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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
causing corona virus disease 2019 (COVID-19) can infect multiple
tissues, including endocrine organs, such as the pancreas, adrenal,
thyroid, and adipose tissue. The main receptor for SARS-CoV-2, ACE2,

Keywords: is ubiquitously expressed in the cells of the endocrine organs and
ACE2 accordingly, the virus has been detected in various amounts in all
COVID-19 endocrine tissues in post-mortem samples from COVID-19 patients.
SARS-CoV-2 The infection with SARS-CoV-2 may directly lead to organ damage or
:’:t‘;cbzzi dysfunction, such as hyperglycaemia or in rare cases, new-onset
Autoimmune diabetes. Furthermore, an infection with SARS-CoV-2 may have in-
direct effects affecting the endocrine system. The exact mechanisms
are not yet completely understood and have to be further in-
vestigated. Conversely, endocrine diseases may affect the severity of
COVID-19 and emphasis has to be laid on reducing the prevalence, or
enhance the treatment, of these often non-communicable diseases in
the future.
© 2023 Elsevier Ltd. All rights reserved.
Introduction

SARS-CoV-2 enters the body via the respiratory system with the lung as the primary target. However,
SARS-CoV-2 has a broad tissue tropism making COVID-19 a systemic disease [1]. The main receptor for
SARS-CoV-2, the angiotensin-converting enzyme 2 (ACE2) and its co-receptor transmembrane serine
protease 2 (TMPRSS2) are ubiquitously expressed in the body including endocrine organs, such as
pancreas, thyroid, testis, ovary, adrenal glands and pituitary. Accordingly, either due to direct virus-
induced damage or to indirect effects, the endocrine system is highly susceptible to an infection with
SARS-CoV-2 [2]. Furthermore, endocrine diseases, in particular, metabolic diseases have been shown to
negatively impact on COVID-19 morbidity and mortality. Therefore, in order to prevent severe COVID-19,
a well-defined endocrine disease status and specifically good metabolic health, is of utmost importance.

In the current review, we describe the coronavirus SARS-CoV-2 and how it enters human cells via its
main receptor, ACE2. We review the expression of ACE2 and other alternative receptors and mediators of
cell entry in the endocrine system. Additionally, we discuss infection susceptibility of different endocrine
tissues and how this may lead to new-onset of endocrine diseases. Furthermore, we discuss how en-
docrine diseases may predispose to a more severe course of COVID-19.

Coronaviruses

Coronaviruses belong to the Coronaviridae family in the order Nidovirales [3] and can be subdivided
into four subfamilies, termed Alpha-, Beta-, Gamma-, and Delta-coronavirus. The host range of cor-
onaviruses is very broad and spans several mammalian and avian hosts [4]. Coronaviruses are enveloped
positive-sense single-stranded RNA viruses containing an RNA genome of approximately 30 kb. This
genome encodes varying number of structural and non-structural proteins depending on the virus
subtype. Subgenomic RNAs utilize the transcription and translation systems of the host to synthesize
four structural proteins: spike (S), membrane (M), envelope (E), and nucleocapsid (N), as well as a
polyprotein that is further cleaved into several non-structural proteins (Nsps) involved in genome
transcription and replication [5-7].

The entry into host cells is mediated by the transmembrane spike glycoprotein forming homotrimers
protruding from the viral surface [8]. The spike protein consists of two functional subunits, S; and S,. S,
is responsible for the binding to the host receptor, whereas S, is responsible for the fusion of the viral
and cellular membranes (Fig. 1). In many coronaviruses, the spike protein is cleaved between the S; and
S, subunits, which however, remain covalently bound to each other. This leads to conformational
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Fig. 1. Factors influencing SARS-CoV-2 entry. When the SARS-CoV-2 spike protein binds to its receptor, the virus is internalized into
the host cell. A number of recepors on the host cell have been shown to be involved in direct binding of the SARS-CoV-2 spike
protein. However, before that the spike protein is primed by different proteases. The binding between SARS-CoV-2 and its receptor
can be stabilized/destabilized. The expression of the main receptor for SARS-CoV-2, ACE2, is regulated by HMGB1.

changes promoting membrane fusion with the host. Depending on the virus subtype, different domains
within the S; subunit are responsible for binding to their distinct entry receptors.

