Jiang et al. Cell & Bioscience (2022) 12:35
https://doi.org/10.1186/513578-022-00766-x

Cell & Bioscience

REVIEW Open Access
)]

Diabetes as a potential compounding factor =
in COVID-19-mediated male subfertility
Qingkui Jiang', Thomas Linn?, Karl Drlica® and Lanbo Shi'"

Abstract

Recent work indicates that male fertility is compromised by SARS-CoV-2 infection. Direct effects derive from the
presence of viral entry receptors (ACE2 and/or CD147) on the surface of testicular cells, such as spermatocytes, Sertoli
cells, and Leydig cells. Indirect effects on testis and concentrations of male reproductive hormones derive from (1)
virus-stimulated inflammation; (2) viral-induced diabetes, and (3) an interaction between diabetes and inflammation
that exacerbates the deleterious effect of each perturbation. Reproductive hormones affected include testosterone,
luteinizing hormone, and follicle-stimulating hormone. Reduction of male fertility is also observed with other viral
infections, but the global pandemic of COVID-19 makes demographic and public health implications of reduced male
fertility of major concern, especially if it occurs in the absence of serious symptoms that would otherwise encourage
vaccination. Clinical documentation of COVID-19-associated male subfertility is now warranted to obtain quantitative
relationships between infection severity and subfertility; mechanistic studies using animal models may reveal ways to
mitigate the problem. In the meantime, the possibility of subfertility due to COVID-19 should enter considerations of

vaccine hesitancy by reproductive-age males.
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Introduction

Although most persons infected with SARS-CoV-2 expe-
rience only mild-to-moderate respiratory illness and
recover without special treatment, some progress to
severe disease that is often associated with acute respira-
tory distress syndrome [1]. Thus, COVID-19 was initially
considered to be a lung disease [2]. Subsequent experi-
mental and clinical studies now indicate that SARS-
CoV-2 infection damages multiple organs, including
brain [3], kidney [4], pancreas [5], and testis [6]. More-
over, some infected individuals suffer from long-term
sequelae, such as extreme fatigue, muscle weakness, low-
grade fever, new onset of diabetes, and hypertension [7,
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8]. Therefore, COVID-19 cannot be treated as a common
viral infection that appears to come and go.

Key features of the male reproductive system make it
vulnerable to damage by COVID-19. For example, sper-
matogonia, Sertoli cells, and Leydig cells reside outside
the blood-testis barrier and are therefore susceptible
to viral infection. Direct SARS-CoV-2 infection of cells
associated with sperm development and effects of inflam-
mation are both likely to compromise male reproductive
potential [9]. Moreover, synthesis and secretion of male
reproductive hormones, such as gonadotropin-releasing
hormone (GnRH), follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and testosterone are sensitive
to various types of inflammation [10]. These observa-
tions, plus several other lines of evidence, indicate a neg-
ative impact of SARS-CoV-2 infection on male fertility, at
least during serious diseases [6].

The mechanisms underlying testicular dysfunc-
tion in male COVID-19 patients remain poorly under-
stood. In addition to effects from direct infection and
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inflammation, an under-appreciated factor is diabetes.
This well-documented risk factor for male subfertility
[11, 12] may contribute significantly to low fertility in
COVID-19. Indeed, diabetes often occurs in COVID-
19-patients with pre-diabetes and with patients lack-
ing prior glucose metabolism disorders [13]. Below we
describe viremia-induced male subfertility, followed by
a discussion of potential mechanisms by which SARS-
CoV-2 infection causes male hypogonadism. We argue
that diabetes aggravates the negative impact of SARS-
CoV-2 infection on male reproductive potential.

