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a b s t r a c t 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), through its ability to induce cytokine release syn- 

drome, can set up a generalized inflammatory response together with activating multiple inflammatory pathways, 

which contributes to a dramatic increase in the number of mortalities and morbidities worldwide. Reportedly, the 

manipulative nature of coronavirus disease 2019 (COVID-19), which targets the immune system, often focuses 

on specific inflammation-related pathways, usually confined to interleukins and tumor necrosis factor- 𝛼 (TNF- 𝛼), 

with a great emphasis on therapeutic approaches targeting the inhibition of these inflammatory mediators. The 

involvement of a disintegrin and metalloprotease 17 (ADAM-17) and matrix metalloproteinase-9 (MMP-9) in the 

pathogenesis of COVID-19, through their ability to potentiate the cytokine storm during an episode of SARS- 

CoV-2 infection, often goes unnoticed. In this review, the intricate relationship between ADAM-17 and MMP-9 

together with angiotensin-converting enzyme 2 (ACE-2) as the main target for SARS-CoV-2 is highlighted in detail 

through a compilation of evidence-based literature; thus, we shed light on a proposed inflammatory pathway that 

COVID-19 may exploit to provoke an inflammatory response of a complex nature. Conclusively, our proposed 

mechanism acts as a means to developing a therapeutic approach aimed at modulating the intricate communi- 

cation between ADAM-17 and MMP-9, where a great emphasis on the role of ACE-2 shedding and subsequent 

elevation in angiotensin II (Ang-II) levels is crucial to understanding the awry inflammatory response in patients 

with COVID-19. From this concept, designing a therapeutic strategy targeting multiple inflammatory mediators 

and enzymes simultaneously is another approach to unravel this global pandemic. 
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. Introduction 

SARS-CoV-2 is the seventh coronavirus to emerge as a causative

gent of the unique upper respiratory tract infection in humans. SARS-

oV-2 together with severe acute respiratory syndrome coronavirus

SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-

oV) can cause severe respiratory complications, whereas the other hu-

an coronaviruses, such as HKU1, NL63, OC43, and 229E, are associ-

ted with milder consequences [1] . COVID-19 pathogenesis brings forth

atal consequences globally with an increasing rate of mortalities across

he globe [2] . Patients infected with SARS-CoV-2 show high infiltra-

ion of neutrophils and pro-inflammatory cytokines together with se-

ere pneumonia and ground-glass opacities [3] . Interestingly, studies on

OVID-19 often focus on inflammatory pathways, mediators, and thera-

eutic approaches targeting traditional instigators of inflammation [4] .

he association of ADAM-17 with ACE-2 shedding and an elevated TNF-

level in patients with COVID-19 brings out the involvement of ADAM-
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7 in the pathogenesis of COVID-19 [5] . Together with cytokines,

hemokines, and interleukins, matrix metalloproteinases (MMPs), espe-

ially MMP-9, contribute pivotally to cytokine storm by potentiating

ts destructive consequences [ 6 , 7 ]. Understanding the dynamics of cy-

okines is critical in comprehending the pathological basis of this syn-

rome [8] . An infamous consequence of cytokine storm is acute lung

njury [9] . Acute lung injury is best translated into an acute respiratory

istress syndrome (ARDS) characterized by exponentially elevated lev-

ls of TNF- 𝛼 and its faithful companion IL-1, both of which are responsi-

le for igniting the systemic response [10] . Of recognized significance is

he ability of this inflammatory syndrome to generate generalized signs

f hypotension, hypoperfusion, fever with increased heart rate, and al-

ered mental status [11] . The cytokine storm characterizing COVID-19

s the main contributor to ARDS in patients infected with SARS-CoV-

 [12] , where TNF- 𝛼 expression, being highly elevated in ICU patients,

lays a key role in predicting the acuity of the cytokine storm of COVID-

9 [13] . Another prominent contributor to this storm in patients with

OVID-19 is Ang-II, with its intrinsic ability to induce the enzymatic

ctivity of ADAM-17, leading to an increase in TNF- 𝛼 level, which to-

ether with shedding multiple other epidermal growth factors, results

n increased NF- 𝜅B activity [14] . On the other side, MMP-9 had been as-
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[  
igned as an early indicator of respiratory failure in COVID-19 patients

