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Abstract

On March 11th 2020, the World Health Organisation (WHO) declared 
COVID-19 the first pandemic due to a coronavirus. Clinical severity can 
vary significantly; some patients are asymptomatic, others develop mild 
infections of the upper respiratory tract, while others develop severe 
pneumonia and acute respiratory distress syndrome (ARDS). Risk factors 
are elderly age, a high sequential organ failure assessment (SOFA) 
score and chronic comorbidities. The knowledge of these factors is very 
important but they do not explain the disparity between the sexes or the 
deaths of young patients who did not have any health problems before 
the diagnosis of SARS-CoV-2 infection. Among the various factors that 
could help explain these dynamics, it is of great interest to investigate the 
potential contribution of the soluble androgen receptor (AR) and of the 
adipose organ, with particular reference to the actions of leptin. 
If what was proposed in this analysis were confirmed by surveys, it would 
be possible to consider acting at the level of these molecular objectives, 
with different synthesized or extracted molecules including bicalutamide 
and magnolol for AR, and curcumin, silibinin and other molecules for 
leptin. Further studies are needed to validate this suggestion.
These studies could help to find new treatments and provide useful 
information for a better assessment of the risk of serious SARS-CoV-2-
related disease, taking into account the susceptibility and characteristics 
of the host. 
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Introduction 

Coronaviruses are very common 
microorganisms that can infect both human 
beings and other species. 

These microorganisms, belonging to the 
Coronaviridae family, are enveloped viruses with 
a positive-sense single-stranded RNA genome. 
The envelope is composed of phospholipids 
and it contains a series of proteins that are 
necessary for viral functions [1]. Most coronavirus 
infections lead to positive clinical courses with 
mild symptoms. However, the most recent 
infections caused by Betacoronavirus, severe 
acute respiratory syndrome (SARS) and Middle 
East respiratory syndrome (MERS), resulted 
in more than 10,000 cases and their mortality 
rates were, respectively, 10% and 37% [2–4].
In December 2019, a number of pneumonia 
cases of unknown origin were reported in Wuhan, 
Hubei, China. The symptoms resembled viral 
pneumonia. Analysis of lower respiratory 
tract samples indicated a new coronavirus, 
which was initially named 2019-nCoV and 
then SARS-CoV-2. Unfortunately, the virus 
developed very quickly. It started as a local 
epidemic, then evolved into multiple outbreaks 
and finally, into a pandemic. Thus far (World 
Health Organisation; WHO Situation Report 
183, July 21st 2020), 14,562,550 people have 
been infected and 607,781 people have died. 
The mortality rate is higher in elderly people 
and in individuals with comorbidities. SARS-
CoV-2 is a new coronavirus belonging to the 
Betacoronavirus genus, which is responsible 
for the third infection with zoonotic transmission 
caused by a coronavirus after SARS and MERS [5]. 
According to the collected data [6], early cases 
were linked to the Huanan seafood market in 
Wuhan, Hubei, China. 

From there, the infection spread on a 
local and then on a global level through efficient 
human-to-human transmission. 

On March 11th 2020, the WHO 
declared COVID-19 the first pandemic due 
to a coronavirus. Clinical severity can vary 
significantly. Some patients are asymptomatic, 
others develop mild infections of the upper 
respiratory tract, while others develop severe 
pneumonia and acute respiratory distress 
syndrome (ARDS) which can, eventually, lead 
to death [7–9]. Risk factors are an elderly age, 
a high sequential organ failure assessment 
(SOFA) score and chronic comorbidities [10, 11]. 
These factors do not explain, however, the 
disparity between the sexes or the deaths of 
young patients who did not have any health 
issues before being diagnosed with SARS-CoV-2 
infection [12]. 
A recent study showed that a sex disparity 
exists for patients with severe COVID-19 
infection, with male sex representing an 
important independent risk factor [odds ratio 
(OR) = 3.60; 95% confidence interval (CI) = 1.75–
7.75]. Hypertension [OR = 2.71; 95% CI = 1.32–
5.59] and older age (>50) [OR = 1.06; 95% CI = 
1.03–1.08] [13] are also associated with increased 
severity of the disease. 

Other studies have shown that there is a 
difference in severity among male and female 
patients with COVID-19. Wei et al. [14] carried out 
a study on 77,932 patients, of whom 41,510 
(53%) were men. Their meta-analysis showed 
that men had a higher risk of developing severe 
illness compared to women [OR = 1.63; 95% CI 
= 1.28–2.06] and a higher mortality [OR = 1.71; 
95% CI = 1.51–1.93]. 