Viremia and male subfertility

Lessons from other viral infections

Viral infections have long been associated with male
subfertility. In a recent example, men infected with Zika
virus exhibited decreased semen quality and the presence
of viral RNA in spermatozoa [14]. Findings from murine
infection models associate reduced semen quality with
persistence of Zika virus and induction of pro-inflam-
matory cytokines/chemokines in testicular cells (Ser-
toli, Leydig, and epididymal epithelial cells) [15, 16]. In
another example, 15 to 30% of adult males infected with
mumps virus develop epididymo-orchitis and subfertility
[17]; murine studies indicate that the underlying mecha-
nism is related to increased innate immune response in
Sertoli, Leydig, and germ cells. Similarly, infection of
human spermatozoa by HIV compromises male fertility
[18, 19], as demonstrated by detectable virus in seminal
fluids, severe testicular atrophy, and chronic orchitis with
progressive hypogonadism [20-22]. In a fourth exam-
ple, patients with chronic infection by hepatitis virus C
exhibit a decrease in semen volume, sperm count, sperm
motility, and testosterone [23]. Finally, a meta-analysis
of the human papillomavirus in semen reveals a positive
correlation between virus positivity and an elevated risk
of male infertility [24]. Thus, a precedence exists for viral
infection-induced male subfertility: SARS-CoV-2 infec-
tion is simply another example.

SARS-CoV-2 in testes

It is well known that SARS-CoV-2 infects host cells
through an interaction of its spike protein with the host
ACE2 receptor, which is expressed on the surface of
several cell types [25]. High-level expression of ACE2
in human testes [26], mainly in spermatogonia, Leydig
cells, and Sertoli cells [27], suggests testis susceptibility
to circulating virus. In addition, CD147, which mediates
host-cell entry for viruses such as HIV [28] and SARS-
CoV [29], also functions as a receptor for SARS-CoV-2
[30]. This observation has important implications, given
that CD147 is expressed in Sertoli cells, Leydig cells,
and germ cells of all stages, and that it is also a critical
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regulator in spermatogenesis [31]. Thus, SARS-CoV-2
may impact testicular function by specific binding to the
two different receptors (Fig. 1).

Patient data are consistent with direct effects of SARS-
CoV-2 on male fertility. Two studies of severe disease
detected SARS-CoV-2 particles in testicular cells. In
one, two out of five postmortem testis biopsies revealed
virus [6]; in the other, one out of five were virus-positive
postmortem, and one live biopsy was virus-positive [32].
Clinical manifestations of testicular injury in COVID-
19 include orchitis [33], structural change of testis [34],
spermatogenesis impairment [6, 35], and significant
changes of major male reproductive hormones, such as
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Fig. 1 Direct infection of testicular cells by SARS-CoV-2. By binding
to the highly expressed viral entry receptors on testicular cells,
specifically the Sertoli cells, Leydig cells, and spermatogonia,
SARS-CoV-2 may infect these cells and cause direct cell damage,
metabolic reprogramming, and/or immune responses. The result
would be cell dysfunction and apoptosis
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increased serum levels of LH and FSH and decreased tes-
tosterone [36, 37]. Since testicular damage is often found
without direct evidence of virus in the testis, other fac-
tors likely contribute indirectly to testicular dysfunction.
Below we discuss two indirect COVID-19-associated fac-
tors, inflammation and diabetes; we postulate that their
interaction exacerbates male reproductive damage.

Viral infection-induced inflammation

Inflammation in the reproductive tract is associated
with male subfertility. For example, asymptomatic focal
inflammatory lesions are found in approximately half of
testicular biopsies from males exhibiting impaired fertil-
ity [38], and levels of proinflammatory cytokines (IL-1,
IL-6 and TNF) are elevated in seminal plasma of infer-
tile males [39]. Mechanisms of inflammation on testicu-
lar dysfunction have been revealed by in vitro and in vivo
studies. Inflammatory molecules, either produced locally
or derived from systemic inflammation, damage germ
cells and somatic cells by activating the Janus kinase-sig-
nal transducer and activator of transcription pathway and
the MAPK pathway [40, 41]. Our recent work also shows
that testicular inflammation is associated with impaired
spermatogenesis and Leydig cell dysfunction and apop-
tosis [42]. Inflammation also acts by dysregulating hor-
mone secretion. For example, in the mouse hypothalamic
GnRH neuronal cell line, neuroinflammation-induced
cytokines, specifically the leukemia inhibitory factor,
repress GnRH gene expression by activating the MAPK
pathway [43]. Proinflammatory cytokines, such as IL-1f,
TNF and IL-6, also negatively affect pituitary function,
reducing the synthesis and/or secretion of FSH and LH
[44]. Thus, inflammation appears to contribute to male
subfertility at multiple levels.