15] , being highly expressed in COVID-19 with its ability to potenti-

te the inflammatory response [16] . Highlighting the intricate role of

DAM-17 and MMP-9 in the pathogenesis of the cytokine storm related

o COVID-19 is pivotal to lessening the self-generated collateral damage

uring an incidence of SARS-CoV-2 infection and to understanding the

ignaling pathways that are implicated in the pathogenesis of COVID-19.

. Historical background of ADAM-17 and MMP-9 

.1. Structure, origin, and biological role of ADAM-17 

ADAM-17 is a membrane-bound zinc endopeptidase, and its active

ite region is similar to that of the MMP family of enzymes. Black et al.

1997) were among the first researchers along with Moss et al. (1997)

o report the novelty of ADAM-17 [17] . Before that, and specifically in

994, a study postulated the presence of a particular endopeptidase that

s responsible for the shedding of TNF- 𝛼. The endopeptidase’s function, if

nhibited, would pave the way to a new approach against inflammatory

onditions with a revolutionary jump within the field of therapeutics

18] . Shedding of trans-membrane or membrane-bound proteins is the

ain function of ADAM-17. According to this biological role, ADAM-

7 is related to a family of enzymes known as sheddases. Sheddases,

lso called secretases, are a group of enzymes with a common functional

ole, which is the cleavage of cell membrane proteins–either receptors or

unctional proteins–to liberate a soluble free ectodomain with intrinsic

ctivity [17] . A diverse list of molecules can undergo shedding, and one

f the most important substrates to the shedding process is ACE-2, a

arget of the novel SARS-CoV-2 [19] . 

.2. Structure, origin, and biological role of MMP-9 

Early studies reported the generation and secretion of a gelatinase,

r a metalloproteinase, by inflammatory cells, including neutrophils and

acrophages, which potentiate the destruction of the extracellular ma-

rix during an inflammatory episode [20] . In 1989, MMP-9, which is also

nown as the 92 kDa gelatinase/collagenase, or gelatinase B, was first

haracterized. The complete structure of this protease was introduced

nd demonstrated to be synthesized as a preproenzyme with a 78,426

olecular mass containing a 19-amino-acid-long signal peptide and se-

reted as a 92,000 glycosylated proenzyme, which in turn undergoes

leavage of 73 amino acids from its NH 2 terminus region, releasing an

ctive form of MMP-9 capable of digesting type IV and type V collagens

21] . MMP-9 is secreted from a vast number of cells, including mono-

ytes, activated macrophages, early trimester trophoblasts, fibroblasts,

nd mammary epithelial cells together with tumor cell lines. In addition,

pidermal growth factor, interleukin-1 𝛽, and TNF- 𝛼 can induce the pro-

uction of this collagenase [22] . MMP-9 is a matrix metalloproteinase

nd is considered the largest and the most complex member of the zinc-

ependent, extracellularly acting endopeptidases [23] . 

. General role of ADAM-17 and MMP-9 in inflammatory 

esponses and cytokine storm generation 

The functional release of TNF- 𝛼 is a fundamental role of ADAM-17 to

ate, making it a potential therapeutic target [18] . TNF- 𝛼 is a pleiotropic

nflammatory mediator produced by several cells of the immune system

o regulate a wide variety of immune responses. Two related entities of

his cytokine have been reported to play distinct roles: a soluble form,

nown as sTNF- 𝛼, and a membrane-bound form, known as mTNF- 𝛼 [24] .