Moreover, another study considered 
1,099 patients, of whom 58% were male. 

Out of 67 patients with severe symptoms 
who had to be taken to intensive care units, 
needed non-invasive ventilation or died, 
67% were male [7]. At the same time, obesity 
seems to be an important risk factor, which 
may partially explain the higher mortality rate 
in Italy and in the USA compared to China [15]. 
Recently, a retrospective study from a French 
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Angiotensin II can induce the activation of a 
number of cells within the immune system [25], 
such as T cells, endothelial cells, fibroblasts, 
macrophages and monocytes, and the 
production of pro-inflammatory cytokines such 
as IL-6 [26, 27] and TNF-α [28]. The link between the 
virus and ACE2 can explain several aspects of 
COVID-19 pathogenesis [29]. 

When the virus interacts with ACE2, it 
causes its down-regulation, local activation of 
immune cells, an increase in inflammation and 
cellular death. In the lungs, ACE2 is expressed 
by type 2 alveolar cells (AT2) [30], which, despite 
only accounting for 5% of alveolar cells, are 
responsible for the production of pulmonary 
surfactant, essential for lung elasticity. 
They also give rise to type 1 alveolar cells (AT1), 
which are responsible for gas exchange [31]. 
A reduction in AT2 and surfactant deficits have 
been previously associated with incomplete re-
pair of damaged alveoli in lung epithelium and 
fibrotic obliteration [32]. This may explain lung 
damage caused by COVID-19. 

It is worth noting that ACE2 presence was 
detected in spermatogonia using transcriptome 
analysis, and a considerable presence was also 
observed in Leydig and Sertoli cells. This means 
that human testicles can also be targeted by the 
virus. ACE2-positive spermatogonia seem to 
express a higher number of reproduction- and 
viral transmission-related genes and a lower 
number of spermatogenesis-related genes 
compared to ACE2-negative spermatogonia. 
ACE2-positive Leydig and Sertoli cells express 
a higher number of genes involved in cell 
junction formation and in immune processes 
than those that are ACE2-negative. They also 
express a lower number of genes associated 
with mitochondrial activity and reproduction 
compared to ACE2-negative Leydig and Sertoli 
cells [33]. These results suggest that testicles 
are at risk and can be targeted by SARS-CoV-2. 
This factor should be taken into account when 
analyzing higher mortality rates in men.  

centre has been published. It shows that the 
proportion of patients who needed invasive 
mechanical ventilation (IMV) increased along 
with the BMI (p<0.01). It also shows that resort 
to IMV was associated with male sex (p<0.05), 
irrespective of age, the presence of diabetes or 
hypertension [16]. 

Virus–host interaction 
and infection dynamics
 

One of the main characteristics of SARS-
CoV-2 is its ability to cause lung damage, which 
can lead to ARDS [4]. In the first phase, the 
virus replicates and cytolysis occurs. During 
this phase, symptoms resembling influenza 
may appear. In the second phase, symptoms 
become more severe and some patients may 
develop pneumonia and ARDS, typically within 
5–10 days from when the first symptoms 
appeared [17]. From a mechanism point of view, 
SARS-CoV-2 exploits ACE2 for entry to the 
cell through a surface protein called spike (S) 
protein (180 kDa) [18, 19]. The spike protein binds 
to a cellular receptor after priming through the 
serine protease TMPRSS2. Without TMPRSS2 
the virus cannot enter the cell [20]. The binding 
allows for the invasion of the oropharyngeal 
epithelial cells [21]. However, not only can ACE2 
act as the “entrance door” for the virus, but 
it can also be involved in the pathogenesis 
of the disease, given its implications in the 
development of ARDS [22].

ACE2 counter-regulates the formation 
of angiotensin II, a peptide causing 
vasoconstriction, by ACE (targeted by 
antihypertensive ACE-inhibitor drugs). ACE2 
catalyzes the conversion of angiotensin 
into angiotensin-(1-9) and angiotensin-(1-7). 
According to some authors, angiotensin-(1-9) is 
an ACE inhibitor [23], whereas angiotensin-(1-7) 
has been identified as a hypotensive agent [24]. 
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of potential anti-IL-6R treatment is crucial. In 
theory, if the treatment is administered too 
early, it could delay viral clearance. As has been 
previously shown, men seem to incur a higher 
risk of developing a serious form of infection by 
SARS-CoV-2 than women. The mechanisms that 
underpin this disparity between the sexes are 
not clear. Some studies show that oestrogens 
may play a protective role [42, 43], thus explaining 
such differences between the sexes. 

