from mild
COVID-19 infection (Supplemental Table 1, available online).
Other patient clinical characteristics, including hormone pro-
files, are presented in Supplemental Table 1. Biosamples taken
both before and after infection were available for 5 patients
(10 samples in total). For another 5 patients, only biosamples
collected after recovery from COVID-19 infection were avail-
able for further analysis.

In addition, we included 5 control archival semen samples
obtained from healthy donors who were not affected by
COVID-19 before sample collection. These samples were
used as the reference cohort for the molecular analyses.

We performed RNA sequencing (RNAseq) of all
mentioned semen samples. For one patient (ID P4), both
VOL. 2 NO. 4 / NOVEMBER 2021
pre- and postinfection biosamples were available in triplicate,
and we performed RNAseq for all biosamples. Altogether we
obtained 24 RNAseq profiles; the mapping statistics are
shown in Supplemental Table 2. We used the fastv program
to check our transcript profiles for the presence of SARS-
CoV-2–specific reads and found no such calls in any samples
tested (13).

The replicates of P4 biosamples formed distinct clusters
both on the dendrogram (Supplemental Fig. 1A, available on-
line) and on principal component analysis plots
(Supplemental Fig. 1B). Samples obtained before infection
and healthy donor samples also tended to cluster together,
whereas postinfection samples showed distinct clustering
patterns and a higher degree of heterogeneity
(Supplemental Fig. 1).
Paired Analysis

First, we performed differential gene expression analysis be-
tween replicates of patient P4. This resulted in 5,411 and
3,846 significantly down- and up-regulated genes, respec-
tively (Supplemental Table 3 and Supplemental Fig. 2).
Gene ontology analysis of up-regulated genes revealed bio-
logical processes associated with cation transmembrane
transporter activity, ion channel activity, extracellular ma-
trix, and others (Supplemental Fig. 3). Gene ontology analysis
of down-regulated genes identified processes associated with
nucleoside binding and cellular energy metabolism
(Supplemental Fig. 4). Quantitative molecular pathway acti-
vation assay revealed Janus kinase and signal transducer
and activator of transcription pathway Janus kinase degrada-
tion, and peptide chain elongation as the most significantly
up- and down-regulated pathways, respectively, in P4 postin-
fection samples normalized on samples before infection
(Supplemental Fig. 5).

We then performed differentially expressed gene (DEG)
analysis for all 5 pairs of matched samples obtained before
COVID-19 infection and after proven recovery from infection.
The adjusted P value cutoff was set at .05, and the |log2 fold
change| cutoff was set higher than 1. The analysis resulted in
57 statistically significantly down-regulated and, remark-
ably, no up-regulated genes after infection (Fig. 1A). Of these
57 genes, 52 were identical to the down-regulated differential
genes obtained previously in the analysis of P4 replicates
(Fig. 1B). We further tested the significance of this intersec-
tion by repetitively intersecting random gene sets of the
same sizes 1,000 times and registering the numbers of
randomly intersected genes (Fig. 1C). The randomness anal-
ysis showed that the observed actual intersection could not
be obtained by chance (P< .001).
Analysis of Common DEGs

The following genes were statistically significantly down-
regulated in both types of the DEG analysis: AIF1, APOC1,
C1QA, C1QB, CCL2, CCR1, CSF3R, CXCL2, CXCL8, CXCR4,
FCER1G, FGR, HCK, HLA-DRA, HMOX1, IFI44, IFI44L,
IGSF6, IL1B, LAPTM5, LYZ, MNDA, MPEG1, MT-ATP6,
MT-ATP8, MT-CO1, MT-CO2, MT-CO3, MT-CYB, MT-
357
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FIGURE 1