COVID-19 is an inflammatory disease, as defined by
systemic production and secretion of proinflamma-
tory cytokines/chemokines [45]. Since infection and
inflammation are important triggers of male infertility
in general [46], inflammation can be a good candidate
for poor male reproductive outcome associated with
COVID-19 (Fig. 2A). Indeed, seminiferous tubular injury
and reduced numbers of Leydig cells associated with
mild inflammation are seen in the testis of COVID-19
patients [47]. Moreover, clinical data from COVID-19
patients indicate that reduction of serum testosterone is
negatively associated with levels of C-reactive protein (a
marker of inflammation) and predictive of poor progno-
sis for COVID-19 patients [36, 48]. Little else is known
about the mechanisms underlying inflammation effects
on male reproductive outcome in COVID-19.

Although inflammation recedes in COVID-19
patients when they recover from primary disease, new
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Fig. 2 Indirect effects of SARS-CoV-2 infection on male fertility.
Three interconnected pathways during COVID-19 negatively impact
male fertility. Inflammation (A) and diabetes (B) each serve as a
secondary factor of SARS-CoV-2 infection to independently affect

the hypothalamic-pituitary-testis (HPT) axis and/or testicular cells by
direct impact or through other mediators. C The interaction between
inflammation and diabetes exacerbates the deleterious effect of each
individual perturbation, leading to male subfertility

evidence indicates that the effects of SARS-CoV-2
infection on male fertility are long-lasting. For exam-
ple, about a month after recovering from COVID-19,
four out of five patients admitted to the intensive care
unit, three out of 26 hospitalized, and one among 12
non-hospitalized showed azoospermia [49]. A case
study also described a male of reproductive age who
exhibited reduced sperm concentration and sperm
count, increased abnormal sperm morphology, and
reduced sperm vitality four months after recovery
from COVID-19 [50]. Thus, factors other than the ini-
tial inflammation during COVID-19 persist that nega-
tively affect male fertility. Below we consider diabetes
as a persisting factor in the reduction of male fertility
because hyperglycemia is frequently seen in COVID-
19 patients (46% during hospitalization, 36% of which
continue to show hyperglycemia in the following six
months) [51] and because diabetes is a major risk factor
for male subfertility.
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COVID-19-associated diabetes reduces male
fertility

Lessons from other viral infections

Infection with a variety of viruses is often associated
with the onset of diabetes. For example, cytomegalo-
virus infection contributes to the pathogenesis of both
type-1 and type-2 diabetes [52, 53]. Indeed, persons with
a history of cytomegalovirus infection exhibit a 12-fold
greater chance for developing type-2 diabetes [54]. Dia-
betes is also highly prevalent in hepatitis C virus-infected
individuals (50% of adult cirrhotic patients infected with
the virus develop diabetes mellitus compared to 9% of
patients with cirrhosis in the absence of hepatitis C infec-
tion [55]). In an example similar to SARS-COV-2 infec-
tion, about 50% of SARS-CoV-infected patients lacking
a history of diabetes developed high blood glucose lev-
els within two weeks of hospitalization. Thus, SARS-CoV
infection can markedly influence glucose homeostasis,
at least in the acute phase of disease [56]. The onset of
diabetes during SARS-CoV-2 infection may be common
rather than exceptional; if so, diabetes is expected to be a
significant contributor to male subfertility.