Wei et al. [14] identified a higher percentage 
of ACE2, expressed by AT2, and a higher 
expression of IL-6ST (also called gp130, IL6ST, IL6-
beta or CD130) in men. Given the pathogenetic 
mechanisms previously mentioned, this may 
explain why men are more likely to develop 
a serious infection than women. Another 
important role is played by the soluble androgen 
receptor (AR). When activated, it can positively 
regulate ACE2 expression [14]. 

Other studies have already shown that 
androgens can modulate inflammation in 
numerous organs [44, 45]. AR, in particular, may 
also play a role in the development of cytokine 
storms. Oncology models have shown that, by 
binding directly to the IL-6 gene promoter, AR 
can increase IL-6 transcription. This, in turn, can 
activate the expression of the AR gene, thus 
creating a circuit of mutual STAT3-mediated 
amplification [46, 47]. Given the higher degree 
of androgen expression in men, AR can be 
considered another important co-factor in the 
development of severe forms of the illness. 
As previously described, transmembrane prote-
ase serine 2 (TMPRSS2) allows the virus to enter 
the cells. It must be noted, therefore, that the 
transcription of the TMPRSS2 gene requires AR 
activity, because no other regulatory element 
has been described in humans thus far for this 
gene apart from the AR promoter [48, 49]. 

Furthermore, TMPRSS2 mRNA expression 
seems to be regulated by the presence of 
androgens in prostatic cells and AR is responsible 
for TMPRSS2 mRNA up-regulation [50, 51].

The aggravating role
of inflammation 

As for the inflammation caused in SARS, 
lung inflammation caused by SARS-CoV-2 
has been compared to uncontrolled immune 
activation, which has been observed during 
haemophagocytic lymphohistiocytosis (HLH) [34] 
or in cytokine release syndrome. 
The latter has been observed during antitumoural 
treatments [35] and in sepsis [36]. In fact, in some 
cases of severe infection by SARS-CoV-2, 
significant immune system activation has been 
observed through high levels of procalcitonin, 
ferritin and IL-6 [10]. More specifically, increased 
serum levels of pro-inflammatory cytokines, 
such as TNF-α, IL-1 and IL-6, have been 
observed in patients with severe SARS-CoV-2 
infections [37]. The deaths of patients with 
ARDS have been associated with a consistent 
increase in IL-6 and IL-1 levels [34]. Preliminary 
data suggest that the severity of the infection 
caused by SARS-CoV-2 can be associated with a 
decrease in IFN-γ production by CD4+ T cells [38], 
meaning that patients with a severe illness may 
lack a front line against the virus. As with HLH, a 
loss in front line antiviral defence could underlie 
a second wave of more aggressive immune 
activation headed to the tissue that includes 
the anomalous production of IL-6, which 
leads to a second cytokine storm. Preliminary 
trials show that blocking cascades of IL-6 by 
preventing interaction with the IL-6 receptor (IL-
6R) using the humanized monoclonal antibody 
tocilizumab may prove effective [39, 40]. However, 
it should be noted that it is unclear whether high 
levels of IL-6 could be dangerous only in cases of 
SARS-CoV-2-related pneumonia. In experimental 
models IL-6 can both suppress and facilitate 
viral replication [41]. Further studies are needed 
in order to investigate its role in the infection 
caused by SARS-CoV-2. In light of this, the timing 
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The possible role 
of the adipose organ 

Obesity has been included among the 
factors leading to the development of a serious 
infection by SARS-CoV-2 and causing a higher 
mortality [15]. A review by Guzik et al. analyzed 
the role of adipocytokines as potential linkers 
between inflammation and vascular functions. 
In light of data presented in the scientific 
literature, the review also focused on different 
associations between these molecules and 
other elements involved in the inflammatory 

The TMPRSS2 gene is mainly expressed 
in prostate cells, but it can also be expressed in 
other tissues such as the colon, small intestine, 
pancreas, kidneys, lungs and liver [52]. 

Should this information be confirmed, 
a series of add-on therapy opportunities may 
be contemplated. Professionals could use AR 
activation inhibitors such as bicalutamide, 
which can bind to AR without activating gene 
expression, thus inhibiting the androgenic 
stimulus [53], or magnolol, which can regulate 
STAT3 phosphorylation with a JAK-dependant 
mechanism, thus suppressing IL-6 effects 
without compromising JAK activation [54] 

(see Fig. 1). 