(A) Distribution of DEGs between P1, P2, P3, P4 (averaged), and P5 samples before COVID-19 and after proven recovery by log2 fold change and
log10 P value. The adjusted P value cutoff was set at .05, and the |log2 fold change| cutoff was set higher than 1. (B and C) Intersection of DEGs. (B)
Venn diagram showing intersection of down-regulated DEGs from 2 analyses: matched samples from patients P1–P5 before COVID-19 and after
proven recovery, and triplicates of P4 patient biosamples before and after COVID-19 infection. (C) Distribution of overlapped genes for randomly
selected groups (1,000 random permutations). Red dashed line denotes actual number of intersected down-regulated DEGs. (D) Significantly
enriched GO terms for the intersected set of down-regulated DEGs (n ¼ 52). All terms passed the Benjamini-Hochberg adjusted P value
threshold of .05. DEG ¼ differentially expressed gene; FC ¼ fold change; GO ¼ gene ontology; NADH ¼ nicotinamide adenine dinucleotide;
NAD(P)H ¼ nicotinamide adenine dinucleotide phosphate; RAGE ¼ advanced glycosylation end-product specific receptor.
Adamyan. COVID-19 and gene expression in semen. Fertil Steril Sci 2021.
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ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5,
MT-ND6, MT1A, NDUFB8, PI3, POLR2K, RGS1, RPL39,
S100A8, S100A9, SAMSN1, SDS, SOCS3, SPN, SRGN,
TGFBI, TNFRSF1B, and TYROBP. The results of GO analysis
for this gene set are shown in Figure 1D. The most significant
GO terms were associated with reduced nicotinamide adenine
dinucleotide dehydrogenase activity, followed by cytokine
binding and fatty acid binding.

We then used Oncobox software to calculate pathway
activation levels for 3,044 molecular pathways. Using the
set of 52 intersected genes in the averaged post–COVID-19
infection sample normalized on the averaged pre–COVID-19
infection sample, a specific pathway activation pattern was
obtained (Fig. 2A). Overall, the extent of down-regulation
was higher than the extent of up-regulation of the pathways
interrogated. The most strongly up-regulated pathway was
the interferon gamma (IFN-g) signaling pathway (Fig. 2B),
and the most strongly down-regulated pathways were 3
branches of the endogenous TLR signaling pathway: regula-
tion of interleukin-1-beta production, regulation of cell pro-
liferation, and regulation of apoptosis. The latter 3
subpathways contained identical gene sets, which explains
the identity of their pathway activation levels (Fig. 2C). How-
ever, the next down-regulated pathway was for the respira-
tory electron transfer chain, which is in good agreement
with the results of GO terms analysis (Fig. 1D).
Mitochondrial Gene Expression

The second most strongly down-regulated pathway in semen
samples collected after recovery from COVID-19 infection
was the respiratory electron transport pathway. Detailed visu-
alization of the pathway showed that the most down-
regulated genes in postinfection samples were involved in
the nodes Complex I and Complex IV (Fig. 3A). These com-
plexes contain 7 and 3 genes, respectively, which are encoded
by the mitochondrial genome.

We then analyzed mitochondrial genes and found that 13
of 13 (100%) protein-coding genes encoded in the mitochon-
drial genome were significantly down-regulated after infec-
tion. In all 5 paired samples, we observed decreased
expression of the 13 mitochondrial genes compared with pre-
infection levels. However, both baseline and postinfection
levels were highly heterogeneous between different patients
(Fig. 3B).

We then compared the expression of all mitochondrial
genes between postinfection samples vs. healthy donors and
preinfection samples (Fig. 4). All group comparisons were sig-
nificant (Fig. 4A–L), except for the borderline significance of
MT-ND6 gene expression in postinfection samples in com-
parison with healthy donors (Fig. 4M). We also calculated
the cumulative expression of 13 mitochondrial genes by sum-
marizing the logarithms of normalized gene counts. We found
that the cumulative expression was significantly lower in
postinfection than in preinfection samples (P ¼ 7.1*10�5, t
test) (Fig. 4N) and samples from healthy donors (P ¼ .001, t
test) (Fig. 4N).