Reciprocal relationship between COVID-19 and diabetes

In a case-series study of 5,700 patients hospitalized with
COVID-19 in the New York City area, 34% were diabetic
[57]. Diabetes was associated with disease progression to
severe COVID-19 (odds ratio of 3.07) [58] and with a 3.2-
fold increase in COVID-19-related mortality [59]. The
insulin resistance marker (triglyceride and glucose index)
was also found to associate with the severity and mortal-
ity of COVID-19 [60]. Uncontrolled blood glucose levels
may contribute to the development of severe disease in
diabetic COVID-19 patients by promoting virus replica-
tion and cytokine production in monocytes [61]. High
glucose levels also result in an exacerbated pro-inflam-
matory response and acute metabolic decompensation
of pre-existing diabetes [62]. These observations clearly
show that diabetes is a risk factor for worse prognosis in
COVID-19.

A reciprocal relationship also appears to exist. SARS-
CoV-2 infection is reported to lead to the onset of insu-
lin resistance and acute hyperglycemia in people without
diabetes and to the development of diabetes in patients
with pre-diabetes [63-65]. Two underlying mechanisms
are likely involved. First, infection of pancreatic cells by
SARS-CoV-2 can lead to the onset of hyperglycemia and/
or diabetes. Indeed, ACE2 mRNA is expressed in both
the islets and exocrine glands of the pancreas at a level
about 1.6 times higher than seen in the lung [66]. Moreo-
ver, viral infiltration of pancreatic islets [67] and pancre-
atic injury [66] are seen with COVID-19 patients; such
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infiltration might contribute to an acute p-cell dysfunc-
tion, leading to acute hyperglycemia [56]. Second, proin-
flammatory cytokines and reactive oxygen species (ROS),
produced during SARS-CoV-2 infection, are known to
induce insulin resistance [68]. In the case of circulating
inflammatory markers in obesity, such as TNE, activation
of the IKKB/NF«B pathway is associated with induction
of insulin resistance and type-2 diabetes in mice [69]. In
addition, elevated ROS levels trigger insulin resistance
in cell culture and mouse models [70]. Thus, poor glyce-
mic control and a cytokine storm during SARS-CoV-2
infection can act as a vicious cycle, reciprocally leading
to severe symptoms and poor prognosis of COVID-19
patients with diabetes [71, 72]. An international collabo-
ration, the CoviDIAB Project (https://covidiab.e-dendr
ite.com), seeks to understand the pathogenesis, manage-
ment, and outcomes of COVID-19-related diabetes [64].
To this effort we add male subfertility as another poten-
tially serious consequence of COVID-19-associated poor
glycemic control (Fig. 2B), as discussed below.

Diabetes during COVID-19 affects male fertility
We and others have shown that diabetes is associated
with testicular damage in murine models [42, 73, 74].
As expected, treatments that lower hyperglycemia can
restore spermatogenesis and steroidogenesis in diabetic
animals (increased sperm count, sperm motility, and
testosterone) [73, 75, 76]. In addition, administration of
metformin, the first-line treatment for type-2 diabetes in
men with diabetic complications, improves sperm con-
centration and sperm chromatin integrity [77].
Mechanistic studies using animal models show that
diabetes disrupts the function of glucose transporters in
spermatozoa and Leydig cells [78]. Hyperglycemia dam-
ages testes by activating two major pathways, the diacylg-
lycerol-protein kinase C pathway and the polyol pathway
[79]. Overall, these findings indicate that the onset of
hyperglycemia, even in the absence of obvious testicular
viral infection or inflammation, can lead to poor repro-
ductive outcomes in COVID-19 patients (Fig. 2B) [71,
72].