NF- 𝛼 is made of 157 nonglycosylated amino acids following proteolytic

leavage of the membrane-bound form, which is made of 233 amino

cids [25] . There are two type ӏ membrane receptors with which TNF-

interacts to generate its biological and pathological responses; these

ell surface receptors are identified as TNFR-1 (p55/p60) and TNFR-2

p75/ p80) [24] . It was clearly evident that the level of the endogenously
2 
roduced TNF- 𝛼 is a detrimental factor in its benefit to risk resonance.

umerous trivial signs and symptoms of inflammatory conditions that

ere once thought to be physiologically normal were found to be in-

uced by TNF- 𝛼 release; now, it is clearly established that this pivotal

ytokine is the mediator behind what is known as a systemic inflamma-

ory response syndrome [26] . It is the field of inflammatory conditions

nd immunity within which TNF- 𝛼 shines the most with its ability to

anage a wide array of cytokines and inflammatory mediators involved

n an inflammatory event [27] . Of significant importance is the relation

etween TNF- 𝛼 and the current COVID-19 situation [28] . TNF- 𝛼 plays a

entral role in mediating the cytokine response required to initiate and

otentiate the inflammatory response in the lungs [26] , which leads to

ncreased accumulation of pulmonary inflammatory fluid and vascular

ermeability [29] , together with its malevolent ability to induce a gen-

ralized systemic inflammatory response by leaving the primary site of

nfection acting as a messenger to inflammation through the blood [30] .

lso, it has been found that TNF- 𝛼 solely can induce an inflammatory

attern characteristic of several diseases of the lungs and hence can be

xpected to be the principal instigating cytokine of lung injury in mul-

iple histopathological examinations of different airway diseases [31] .

he expression of TNF- 𝛼 has been found to be increased during lung in-

ury, where it provokes a variety of biological responses to modulate the

nomaly by inducing the expression of numerous other inflammatory

ediators, which is a key step consisting of stimulating multiple genes

nvolved in protective processes [32] . It was noticed that patients with

OVID-19 demonstrated significantly elevated levels of TNF- 𝛼 upon ad-

ission to hospitals [33] . Such an alarming conclusion prompted the

edical field to investigate the ability of antitumor necrosis factor ther-

pies to control the awry immune response triggered by SARS-CoV-2

34] . With the ability of SARS-CoV-2 to induce the shedding of ACE-2

hrough the activation of ADAM-17, increased generation of TNF- 𝛼 is

xpected; treatments targeting the antagonism of this cytokine seem to

e lacking the required attention [5] , although the immunosuppressant

dalimumab seems to be the first medication to be trialed against this

ytokine [35] . 