SARS-CoV-1 and SARS-CoV-2

SARS-CoV-1 and SARS-CoV-2 belong to the Betacoronaviruses (subgenus Sarbecovirus). For SARS-CoV-
1, first described in 2003, eight mRNAs encoding 12 different proteins have been described. SARS-CoV-2
has eight mRNAs giving rise to 14 overlapping open reading frames [9]. Furthermore, SARS-CoV-2 har-
bours a furin-cleavage site in the spike protein, which is not present in SARS-CoV-1 [10]. For priming of
the spike protein, SARS-CoV-2 uses the serine protease TMPRSS2 [11].

SARS-CoV-2 has 79.6% homology with SARS-CoV-1 [12], whereas it shares 96.1% and 93.3% of its
genome with the bat coronaviruses RmYNO2 and RaTG13 [13], respectively, suggesting that a bat virus is
the ancestor of SARS-CoV-2.

ACE2-mediated SARS-CoV-2 infection

The canonical receptor for SARS-CoV-2 is ACE2. ACE2 is part of the renin-angiotensin-aldosterone
system (RAAS), where it mainly controls the generation of the vasodilator peptide angiotensin 1-7 from
the vasoconstrictor peptide. Furthermore, ACE2 cleaves angiotensin I to angiotensin 1-9, which may be
converted to angiotensin 1-7 by ACE [14].

ACE2 exists in two forms, a membrane-spanning cellular and an unbound soluble form [14]. Mem-
brane-bound ACE2 (mACE2) constitutes the majority of ACE2; it contains a transmembrane domain
anchoring the cleavable N-terminal domain. A membrane-bound protease (secretase) generates soluble
ACE2 (sACE2) by enzymatic cleavage of mACE2. sACE2 appears in the circulation in very low con-
centrations. Both mACE2 and sACE2 are capable of binding the spike protein. Entry of SARS-CoV-2 into
cells depends on binding of the spike protein to extracellular domains of cellular mACE2, which might
explain why so far the spike protein, and especially the receptor binding domain, is the only known
target structure for protective/neutralizing antibodies [15]. After binding to mACE2, the spike proteins
are proteolytically activated by host cell proteases [11,14,16], resulting in fusion of the viral envelope with
the plasma membrane or the endosome membrane of the host and viral entry into the cell. Following
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binding of SARS-CoV-2 to ACE2, the receptor is internalized by the infected cell leading to a distinct
downregulation of ACE2 [17].

Alternatively, binding of the SARS-CoV-2 spike protein to ACE2 leads to an uptake of virus particles
into endosomes. After an initial furin-cleavage, cathepsin L (CTSL), a pH-sensitive endosomal protease,
primes the spike protein by cleaving it into smaller fragments. This leads to fusion of the viral envelope
with the endosomal membrane and release of viral proteins and genome. This alternative route of virus
entry is not as efficient as the cell membrane fusion. For SARS-CoV-1, cell membrane fusion was reported
to be 100-1000 times more efficient than endosome fusion [18]. The mode of entry is dependent on the
protease expression in the host cell [19].

Upon release of the viral genome into the host cell, translation of viral proteins and replication of the
genome are established using the machinery of the host [20]. Furthermore, non-structural SARS-CoV-2
proteins inhibit the processing of cellular proteins. For example, Nsp1 shuts off host translation [21]. New
virus particles are assembled in the cytoplasm and released into the extracellular space via exocy-
tosis [22].

Since the COVID-19 pandemics commenced, SARS-CoV-2 has evolved by acquiring genomic muta-
tions, resulting in a number of variants. Most of these variants, are among others, mutated in the re-
ceptor binding domain of the spike protein increasing the binding affinity to the receptor of the host
thereby improving transmissibility and infectivity relative to the original strain [23].