Inflammation-diabetes interaction

Diabetes, particularly type-2 diabetes, is widely accepted
as an inflammatory disease [80]. In diabetes, hyperglyce-
mia and inflammation appear to stimulate each other. On
one hand, hyperglycemia often correlates with elevated
systemic inflammation. For example, an acute increase in
plasma IL-6, TNF, and IL-18 is observed in humans after
receiving intravenous glucose; the increase is more pro-
nounced in subjects having impaired glucose tolerance
[81]. Moreover, hyperglycemia drives IL-1p production in
obesity through activation of the thioredoxin-interacting
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protein [82]. On the other hand, inflammation has long
been recognized as a critical player in the onset and/or
progression of diabetes [83]. It is known that TNF-sign-
aling cascades activate the c-Jun amino-terminal kinase,
leading to phosphorylation of serine 307 in insulin recep-
tor substrate-1. This event causes insulin unresponsive-
ness [84]. Additionally, IL-1p affects B-cells through
a direct cytotoxic effect [85] and/or by driving tissue
inflammation within islet cells [86], thereby impairing
[-cell function and insulin sensitivity. IL-6 also impairs
insulin metabolism by increasing the expression and
activity of the insulin-degrading enzyme [87]. Finally,
pro-inflammatory cytokine-related ROS overproduction,
associated with high neutrophil-to-lymphocyte ratio
during SARS-CoV-2 infection [68], can trigger insulin
resistance that is observed both in vitro and in vivo [70].
Collectively, the interaction of diabetes and inflammation
likely increases complications with a variety of diseases,
one of which is male subfertility.

Inflammation-diabetes interaction worsens male
subfertility during COVID-19

We recently found that hyperglycemia interacts with
inflammation to cause hypogonadism in diabetic and
pre-diabetic mice [42], thereby linking diabetes, inflam-
mation, and male subfertility. In this work, we used
homozygous, leptin-resistant diabetic db/db mice that
are characterized by hypogonadism, hyperglycemia,
and testicular inflammation with increased IL-1p and
chemokine (C-C motif) ligand 2 (CCL2). The latter is
a key member of the cytokine storm associated with
COVID-19 severity [88]. Chemical inhibition of CCL2
protects murine and human Leydig cells from malfunc-
tion and apoptosis, it reverses the diabetic condition, and
it ameliorates hypogonadism in the db/db mice [42, 89].
Moreover, in a diabetes model induced by a high-fat diet,
Ccl2-deficient mice are protected from development of
diabetes and testicular dysfunction [42].

Overall, findings from Leydig cell work and mouse
studies fit with clinical studies in which a reduction of
serum levels of CCL2 is associated with improvement of
diabetic conditions and recovery from hypogonadism in
a cohort of infertile men having a history of metabolic
syndrome [42]. Although we did not address the direct
impact of diabetes on subfertility in our murine and clini-
cal studies, the observation that hypogonadism reverses
with improved glucose control and reduced inflamma-
tion argues for a functional role of diabetes in dysregula-
tion of male reproduction.

Thus, it is likely that deterioration of glycemic control
associated with SARS-COV-2 infection has a greater
negative impact on male fertility in patients with diabetes
or prediabetes. Male COVID-19 patients experiencing
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both a cytokine storm and diabetes could exhibit severely
harmed reproductive potential through compounding
effects of two aggravating factors on testicular cells. The
result is impaired spermatogenesis, Sertoli and Leydig
cell dysfunction and loss, and a dysregulated immune
environment in testes [42, 74, 79]. Although COVID-
19-associated inflammation is transient, diabetes can be
a long-lasting complication, emphasizing the long-term
threat of COVID-19 to male fertility (Fig. 2C).