Figure 1 Potential add-on therapies for the treatment of COVID-19, targeting the soluble androgen receptor (AR) and its 
interaction with the IL-6 cascade 
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Moreover, several immune cells such as granulo-
cytes, monocytes, macrophages and lymphocytes 
can also express leptin receptors [70–73] activating 
other immune cells such as monocytes, lym-
phocytes and neutrophils, thus linking nutri-
tional status and the immune response [74]. 

In addition to the presence of the leptin 
receptor, it is worth noting that leptin- and 
STAT3 transcription factor-induced tyrosine 
phosphorylation has been observed in 
endothelial cells of human umbilical veins [75]. 
Should these data be confirmed, this may 
overlap with the AR activation mechanism 
associated with IL-6 in other cellular lines, 
demonstrating another potential element 
that could intervene in turning on and feeding 
the previously described self-perpetuating 
circuit. Research using several experimental 
models has identified curcumin and silibinin as 
modulators of leptin and resistin expression. 
These are extracted respectively from Curcuma 
longa and Silybum marianum. Similar effects 
have been observed with molecules extracted 
from Capsicum annuum, Cinnamomum 
zeylanicum, Eugenia caryophyllus, Piper nigrum 
and Zingiber officinalis [76–80]. The mechanisms 
underlying these effects are as yet unclear. 

 

Conclusions 

Numerous factors can explain a higher 
rate of severe illness in men. These encompass 
physiologic factors such as lower hormonal-
mediated protection from cardiovascular 
diseases [81, 82], viral infection in the testicles [33] 
or behavioural factors such as differences 
in smoking behaviour [83] between men and 
women, which have already been associated 
with an increased severity of illness [84]. 

This review may prove useful in explaining 
the increased severity and mortality associated 
with SARS-CoV-2 infection in men, especially 
those who are obese, proposing that AR plays a 

response, which could be relevant to infection 
by SARS-CoV-2 [55]. Obesity is characterized by a 
generalized subclinical inflammation, with high 
C-reactive protein levels and significant pro-
inflammatory cytokine production, due to the 
atypical action of some cells within the immune 
system [56]. Adipose tissue is considered an 
organ [57] with endocrine functions [58] that can 
exert an effect on the immune system and on 
inflammatory cascades, due to adipocytokines. 
Adipocytokines are produced in the adipose 
organ, the most predominant being leptin, 
resistin and adiponectin. A close relationship 
exists between adipocytes and pro-inflammatory 
cytokines. Apart from being produced by immune 
cells present in the adipose organ [59], pro-
inflammatory cytokines can be produced by 
adipocytes. Adipocytes can produce TNF-α and 
IL-6, linking obesity and inflammation dynamics. 
Almost 30% of IL-6 production in obese patients 
is due to adipocytes [60]. The production of 
chemokines may also be responsible for 
macrophagic infiltration within the adipose 
organ, potentially creating a self-perpetuating 
circuit [60]. Leptin is a protein that is mainly 
expressed at an adipocyte level. It can also 
be expressed at gastric, vascular, ovarian, 
placental, muscular and hepatic levels [58, 59, 61, 62]. 

One of the main roles of leptin is appetite 
regulation in what has been described as 
the brain–gut axis, providing satiety signals 
at a hypothalamic level [62–64]. Leptin levels 
are directly proportional to fat mass levels, 
increasing or decreasing according to their 
variation [65]. A number of cytokines such as TNF-α 
and angiotensin II [66] can be included among 
the agonists that facilitate leptin secretion by 
adipocytes. Leptin has a number of effects on 
different parts of the body, especially on the 
cardiovascular and immune systems [59, 61, 67, 68], 
and it has also been linked to cancer [69].

Leptin can exert pro-inflammatory effects 
because of structural similarities with cytokines 
such as IL-6, GM-CSF or IL-12 [60]. 



182

Nutrafoods (2020) 2:176-185 DOI 10.17470/NF-020-0024

References
1. Di Pierro F, Bertuccioli A, Cavecchia I (2020) Possible 

therapeutic role of a highly standardized mixture of active 
compounds derived from cultured Lentinula edodes 
mycelia (AHCC) in patients infected with 2019 novel 
coronavirus. Minerva Gastroenterol Dietol 66:172–176

2. de Groot RJ, Baker SC, Baric RS et al. (2013) Middle 
East respiratory syndrome coronavirus (MERS-CoV): 
announcement of the Coronavirus Study Group. J Virol 
87(14):7790–7792

3. Ksiazek TG, Erdman D, Goldsmith CS et al. (2003) A novel 
coronavirus associated with severe acute respiratory 
syndrome. N Engl J Med 348(20):1953–1966