ACE2 expression and SARS-CoV-2 infection in endocrine tissues

The cellular levels of ACE2 depend on numerous factors, such as clinical conditions, other RAAS
components, and gene polymorphisms [24]. Furthermore, an age-dependent difference of ACE2 ex-
pression could account for the strikingly different COVID-19 disease course in adults and children
[25,26]. Upon inflammatory stress, the expression of the anti-inflammatory cytokine interferon (IFN)-
alpha and the IFN-a pathway is activated [27]. I[FNs in turn upregulate the expression of ACE2 [28,29].

In the endocrine system, ACE2 is expressed in all organs to varying degrees [30]. However, it is still
not clear whether a high or a low expression is beneficial in relation to COVID-19 [31]. An elevated level
of ACE2 could potentially increase the susceptibility for infection; however, several studies showed that
higher expression of ACE2 has an anti-inflammatory and protective function against severe acute lung
failure [32-34].

Hypothalamus-pituitary-adrenal (HPA)/hypothalamus-pituitary-gonadal (HPG) axes

Both the hypothalamus and the pituitary, that as part of the HPA- and HPG-axes regulate the function
of most endocrine glands, express ACE2 [30]. Furthermore, both ACE2 and TMPRSS2 were demonstrated
to be expressed in the human adrenal glands [35,36]. Specifically, a higher level of ACE2 protein ex-
pression was detected in stromal cells and in small capillaries of the adrenal glands [37-39], whereas the
expression in steroid-producing cells was lower [35,39]. TMPRSS2 was mostly found in adrenocortical
cells [35,38]. Accordingly, SARS-CoV-2 could be detected in the adrenal glands of post-mortem COVID-19
patients [38-40], where SARS-CoV-2 was mostly found in scattered cell populations of adrenocortical
cells and in endothelial cells [38,39]. Notably, based on histological findings, the pituitary and adrenal
glands do not appear predominantly affected in the course of COVID-19 [41]. Nevertheless, although
cellular damage due to SARS-CoV-2 infections might not directly lead to adrenal insufficiency, COVID-19
associated haemorrhages and infarctions might, as histopathological studies on COVID-19 adrenal tissues
revealed fibrin and microthrombi depositions in adrenal capillaries [39].

The testis has a high constitutive expression of ACE2 due to RAAS functions in Leydig cells [42,43].
ACE2 and TMPRSS2 are mainly expressed in spermatocytes, spermatids, Sertoli cells, testicular tubuli and
interstitium [44,45]. Testicular mRNA levels of ACE2 and TMPRSS2 are shown to be increased in COVID-
19 patients [45]. Accordingly, SARS-CoV-2 could be detected in testis in the seminiferous cells [45,46].

In the ovaries, co-expression of ACE2 and TMPRSS2 was demonstrated mainly in oocytes and partially
in granulosa cells [22]. The abundant expression of ACE2 is correlated with the generation of angiotensin
1-7, which stimulates ovarian follicle growth, oocyte maturation and ovulation [23]. ACE2 expression
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appears to be lower in the human ovaries than in the testis [44], which may indicate a higher sus-
ceptibility of male gonads for SARS-CoV-2 than female gonads.

Pancreas

Contradictory findings have been reported in the case of the pancreas. Some reports displayed no
expression of ACE2 in the insulin-producing p-cells but in pancreatic epithelial cells only [47-49],
whereas others demonstrated the presence of ACE2 in p-cells in a subset of COVID-19 patients [50-53].
Several studies have shown that insulin-producing p-cells are permissive to direct infection with SARS-
CoV-2. This has been associated with degranulation [51], impaired insulin-secretion [51,53], de- or
transdifferentiation [51,54], and cell death [52,53]. SARS-CoV-2 viral antigens have been described in
both endothelial, exocrine and endocrine cells [52]. Patients with a high ACE2-expression in endothelial
cells did not show a significantly higher level of SARS-CoV-2 virus particles in these cells, whereas an
elevated expression of ACE2 in p-cells could be associated with higher numbers of SARS-CoV-2 viral
particles [52]. Thus, it is not yet completely clear whether cells are infected because they have a higher
expression of ACE2 or whether the expression of ACE2 is induced because of the infection. As mentioned
above, this could be due to induction of IFN-a, which leads to increased expression of ACE2. Nevertheless,
since the level of direct endocrine cell infection in the pancreas seems to be limited, this can probably not
by itself explain the elevation in new-onset diabetes, which has been observed in a number of cases [55].