Metformin has been shown to result in an overall
improvement of male fertility in diabetic animal mod-
els [90-92] and patients [77]. Given its nature as a glu-
cose-lowering and anti-inflammatory drug [93], and
that both high glucose and excessive inflammation cause
male hypogonadism based on our studies [42, 79], we
would speculate that metformin could, at least to a cer-
tain extent, protect male diabetic patients from COVID-
19-induced subfertility. However, various factors,
including severity of diabetes, other complications such
as obesity, hypertension and hyperlipidaemia, as well as
dosage and duration of metformin treatment, which are
reported to influence the effectiveness of metformin on
male fertility in diabetic subjects [94], could complicate
the unique circumstances in COVID-19.

Inflammation and diabetes share factors contributing

to male subfertility

Reactive oxygen species

Although low levels of ROS are needed as signaling mol-
ecules, overproduction of ROS under inflammatory and/
or diabetic conditions often leads to oxidative stress
expected to damage cell functions. Several studies indi-
cate that inflammation is accompanied by ROS stress.
One study reports that treatment with cytokines (TNE,
IL-1B, and IFN-y) increases ROS in human retinal pig-
ment epithelial cells [95]. In another, glomerular cells
treated with TNF and IL-6 show ROS-mediated stress
and damaged glomerular permeability [96]. Similar to
inflammation, diabetes is also associated with increased
ROS stress. Hyperglycemia in diabetic patients elevate
ROS production through mitochondrial respiratory
chain enzymes, peroxidases, lipoxygenases, nitric oxide
synthases, cyclooxygenases, and xanthine oxidases [97].
Increased ROS level has also been observed in pancre-
atic islets of diabetic mice [98]. Collectively these findings
suggest an important role for ROS in inflammation and
diabetes-related complications.

In terms of male fertility, low levels of ROS are neces-
sary for sperm capacitation and hyperactivation, but ele-
vated levels of ROS likely contribute to male subfertility.
For example, presumptive ROS-mediated sperm defects,
such as poor sperm membrane integrity and high levels
of DNA fragmentation, are found in 30 to 80% of cases
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of infertile males [99]. The high content of polyunsatu-
rated fatty acids in germ-cell plasma membranes makes
them particularly vulnerable to ROS-mediated damage
[100]. Supraphysiological ROS levels also interfere with
Sertoli cell function by repressing the expression of inte-
grin beta-1, a key surface molecule for the interaction of
Sertoli cells with germ cells, and the expression of con-
nexin-43, a key component of gap junctions [101]. Over-
all, elevated levels of ROS in COVID-19 patients, which
have been implicated in the dysfunction and damage
of multiple organs [68, 102], may also have a negative
impact on the male reproductive tract.

Cortisol

Cortisol is a glucocorticoid secreted by the adrenal
glands. Its increase under stressful conditions, such as
diabetes or inflammation, provides the body with an
energy boost for blood glucose control, inflammation
reduction, and maintenance of metabolic homeostasis
[103]. As expected, a significant increase of serum cor-
tisol concentration is seen in COVID-19 patients [104].
However, excessive amounts of cortisol release are linked
to detrimental effects on male fertility. For example, ele-
vated serum and salivary cortisol levels correlate with
higher incidence of male erectile dysfunction [105]. Our
studies with mice show high levels of cortisol in testicular
interstitial fluid and serum of mice with subfertility [42],
further supporting the idea that cortisol can have a nega-
tive role in male fertility. We postulate that the combina-
tion of inflammation and diabetes in COVID-19 can lead
to prolonged excessive levels of cortisol that disrupt opti-
mal hormonal regulation of male fertility; such is found
in rats with decreased LH secretion and impaired Leydig
cell function [106, 107].