4. Huang C, Wang Y, Li X et al. (2020) Clinical features of 
patients infected with 2019 novel coronavirus in Wuhan, 
China. Lancet 395(10223):497–506

5. Zhu N, Zhang D, Wang W et al. (2020) A novel coronavirus 
from patients with pneumonia in China, 2019. N Engl J 
Med 382(8):727–733

6. Li Q, Guan X, Wu P et al. (2020) Early transmission 
dynamics in Wuhan, China, of novel coronavirus-infected 
pneumonia. N Engl J Med 382(13):1199–1207

7. Guan W, Ni Z, Hu Y et al. (2020) Clinical characteristics of 
coronavirus disease 2019 in China. N Engl J Med 382:1708–1720

8. Chen N, Zhou M, Dong X et al. (2020) Epidemiological 
and clinical characteristics of 99 cases of 2019 novel 
coronavirus pneumonia in Wuhan, China: a descriptive 
study. Lancet 395(10223):507–513

9. Wang D, Hu B, Hu C et al. (2020) Clinical characteristics 
of 138 hospitalized patients with 2019 novel 
coronavirus-infected pneumonia in Wuhan, China. JAMA 
323(11):1061–1069

10. Zhou F, Yu T, Du R et al. (2020) Clinical course and risk 
factors for mortality of adult inpatients with COVID-19 
in Wuhan, China: a retrospective cohort study. Lancet 
395(10229):1054–1062

11. Wu C, Chen X, Cai Y et al. (2020) Risk factors associated 
with acute respiratory distress syndrome and death in 
patients with coronavirus disease 2019 pneumonia in 
Wuhan, China. JAMA Intern Med 180:934–943

12. Petersen E, Hui D, Hamer DH et al. (2020) Li Wenliang, a 
face to the frontline healthcare worker. The first doctor 
to notify the emergence of the SARS-CoV-2, (COVID-19), 
outbreak. Int J Infect Dis 93:205–207

crucial role as a precipitating factor, exploiting 
high levels of leptin in obese patients. If this 
information is confirmed, a new anti-AR 
therapy using bicalutamide and/or magnolol 
may be considered. This could be a new add-on 
strategy to treat SARS-CoV-2 infection in male 
patients. This therapy could also be integrated 
with the aforementioned molecules, thus 
modulating leptin expression in obese patients. 
Further studies are necessary to validate this 
suggestion. In addition, not only may such 
studies find new treatments, but they could 
also provide useful information for a better 
assessment of the risk of severe SARS-CoV-2 
illness, taking into account the susceptibilities 
and characteristics of the host. 

Author contributions 
Conceptualization: AB, DB, MN, ABr; writing: 
AB, DB; original draft preparation: AB, DB. 

Funding 
This research received no external funding.  

Conflict of Interest 
The authors declare no conflict of interest. 

Acknowledgements 
The authors wish to thank Virginia Bressan for 
the language revision. 



183

COVID-19, interleukin-6, androgen receptor and the adipose organ: what are the possible targets of this association? 

27. Recinos A, LeJeune WS, Sun H et al. (2007) Angiotensin 
II induces IL-6 expression and the Jak-STAT3 pathway 
in aortic adventitia of LDL receptor-deficient mice. 
Atherosclerosis 194(1):125–133

28. Yamamoto S, Yancey PG, Zuo Y et al. (2011) Macrophage 
polarization by angiotensin II-type 1 receptor aggravates 
renal injury-acceleration of atherosclerosis. Arterioscler 
Thromb Vasc Biol 31(12):2856–2864

29. Cheng H, Wang Y, Wang GQ (2020) Organ-protective 
effect of angiotensin-converting enzyme 2 and its effect 
on the prognosis of COVID-19. J Med Virol 92:726–730

30. Zou X, Chen K, Zou J et al. (2020) Single-cell RNA-seq data 
analysis on the receptor ACE2 expression reveals the 
potential risk of different human organs vulnerable to 
2019-nCoV infection. Front Med 14:185–192

31. Barkauskas CE, Cronce MJ, Rackley CR et al. (2013) Type 
2 alveolar cells are stem cells in adult lung. J Clin Invest 
123(7):3025–3036

32. Li Y, Wu Q, Sun X et al. (2020) Organoids as a powerful model 
for respiratory diseases. Stem Cells Int 2020:5847876

33. Wang Z, Xu X (2020) scRNA-seq profiling of human testes 
reveals the presence of the ACE2 receptor, a target for 
SARS-CoV-2 infection in spermatogonia, Leydig and 
Sertoli cells. Cells 9(4):920