We further hypothesized that the expression level of
mitochondrial genes was associated with the clinical char-
VOL. 2 NO. 4 / NOVEMBER 2021
acteristics of patients who had recovered from COVID-19
infection. We calculated fold changes in hormone levels
before and after COVID-19 infection for 10 patients
(Supplemental Table 1). The FSH level was increased in 5
patients and decreased in 5 patients after COVID-19 infec-
tion. However, none of the FSH levels before or after infec-
tion exceeded reference ranges. Interestingly, we observed
a borderline significant negative correlation between FSH
fold change and the cumulative expression of all mito-
chondrial genes (P ¼ .067, Spearman test) (Supplemental
Fig. 6). It is worth mentioning that no correlations were
found between the cumulative expression of all mitochon-
drial genes and LH, testosterone, prolactin, or estradiol
levels.

Finally, we investigated the expression levels of the genes
associated with sperm motility according to previous studies.
Previously, the expression of NRF2 (NFE2L2), ROPN1I, CA-
BYR, FAM71D, RBMY1 (RBMY1A1), and sNHE (SLC9A1)
was shown to be positively correlated with sperm motility,
whereas expression of TP53 andHIF1Awas negatively corre-
lated with spermmotility (14–19). CABYR and FAM71Dwere
down-regulated in postinfection samples compared with
levels before infection and in healthy donors (Supplemental
Fig. 7A and B). There were no significant differences between
the groups for other genes (Supplemental Fig. 7C to H).
DISCUSSION
According to the literature, novel coronavirus SARS-CoV-2
enters cells through the interaction with angiotensin-
converting enzyme receptor type 2 (ACE2) and type 2 trans-
membrane serine protease (TMPRSS2) (20). Analysis of
ACE2 and TMPRSS2 expression patterns in male patients
found that ACE2 was predominantly expressed in spermato-
gonia, Leydig cells, and Sertoli cells and TMPRSS2 was pre-
dominantly expressed in spermatogonia and spermatids.
Wang and Xu (21) found that expression of the genes respon-
sible for spermatogenesis was decreased in spermatogonia
with high ACE2 expression.

Pan et al. (22) did not detect SARS-CoV-2 in the semen of
patients with COVID-19 infection, possibly because of the
nonsignificant expression of ACE2 and TMPRSS2 in these
cells. Nevertheless, the investigators did not exclude the pos-
sibility of the presence of SARS-CoV-2 in the semen of pa-
tients in the acute phase of COVID-19 infection. In
agreement with the study by Pan et al. (22), we did not detect
SARS-CoV-2 RNA in our postinfection samples.

Testicular tissue can also be a target for SARS-CoV-2
because it coexpresses the receptors for ACE2 and TMPRSS2,
which are necessary for invasion and further replication of the
virus (21). Angiotensin-converting enzyme receptor type 2
expression was also detected in spermatogenic cells and so-
matic cells of the testes, which indicates a high susceptibility
of the testes to damage by SARS-CoV-2 and impaired sper-
matogenesis, which in turn may have an impact on the sperm
transcription profile.

Type 2 transmembrane serine protease is largely ex-
pressed in spermatogonia and spermatids. According to
Huang et al. (23), coexpression of ACE2 and TMPRSS2 in
359



FIGURE 2

(A) Top 10 up-regulated and inhibited pathways sorted by statistically significantly different PAL values for comparison between samples obtained
after and before COVID-19 infection. Pathways up-regulated after recovery from COVID-19 infection are shown on the top, pathways down-
regulated after recovery on the bottom. The t test P value and PAL value for each pathway are shown on the right. (B) Activation scheme of
the reactome interferon gamma signaling pathway. Color indicates the log2-transformed ratio of mean gene expression values for each
pathway node in samples after recovery from COVID-19 infection normalized on expression levels in samples before infection. (C) Activation
scheme of NCI endogenous TLR signaling pathway (regulation of interleukin-1-b production, regulation of cell proliferation, and regulation of
apoptosis). Color indicates the log2-transformed ratio of mean gene expression values for each pathway node in samples after recovery from
COVID-19 infection normalized on expression levels in samples before infection. ATP ¼ adenosine triphosphate; FC ¼ fold change; IFNG ¼
interferon gamma; IFNGR ¼ interferon gamma receptor; IL ¼ interleukin; JAK ¼ Janus kinase; KEGG ¼ Kyoto Encyclopedia of Genes and
Genomes; NCI ¼ National Cancer Institute; PAL ¼ pathway activation level; PKC ¼ protein kinase C; SHP ¼ Src homology region 2 domain-
containing phosphatase-1; SOCS ¼ suppressor of cytokine signaling; STAT ¼ signal transducer and activator of transcription; TLR ¼ toll-like
receptor.
Adamyan. COVID-19 and gene expression in semen. Fertil Steril Sci 2021.
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FIGURE 3