Adipose tissue

In adipose tissue, ACE2 is believed to regulate local levels of angiotensin Il [56]. Diet and obesity have
been shown to affect the expression of ACE2 in adipose tissue [57], as ACE2 levels were decreased after
weight loss [58]. Similar to other organs, it remains unclear whether high levels of ACE2 in adipose tissue
in relation to SARS-CoV-2 is advantageous or not. It seems that not only the abundance but also the
functionality and shedding of the enzyme may be of importance [59].

SARS-CoV-2 could frequently be detected in adipose tissue from post-mortem COVID-19 patients
[27,46,60,61]. Furthermore, it was demonstrated that adipocytes are susceptible to infection with SARS-
CoV-2 in vitro [61-64]. Therefore, it has been suggested that adipose tissue may also act as a reservoir for
coronaviruses [65] as previously shown for influenza A [66].

Thyroid

Thyroidal ACE2 expression was detected in ~90% of deceased COVID-19 patients, whereas normal
thyroid tissue from patients without SARS-CoV-2 infection showed no ACE2 protein expression [67].
Results obtained in thyroid specimens from deceased COVID-19 patients showed that thyrocytes can be
directly infected by SARS-CoV-2 as the SARS-CoV-2 genome could be detected in follicular cells. No clear
correlation between the presence of viral genome and the expression of ACE2, TMPRSS2, and furin could
be observed [68].

Other receptors and factors involved in SARS-CoV-2 infection

In addition to ACE2, several other factors were shown to mediate SARS-CoV-2 entry (Fig. 1). The
proteases furin, TMPRSS2, and CTSL prime the spike protein for entry. The ADAM17 protease exerts
proteolytic activity on ACE2, and the co-receptors neuropilin-1 (NRP1) and heparin sulfate (HS) assist the
binding between the spike protein and ACE2. NRP1 is highly abundant in subcutaneous adipose tissue
and decreased after weight loss [58]. Of note, all these factors increase the efficiency of viral entry.
However, it is still not clear whether a higher or a lower expression of these factors is beneficial for
health [31]. Another factor identified to be important for SARS-CoV-2 infection is high mobility group
box 1 (HMGB1). The pro-viral HMGB1 regulates the expression of the ACE2 gene and is critical for viral
entry [69].

Alternative receptors may also permit cell entry. One of these is CD147, also known as basigin or
extracellular matrix metalloprotease inducer, belonging to the immunoglobulin superfamily. Expression
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of CD147 has been shown to increase the susceptibility to infection with SARS-CoV-2, whereas blockade
or knockdown decreased this effect in most studies [70-72]. CD147 facilitates viral entry via endocytosis.
Even though, CD147 does not bind ACE2, silencing of CD147 decreases the levels of ACE2 via a yet un-
known mechanism [70]. Glucose related protein 78 (GRP78) promotes viral entry by working itself as a
receptor or by stabilizing the binding between the spike protein and ACE2 [73,74]. Both CD147 and
GRP78 are tumour markers [75,76], indicating why cancer patients have a higher risk of severe COVID-19
[77]. Furthermore, it was recently shown that the expression of GRP78 is increased in the jejunum of rats
fed a high fat diet [78].

Dipeptidyl peptidase 4 (DPP4) is a target for several medications for type 2 diabetes and a receptor for
the Middle East Respiratory Syndrome (MERS) coronavirus. Whether DPP4 is also an alternative receptor
for SARS-CoV-2 is still debated as studies are showing contradictory results [79].