34. Mehta P, McAuley DF, Brown M et al. (2020) 
COVID-19: consider cytokine storm syndromes and 
immunosuppression. Lancet 395(10229):1033–1034

35. Shimabukuro-Vornhagen A, Gödel P, Subklewe M et al. (2018) 
Cytokine release syndrome. J Immunother Cancer 6(1):56

36. Chousterman BG, Swirski FK, Weber GF (2017) Cytokine 
storm and sepsis disease pathogenesis. Semin 
Immunopathol 39(5):517–528

37. Qin C, Zhou L, Hu Z et al. (2020) Dysregulation of immune 
response in patients with coronavirus 2019 (COVID-19) in 
Wuhan, China. Clin Infect Dis. doi:10.1093/cid/ciaa248

38. Chen G, Wu D, Guo W et al. (2020) Clinical and immuno-
logic features in severe and moderate forms of Corona-
virus Disease 2019. medRxiv. Available from: https://doi.
org/10.1101/2020.02.16.20023903 (accessed 06 April 2020)

39. Tisoncik JR, Korth MJ, Simmons CP et al. (2012) Into 
the eye of the cytokine storm. Microbiol Mol Biol Rev 
76(1):16–32

40. Yao XH, Li TY, He ZC et al. (2020) [A pathological report of 
three COVID-19 cases by minimally invasive autopsies]. 
Zhonghua Bing Li Xue Za Zhi 49(5):411–417

13. Shi Y, Yu X, Zhao H et al. (2020) Host susceptibility to 
severe COVID-19 and establishment of a host risk score: 
findings of 487 cases outside Wuhan. Crit Care 24(1):108

14. Wei X, Xiao YT, Wang J et al. (2020) Sex differences in 
severity and mortality among patients with COVID-19: 
evidence from pooled literature analysis and insights 
from integrated bioinformatic analysis. Available from: 
http://arxiv.org/abs/2003.13547 (accessed 08 April 2020)

15. Dietz W, Santos-Burgoa C (2020) Obesity and its implications 
for COVID-19 mortality. Obesity (Silver Spring) 28:1005

16. Simonnet A, Chetboun M, Poissy J et al. (2020) High 
prevalence of obesity in severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2) requiring invasive mechanical 
ventilation. Obesity (Silver Spring) 28:1195–1199

17. Yang X, Yu Y, Xu J et al. (2020) Clinical course and outcomes 
of critically ill patients with SARS-CoV-2 pneumonia 
in Wuhan, China: a single-centered, retrospective, 
observational study. Lancet Respir Med 8:475–481

18. Bosch BJ, van der Zee R, de Haan CAM et al. (2003) The 
coronavirus spike protein is a class I virus fusion protein: 
structural and functional characterization of the fusion 
core complex. J Virol 77(16):8801–8811

19. Shang J, Ye G, Shi K et al. (2020) Structural basis of receptor 
recognition by SARS-CoV-2. Nature 581:221–224

20. Hoffmann M, Kleine-Weber H, Schroeder S et al. (2020) 
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 
and is blocked by a clinically proven protease inhibitor. 
Cell 181:271–280

21. Xu H, Zhong L, Deng J et al. (2020) High expression of 
ACE2 receptor of 2019-nCoV on the epithelial cells of oral 
mucosa. Int J Oral Sci 12(1):1–5

22. Imai Y, Kuba K, Penninger JM (2007) Angiotensin-
converting enzyme 2 in acute respiratory distress 
syndrome. Cell Mol Life Sci 64(15):2006–2012

23. Chamsi-Pasha MAR, Shao Z, Tang WHW (2014) 
Angiotensin-converting enzyme 2 as a therapeutic target 
for heart failure. Curr Heart Fail Rep 11(1):58–63

24. Donoghue M, Hsieh F, Baronas E et al. (2000) A novel angio-
tensin-converting enzyme-related carboxypeptidase (ACE2) 
converts angiotensin I to angiotensin 1-9. Circ Res 87(5):e1–e9

25. Bernstein KE, Khan Z, Giani JF et al. (2018) Angiotensin-
converting enzyme in innate and adaptive immunity. Nat 
Rev Nephrol 14(5):325–336

26. Hunter CA, Jones SA (2015) IL-6 as a keystone cytokine in 
health and disease. Nat Immunol 16(5):448–457



184

Nutrafoods (2020) 2:176-185 DOI 10.17470/NF-020-0024

54. Chen SC, Chang YL, Wang DL et al. (2006) Herbal remedy 
magnolol suppresses IL-6-induced STAT3 activation and 
gene expression in endothelial cells. Br J Pharmacol 
148(2):226–232