(A) Activation scheme of respiratory electron transport pathway. Color indicates the log2-transformed ratio of mean gene expression values in
samples after recovery from COVID-19 infection normalized on gene expression in samples before COVID-19 infection. (B) Heat map of
mitochondrial genes that were differentially expressed in pairwise analysis of P1, P2, P3, P4 (averaged), and P5 samples. Color marker on the
left indicates IDs of matched patient pairs and pre/post COVID-19 infection status of samples. COX ¼ cytochrome c oxidase; ETF ¼ electron
transfer flavoprotein; ETFDH ¼ electron transfer flavoprotein dehydrogenase; FADH ¼ flavin adenine dinucleotide; FC ¼ fold change; NADH ¼
nicotinamide adenine dinucleotide.
Adamyan. COVID-19 and gene expression in semen. Fertil Steril Sci 2021.
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FIGURE 4

Expression of 13 protein-coding genes encoded in the mitochondrial genome and their cumulative expression (sum of log-transformed normalized
gene counts) in samples from patients before COVID-19 infection, patients after recovery from COVID-19 infection, and healthy donors.
Adamyan. COVID-19 and gene expression in semen. Fertil Steril Sci 2021.
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spermatogonia and Leydig cells may be a risk factor for testic-
ular degeneration and male infertility. Alternative receptor
Basigin and protease cathepsin L, which can mediate the in-
vasion of cells by SARS-CoV-2, have also been found in Ley-
dig cells (23). Therefore, replication of SARS-CoV-2 in Leydig
cells may potentially contribute to the disruption of testos-
terone production by the testes. However, only 5 of 10 pa-
362
tients had poorer sperm analysis after COVID-19 infection
in our study.

Normally, gonadotropin-releasing hormone released
from the hypothalamus stimulates production of FSH and
LH by the anterior pituitary. Follicle-stimulating hormone
then stimulates spermatogenesis in the Sertoli cells,
whereas LH stimulates testosterone release by the Leydig
VOL. 2 NO. 4 / NOVEMBER 2021
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cells. In turn, the rising level of testosterone inhibits
release of gonadotropin-releasing hormone, FSH, and LH
via a negative feedback loop. In cases of primary hypogo-
nadism when the testosterone level is insufficient,
gonadotropin-releasing hormone, FSH, and LH levels rise
to compensate.

Luteinizing hormone and FSH increase significantly with
age in men (24). In addition, previous results have shown sta-
tistically significant increases in mean FSH and LH levels in
infertile men compared with fertile controls (25). In this study,
we found mild elevations of FSH levels in 50% of patients
who recovered from COVID-19 infection (5 of 10 patients),
which were not correlated with testosterone levels. This eleva-
tion of FSH was associated with a decreased expression of
mitochondrial genes in postinfection samples.

In agreement with this observation, Ma et al. (3) reported
increased LH levels in male patients with COVID-19 infection,
and Çayan et al. (26) reported decreased testosterone and
elevated LH and FSH levels in male patients with COVID-19
infection and even showed that decreased testosterone levels
were associated with the severity of COVID-19 infection.
However, we did not find any mention of decreased gene
expression in post–COVID-19–infection semen samples in
the literature. We propose that this phenomenonmay be asso-
ciated with the decreased motility of sperm cells after COVID-
19 infection.