Endocrine diseases and COVID-19

In comparison to the general population, endocrine and in particular metabolic diseases augment the
risk of a worse clinical outcome and increased mortality of COVID-19 [80]. Obesity alone accounts for
20% of COVID-19 hospitalizations, whereas obesity in combination with type 2 diabetes and hyperten-
sion is responsible for up to 60% of all COVID-19 hospitalizations and also to increased morbidity and
mortality [81]. From the onset of the COVID-19 pandemic, it was further speculated whether COVID-19
may lead to new-onset diabetes [55]. Data arise that COVID-19 may lead to the development of type 1
diabetes [82]. In many cases an infection with SARS-CoV-2 led to a deterioration of prediabetes or pre-
existing type 2 diabetes mellitus [80]. Most data available on new-onset diabetes in relation to COVID-19
are derived from case-reports, small single-centre clinical series, or non-clinical databases of incident
diabetes at the population level. Therefore, to verify true new-onset diabetes in closer temporal re-
lationship with an acute episode of COVID-19, a global registry CoviDIAB of newly diagnosed diabetes
was set up in 2020 [83], and now (January 2023) first set of data starts to emerge [84]. Data collected
from October 2020 to April 2022 from 61 hospitals in 25 countries reported 102 cases of new-onset
diabetes. Among adults, 59% had type 2 diabetes and for the remaining 41%, the subtype was still un-
known. Among children, there were two cases of new-onset type 1 diabetes. In 45% of patients with
new-onset diabetes, hyperglycaemia persisted after the infection resolved. Further follow-up data be-
yond 3-months showed remission of diabetes in 18% and persistent diabetes in 82% of the cases. In the
coming years, it is essential to follow-up on this and to verify whether new-onset diabetes resulting from
infection with SARS-CoV-2, is permanent or not.

Other endocrine diseases, such as hypovitaminosis D and adrenal dysfunction may also impact
susceptibility and severity of COVID-19 [85,86], whereas few cases of primary adrenal insufficiency due
to COVID-19 have been reported [87]. Despite the fact that many patients experience persistent fatigue
after COVID-19 [88], these symptoms are most probably not accounted for by alterations in adrenal
function [89]. On the other hand, many patients, who have recovered from COVID-19, might have re-
ceived extended glucocorticoid treatment for 6 weeks or longer, which may give rise to iatrogenic
secondary adrenal insufficiency [90].

Cases of atypical subacute thyroiditis, being negative for thyroid antibodies, have also been reported
after COVID-19. Furthermore, autoimmune thyroiditis or Graves’ disease has been described [91]. In
addition, thyroid disease has been reported as a consequence of the administration of vaccines against
SARS-CoV-2 [92]. Future studies will be needed to assess whether this observed increase in the incidence
of Graves' disease is sustained for a long period of time. Patients with controlled hypothyroidism and
hyperthyroidism do not have a higher prevalence of COVID-19, nor do they have a worse prognosis when
infected with the virus [92].

Other endocrine complications that have been reported after COVID-19 are changes in the menstrual
cycle in some women. This is most likely not due to the actual infection but rather psychological stress
[93]. On the other hand, occasional cases of reduced oocyte quality and ovarian function were reported
[44]. In men, COVID-19 may cause a short-term decrease in fertility due to damaged testicular tissue and/
or impaired spermatogenesis [94|. Furthermore, in comparison to healthy people, decreased testos-
terone/LH and FSH/LH ratios were detected in COVID-19 patients [95].
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Potential mechanisms of endocrine disease

Most focus in relation to endocrine complications due to COVID-19 has been on the pancreas and the
potential risk of developing new-onset diabetes after infection with SARS-CoV-2. However, as mentioned
above, SARS-CoV-2 has been detected in all endocrine organs, which may result in dysfunction.
Underlying mechanisms leading to endocrine diseases are not yet completely identified but accumu-
lating evidence and theories are emerging (Fig. 2). First, a direct infection may lead to tissue damage and
reduced function. However, as the rate of infection in endocrine tissues often seems to be limited to
smaller amounts of cells, other indirect mechanisms may be responsible as well. Since autoantibodies
are repeatedly observed in patients with COVID-19 during acute disease, a mechanistic link may be
autoimmunity caused by targeting of self-antigens due to impairment in the regulatory T cell response or
molecular mimicry [96].