Triiodothyronine

This thyroid hormone is a potent regulator of metabolism
and development. Low serum levels of triiodothyronine
in patients with nonthyroidal illnesses [108] is considered
beneficial, as it prevents excessive tissue catabolism [109].
COVID-19 patients have reduced concentrations of trii-
odothyronine (64—84 ng/dL in COVID-19 vs. 82-117 ng/
dL in non-COVID-19 patients with 95% confidence
interval; p<0.01) [110]. From a physiological perspective,
this decrease is likely caused by SARS-CoV-2-induced
inflammation and/or diabetes, as inflammatory cytokines
(IL-1, IL-6,and TNF) are known to inhibit the periph-
eral conversion of thyroxine to triiodothyronine [111].
Moreover, free triiodothyronine is inversely related to the
prevalence of both type-1 [112] and type-2 [113] diabetes
in euthyroid patients. Given the broad metabolic func-
tions of triiodothyronine, its decrease can affect mul-
tiple organs and/or biological processes. For example,
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triiodothyronine enhances gonadotropin, LH, and FSH
secretion by suppressing mRNA expression of the hypo-
thalamic gonadotropin-inhibitory hormone [114]. Thus,
a decrease in triiodothyronine level can lead to hypo-
gonadism due to insufficient LH and/or FSH levels, as
shown by a study with male rats [115]. We speculate that
the decline in triiodothyronine level in COVID-19 can
contribute to male hypogonadism.

Activins, inhibins, and follistatin

Activins A and B are members of the transforming
growth factor-p superfamily of cytokines. They were ini-
tially recognized for their ability to release FSH from the
anterior pituitary [116, 117]. Activin A was subsequently
found to also stimulate GnRH in the rat hypothalamus
[118] and in a murine GnRH-secreting neuronal cell line
[119]. Its bioactivity is tightly regulated by two physi-
ological inhibitors: inhibins (A and B) and follistatin,
thereby forming the activin/inhibin/follistatin axis [120].
This metabolic axis is involved in a variety of biological
processes, including inflammation and glucose metabo-
lism [121, 122]. Serum levels of activin A, activin B, and
follistatin are markedly increased in COVID-19 patients;
the levels corelate with disease severity and in-hospital
mortality [123, 124]. Since activin A promotes secretion
of insulin from cultured pancreatic islet cells [125] and
since elevated follistatin expression markedly increases
insulin sensitivity in mouse skeletal muscle in vivo [126],
it is possible that activation of the activin/inhibin/fol-
listatin axis improves insulin responsiveness and glucose
metabolism in COVID-19 patients. However, animal
studies indicate that a dysregulated activin/inhibin/
follistatin axis can damage the structure and immune
environment in the testis and epididymis [127]. Thus,
inflammation and diabetic complications in COVID-19
that disrupt the balance between activins and their antag-
onists, which is required for maintaining normal male
reproductive organ function, can consequently affect
male fertility by causing abnormal FSH and LH secretion
via the hypothalamic—pituitary—testis axis (HPT) (Fig. 2).

Concluding remarks

We are constantly reminded that COVID-19 is a public
health crisis that threatens nearly all aspects of human
life, with male patients being more likely than females
to suffer from health complications. Given the unprec-
edented magnitude of the pandemic, its impact on male
fertility could be substantial and could have long-last-
ing geopolitical effects. Inflammation and diabetes are
among common co-morbidities of COVID-19. Given
their roles as risk factors for male hypogonadism, the
interactive detrimental impact of inflammation and
diabetes on the reproductive organs of males could be
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greatly enhanced during COVID-19. Since the infec-
tion rate in young adults is increasing [128], we are
concerned that the negative effect on male fertility may
occur without severe respiratory symptoms, perhaps
several months after acute infection (such has been
reported for mumps virus-induced orchitis [129]). With
SARS-CoV-2, which likely causes many undetected
infections with subclinical organ abnormalities [130],
even a moderate impact on male fertility could have
profound population-based effects. To date, clinical
studies have not focused on reproductive-age men with
mild COVID-19 symptoms, plus no study has examined
whether SARS-COV-2 infection further compounds
male fertility in diabetic animals; thus, we cannot assess
the quantitative importance of virus-mediated sub-fer-
tility. However, the effect of COVID-19 complications,
in particular inflammation and diabetes, on male fertil-
ity should enter prudent considerations of whether to
vaccinate.
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