Comparative analysis of signaling pathways showed that
the most strongly up-regulated pathway in semen samples
collected after recovery from COVID-19 infection when
compared with semen samples of the same patients collected
before infection was the IFN-g signaling pathway. Like other
viruses, SARS-CoV-2 induces the release of chemokines and cy-
tokines from immune cells (27). Interferon gamma is a proin-
flammatory cytokine that can be elevated in semen samples
during the inflammatory state and in patients with infertility
(28–30). Recent studies revealed an elevated level of IFN-g in
the serumof patientswithCOVID-19 infection (31, 32). Further-
more, elevated levels of IFN-g along with other cytokines can
cause oxidative stress and increase membrane lipid peroxida-
tion, which results in impaired sperm motility, capacitation,
and the acrosome reaction (33, 34). Our results provide molecu-
lar evidence for elevated IFN-g activity in semen samples
collected after COVID-19 infection, which might be associated
with decreased sperm motility in such patients.

The most strongly down-regulated pathways after recov-
ery from COVID-19 infection are associated with regulation
of interleukin-1-beta production, cell proliferation, and
apoptosis (3 branches of the endogenous TLR signaling
pathway). Toll-like receptors play a critical role in innate im-
munity, including protection of sperm cells from infection.
Saedi et al. (35) reported expression of the genes for TLRs
1–10 in the testis, vas deferens, prostate, epididymis, and
sperm cells (35). Nevertheless, more research needs to be
done to investigate the impact of TLRs on sperm parameters.

In this study, we also found statistically significant inhi-
bition of genes associated with energy production pathways
in the mitochondria, including genes involved in the electron
transfer chain, in semen samples from patients who had
recovered from COVID-19 infection. Moreover, all protein-
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coding genes of the mitochondrial genome were significantly
down-regulated in these samples.

The CABYR and FAM71D genes, which were previously
shown to be correlated with spermmotility, showed decreased
expression in postinfection samples in the current study.
Moreover, the interleukin 10 pathway was up-regulated in
samples obtained after COVID-19 infection. Kurkowska
et al. (36) showed that elevated interleukin 10 was associated
with reduced sperm motility in normal semen, which is in
agreement with previous findings.

In 2 patients who had recovered from COVID-19 infec-
tion, semen analysis found completely normal results
(normozoospermia), including normal sperm motility. Never-
theless, our results demonstrated statistically significantly
decreased expression of mitochondrial genes in their semen
samples. As in other cells, the main roles of the mitochondria
in sperm cells include energy production, calcium uptake, and
apoptosis initiation, while the generated energy is used for
sperm motility, capacitation, and acrosome reaction (37,
38). Numerous studies have shown that the expression of
mitochondrial genes is clearly correlated with important
sperm parameters, including motility and sperm count (39).
Moreover, mitochondrial dysfunction may be associated
with oxidative stress, which causes reactive oxygen
species–mediated sperm damage (40). Our findings indicate
that even in the case of normal sperm parameters determined
by routine semen analysis in patients who have recovered
from COVID-19 infection, the expression of mitochondrial
genes may be significantly decreased. This may be associated
with sperm dysfunction and male fertility. Our results provide
a molecular basis for the previously observed phenomenon of
decreased sperm motility associated with COVID-19 infec-
tion. We believe that our findings will be beneficial for opti-
mization of preconception care for men who have recently
recovered from COVID-19 infection.
LIMITATIONS
At this point in time, to our knowledge, our study of gene
expression in semen samples is the first and the largest con-
ducted on patients with a history of COVID-19 infection.
Nevertheless, further studies on larger groups of patients
with and without a history of COVID-19 infection are needed
to get more accurate results.

Patients who had recovered from mild COVID-19 infec-
tion and provided semen samples before infection and after
proven recovery were included in this study. Eight patients
had different sperm abnormalities before infection. Semen
samples from these patients were stored before COVID-19
infection as they were preparing for IVF. Inclusion of these
patients in the study allowed us to determine whether they
needed additional treatment before IVF. Further studies on
larger groups of patients with and without semen abnormal-
ities before COVID-19 infection will provide more accurate
results.

Semen samples from patients in the COVID-19 groups
were collected within 75 days after proven recovery from
infection, which represents the duration of spermatogenesis.
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Further studies including analysis of semen samples obtained
at different times after recovery will provide additional data
on the consistency of COVID-19–associated molecular
changes in semen samples.
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