Patients with metabolic diseases, such as diabetes, obesity or non-alcoholic fatty acid liver disease,
frequently exhibit a chronic subclinical low-grade inflammation [55,97]. This leads to a decrease in the
anti-inflammatory cytokines IL-10 and IL-1ra and an increase in the expression of the pro-inflammatory
cytokines TNF-a, IL-6 and IL-18, which may be further enhanced during an infection with SARS-CoV-2,
thus leading to a cytokine storm. The pro-inflammatory cytokines inhibit insulin signalling [98].
Therefore, in severe COVID-19, the inflammatory response to SARS-CoV-2 may promote insulin re-
sistance and endothelial dysfunction [80]. Furthermore, it has been suggested that the adipose tissue
may serve as a virus reservoir that over a prolonged time might give rise to the production of pro-
inflammatory cytokines from adipocytes and infiltrating macrophages [65]. In addition, insulin re-
sistance may be worsened by the stress-induced glucogenic factor GP73, which is secreted from SARS-
CoV-2-infected cells, and may lead to gluconeogenesis in hepatocytes [99].

A further explanation for the increased severity and mortality of COVID-19 in patients with metabolic
dysregulations is the serum level of the glucose-like metabolite 1,5-anhydro-p-glucitol (1,5-AG), which is
decreased in patients with diabetes. This factor binds directly to the SARS-CoV-2 spike protein and in-
hibits cellular entry [100]. This could explain why patients with diabetes are more prone to an infection
with SARS-CoV-2.

Prevention

The most effective way to prevent severe COVID-19 is still vaccination despite the high amount of
breakthrough infections, which are even higher in people with metabolic diseases [80]. Furthermore, in
the light of the corona pandemic with a higher morbidity and mortality for those patients with endo-
crine diseases, the importance of an early diagnosis of these underlying diseases for preventing long-
term complications after COVID-19 is emphasized. Blood glucose levels should be well controlled as
patients with uncontrolled or poorly controlled blood glucose levels were shown to experience a worse
disease course than those with normoglycaemia [101]. One way of achieving this would be more digi-
talization. A recent study with a digital health application that aimed to improve glycaemic control in
patients with type 2 diabetes resulted in significant HbAlc reduction as well as a positive effect on
metabolic parameters, indicating that such an application may be effective in supporting patient dia-
betes management by motivating patients to adopt healthier lifestyles and improving their self-man-
agement [102]. Preferentially, non-communicable metabolic diseases should be avoided from the first
state via nutrition programs and physical exercise.

However, not only for metabolic diseases, but also for other endocrine diseases, a well-defined en-
docrine disease status is of utmost importance in order to prevent severe COVID-19.

Summary

The main receptor for SARS-CoV-2, ACE2, and other factors important for viral entry are ubiquitously
expressed in endocrine organs. Accordingly, either due to direct virus-induced damage or to indirect
effects, the endocrine system is highly affected by an infection with SARS-CoV-2. Consequently, there
appears to be a vicious cycle between endocrine diseases and COVID-19. On one hand, endocrine
complications, in particular metabolic diseases, may predispose for severe COVID-19 and mortality. On
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the other hand, COVID-19 may lead to onset of endocrine dysfunctions. The exact mechanisms behind
this interplay are incompletely understood, but different hypotheses and evidence are accumulating. The
prevalence of non-communicable endocrine diseases should preferably be decreased or patients should
be well-treated to avoid severe COVID-19 courses.

Practice points

e ACE2 and other factors responsible for infection of SARS-CoV-2 are ubiquitously expressed in
cells of the endocrine system.

SARS-CoV-2 viral RNA have been detected in all endocrine organs.

Endocrine diseases, in particular metabolic diseases, may worsen the disease course of
COVID-19.

COVID-19 may lead to new-onset diabetes.

Glucocorticoid treatment may lead to adrenal insufficiency.

Research agenda

e Further investigation is warranted to confirm mechanisms of viral interference with glucose
metabolism and/or glucocorticoid balance.

e Underlying pathophysiology of new-onset diabetes caused by COVID-19 is not completely
understood. Therefore, further investigation and collection of data is necessary.

e [t remains unclear whether new-onset diabetes due to infection with SARS-CoV-2 is permanent.
Follow-up studies in this regard are very important.

e Further studies are required to investigate the mechanisms behind the interplay between the
endocrine system and COVID-19.

o In the future, emphasis should be placed on avoiding the vicious circle between a viral infection
and endocrine diseases. It is important to screen at an early stage and new strategies should
be explored to reduce the prevalence of these diseases in the population.
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