55. Guzik TJ, Mangalat D, Korbut R (2006) Adipocytokines - 
novel link between inflammation and vascular function? 

 J Physiol Pharmacol 57(4):505–528

56. Ouchi N, Kihara S, Funahashi T et al. (2003) Obesity, 
adiponectin and vascular inflammatory disease. Curr 
Opin Lipidol 14(6):561–566

57. Cinti S (2000) Anatomy of the adipose organ. Eat Weight 
Disord 5(3):132–142

58. Koerner A, Kratzsch J, Kiess W (2005) Adipocytokines: 
leptin - the classical, resistin - the controversical, 
adiponectin - the promising, and more to come. Best 
Pract Res Clin Endocrinol Metab 19(4):525–546

59. Brzozowski T, Konturek PC, Konturek SJ et al. (2005) 
Role of prostaglandins in gastroprotection and gastric 
adaptation. J Physiol Pharmacol 56:33–55

60. Tilg H, Moschen AR (2006) Adipocytokines: mediators 
linking adipose tissue, inflammation and immunity. Nat 
Rev Immunol 6(10):772–783

61. Nawrot-Porabka K, Jaworek J, Leja-Szpak A et al. (2004) 
Leptin is able to stimulate pancreatic enzyme secretion 
via activation of duodeno-pancreatic reflex and CCK 
release. J Physiol Pharmacol 55(Suppl 2):47–57

62. Konturek PC, Brzozowski T, Burnat G et al. (2004) Role 
of brain-gut axis in healing of gastric ulcers. J Physiol 
Pharmacol 55(1 Pt 2):179–192

63. Konturek SJ, Konturek JW, Pawlik T et al. (2004) Brain-gut 
axis and its role in the control of food intake. J Physiol 
Pharmacol 55(1 Pt 2):137–154

64. Konturek SJ, Pepera J, Zabielski K et al. (2003) Brain-
gut axis in pancreatic secretion and appetite control. J 
Physiol Pharmacol 54(3):293–317

65. Considine RV, Sinha MK, Heiman ML et al. (1996) Serum 
immunoreactive-leptin concentrations in normal-weight 
and obese humans. N Engl J Med 334(5):292–295

66. Kim S, Whelan J, Claycombe K et al. (2002) Angiotensin 
II increases leptin secretion by 3T3-L1 and human 
adipocytes via a prostaglandin-independent mechanism. 
J Nutr 132(6):1135–1140

67. Stallmeyer B, Pfeilschifter J, Frank S (2001) Systemically 
and topically supplemented leptin fails to reconstitute 
a normal angiogenic response during skin repair in 
diabetic ob/ob mice. Diabetologia 44(4):471–479

41. Velazquez-Salinas L, Verdugo-Rodriguez A, Rodriguez 
LL et al. (2019) The role of interleukin 6 during viral 
infections. Front Microbiol 10:1057

42. Karlberg J, Chong DSY, Lai WYY (2004) Do men have a higher 
case fatality rate of severe acute respiratory syndrome than 
women do? Am J Epidemiol 159(3):229–231

43. Klein SL, Flanagan KL (2016) Sex differences in immune 
responses. Nat Rev Immunol 16(10):626–638

44. Di Florio DN, Sin J, Coronado MJ et al. (2020) Sex 
differences in inflammation, redox biology, mitochondria 
and autoimmunity. Redox Biol 31:101482

45. Becerra-Díaz M, Strickland AB, Keselman A et al. (2018) 
Androgen and androgen receptor as enhancers of M2 
macrophage polarization in allergic lung inflammation. J 
Immunol 201(10):2923–2933

46. Malinowska K, Neuwirt H, Cavarretta IT et al. (2009) 
Interleukin-6 stimulation of growth of prostate cancer 
in vitro and in vivo through activation of the androgen 
receptor. Endocr Relat Cancer 16(1):155–169

47. Dong H, Xu J, Li W et al. (2017) Reciprocal androgen 
receptor/interleukin-6 crosstalk drives oesophageal 
carcinoma progression and contributes to patient 
prognosis. J Pathol 241(4):448–462

48. National Center for Biotechnology Information. TMPRSS2 
transmembrane serine protease 2 [Homo sapiens 
(human)] - Gene. Available from: https://www.ncbi.nlm.
nih.gov/gene/7113 (accessed 19 April 2020)

49. Lucas JM, Heinlein C, Kim T et al. (2014) The androgen-
regulated protease TMPRSS2 activates a proteolytic 
cascade involving components of the tumor 
microenvironment and promotes prostate cancer 
metastasis. Cancer Discov 4(11):1310–1325

50. Afar DEH, Vivanco I, Hubert RS et al. (2001) Catalytic 
cleavage of the androgen-regulated TMPRSS2 protease 
results in its secretion by prostate and prostate cancer 
epithelia. Cancer Res 61(4):1686–1692

51. Lin B, Ferguson C, White JT et al. (1999) Prostate-
localized and androgen-regulated expression of the 
membrane-bound serine protease TMPRSS2. Cancer Res 
59(17):4180–4184

52. Jacquinet E, Rao NV, Rao GV et al. (2001) Cloning and 
characterization of the cDNA and gene for human 
epitheliasin. Eur J Biochem 268(9):2687–2699

53. Hobisch A, Eder IE, Putz T et al. (1998) Interleukin-6 
regulates prostate-specific protein expression in prostate 
carcinoma cells by activation of the androgen receptor. 
Cancer Res 58(20):4640–4645



185

COVID-19, interleukin-6, androgen receptor and the adipose organ: what are the possible targets of this association? 

81. Knopp RH, Zhu X, Bonet B (1994) Effects of estrogens on 
lipoprotein metabolism and cardiovascular disease in 
women. Atherosclerosis 110(Suppl):S83–S91

82. Rossouw J (2002) Hormones, genetic factors, and gender 
differences in cardiovascular disease. Cardiovasc Res 
53(3):550–557

83. Bauer T, Göhlmann S, Sinning M (2007) Gender differences 
in smoking behavior. Health Econ 16(9):895–909

84. Vardavas CI, Nikitara K (2020) COVID-19 and smoking: a 
systematic review of the evidence. Tob Induc Dis 18:20

68. Kougias P, Chai H, Lin PH et al. (2005) Effects of adipocyte-
derived cytokines on endothelial functions: implication 
of vascular disease. J Surg Res 126(1):121–129

69. Kaur T, Zhang ZF (2005) Obesity, breast cancer and 
the role of adipocytokines. Asian Pacific J Cancer Prev 
6(4):547–552

70. Zhao Y, Sun R, You L et al. (2003) Expression of leptin 
receptors and response to leptin stimulation of human 
natural killer cell lines. Biochem Biophys Res Commun 
300(2):247–252

71. Sánchez-Margalet V, Martín-Romero C, González-Yanes 
C et al. (2002) Leptin receptor (Ob-R) expression is 
induced in peripheral blood mononuclear cells by in vitro 
activation and in vivo in HIV-infected patients. Clin Exp 
Immunol 129(1):119–124

72. Fujita Y, Murakami M, Ogawa Y et al. (2002) Leptin 
inhibits stress-induced apoptosis of T lymphocytes. Clin 
Exp Immunol 128(1):21–26

73. Caldefie-Chezet F, Poulin A, Tridon A et al. (2001) Leptin: 
a potential regulator of polymorphonuclear neutrophil 
bactericidal action? J Leukoc Biol 69(3):414–418

74. Matarese G (2000) Leptin and the immune system: how 
nutritional status influences the immune response. Eur 
Cytokine Netw 11(1):7–14

75. Sierra-Honigmann MR, Nath AK, Murakami C et al. (1998) 
Biological action of leptin as an angiogenic factor. Science 
281(5383):1683–1686

76. Nejati-Koshki K, Akbarzadeh A, Pourhasan-Moghaddam 
M et al. (2014) Inhibition of leptin and leptin receptor 
gene expression by silibinin-curcumin combination. 
Asian Pac J Cancer Prev 14(11):6595–6599

77. Nejati-Koshki K, Akbarzadeh A, Pourhassan-Moghaddam 
M (2014) Curcumin inhibits leptin gene expression and 
secretion in breast cancer cells by estrogen receptors. 
Cancer Cell Int 14(1):66

78. Kim CY, Kim KH (2014) Curcumin prevents leptin-induced 
tight junction dysfunction in intestinal Caco-2 BBe cells. J 
Nutr Biochem 25(1):26–35

79. Shehzad A, Ha T, Subhan F et al. (2011) New mechanisms 
and the anti-inflammatory role of curcumin in obesity 
and obesity-related metabolic diseases. Eur J Nutr 
50(3):151–161

80. Aggarwal BB (2010) Targeting inflammation-induced 
obesity and metabolic diseases by curcumin and other 
nutraceuticals. Annu Rev Nutr 30(1):173–199