In another context, neutrophils are considered a key source in syn-

hesizing MMP-9 to be deployed during an event of inflammatory re-

ction following storage in specific intracellular granules [36] . Surpris-

ngly, reactive oxygen species (ROS), which are released during a patho-

ogical process, can increase the collagenolytic activity of MMP-9, and

ence an episode of oxidative stress driven principally by H 2 O 2 can po-

entiate extracellular matrix degradation [37] . Furthermore, inflamma-

ory mediators and cytokines produced and activated during an episode

f inflammation, such as IL-1 and TNF- 𝛼, constitute a principal pathway

o MMP-9 expression and activation together with a remarkably con-

omitant increase in gelatin degradation as shown by gel-zymography

38] . The pivotal role of this enzyme within the immune system is often

nclear; thus, it was proven to have a key role in cytokine regulation

nd recruitment together with being critically involved in potentiating

he inflammatory response upon induction in the lungs [39] . The capa-

ility of MMP-9 to degrade the extracellular matrix, releasing multiple

omponents such as alarmins, including heparin and fibronectin, which

re considered chemotactic and immune-activating proteins, contributes

ignificantly to the undesirable effects of the cytokine storm [40] . It

as found that neutrophils, upon stimulation by TNF- 𝛼, rapidly release

MP-9 by degranulation into the surrounding media, magnifying the

nflammatory actions of the cytokine storm [6] . TNF- 𝛼 and MMP-9 are

nterrelated, and it seems that both of these stimulate the release of the

ther during an immune response [41] . The MMP-9–dependent cytokine

torm, which is induced by the production of plasmin and the generation

f TNF- 𝛼 during an acute episode of graft versus host disease, demon-

trates conclusive evidence of how critical these mediators are in navi-

ating the storm [42] . The involvement of MMP-9 in the medical condi-

ion of multi-organ dysfunction syndrome generates further interest in

he role of MMP-9 regarding fueling excessive inflammatory responses

43] . It seems that MMP-9 ′ s contribution to inflammatory reactions and
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Scheme 1. ADAM-17–induced shedding of ACE-2 together with the anticipated 

elevated levels of TNF- 𝛼 as a result of SARS-CoV-2–induced activation of ADAM- 

17 will substantially increase the levels of Ang-II. The synergistic increase in the 

levels of Ang-II and TNF- 𝛼 will induce the expression and activity of MMP-9 in 

addition to the intrinsic ability of Ang-II to induce the activation of ADAM- 

17. The intricate relationship between ADAM-17, MMP-9, and ACE-2 will be 

detrimental to the magnitude of the cytokine storm in COVID-19. 
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esponses is behind the pathological outcomes of many diseases, making

t a vital therapeutic target [44] . 

. Relationship between ADAM-17, MMP-9, and ACE-2 as a 

roposed mechanism augmenting the cytokine storm of COVID-19

ACE-2 is a zinc metalloprotease and a strict carboxypeptidase, which

iffers from its first homologue, angiotensin-converting enzyme (ACE),

y its ability to cleave a C-terminal single amino acid [45] . ACE-2 plays

 critical role in regulating numerous physiological events, including

hose of the cardiovascular system, the immune system, and the respi-

atory system [46] . The role of ACE-2 in the renin-angiotensin system

RAS) is of prodigious significance [45] . ACE-2 catalyzes the formation

f highly critical vasodilator peptides, including angiotensin 1–7 (Ang

–7), thus, counterbalancing the potent vasoconstrictor effects of Ang-

I. Also, the balance between ACE and ACE-2 is essential for the proper

unctioning of the RAS [46] because a downregulation or loss of ACE-2

xpression is directly related to significantly elevated Ang-II levels [47] .

ng-II has a major vasoconstrictive hypertrophic role in the pathogene-

is of vascular remodeling and hypertension; it is responsible for increas-

ng blood pressure and inducing vascular endothelial injury through

ts ability to generate ROS, leading to vascular inflammation. Ang-II is

trongly associated with inflammation and macrophage-induced oxida-

ive stress [48] . The actions of Ang-II are mediated by two receptors of

pposite activities upon stimulation, which are Ang-II receptor type 1

AT1) and Ang-II receptor type 2 (AT2). AT1 receptors are responsible

or the hostile actions of Ang-II, representing inflammation and vasocon-

triction with hypertensive reaction, whereas AT2 counterpart recep-

ors compensate for those actions mediated by AT1 activation through

itric oxide (NO) release and reduction of platelet aggregation [49] .

he magnitude through which this mediator contributes to inflamma-

ion can extend into a deeper level of inflammatory interaction through

T1 receptor binding, leading to transcriptional factors production fol-

owed by a release of chemokines and adhesion molecules together with

he large participation of ROS [48] . It seems that this mitogen initi-

tes a burst of inflammatory mediators characterized by cytokine and

hemokine production combined with the ability of Ang-II to induce

 leukocyte-mediated pro-inflammatory effect. The production of ROS

eems to lessen NO bioavailability with subsequent endothelial damage.

oreover, Ang-II interrupts insulin signal transduction, hindering the

nti-inflammatory actions of insulin [49] . Moreover, the effect of Ang-II

n the transcription level of NF- ϰB showed that levels of this inflam-

atory inducer are highly increased upon stimulation of both effecter

eceptors, AT1 and AT2 —more specifically AT1 [48] .. The ability of

ng-II to stimulate the production of pro-inflammatory cytokines, such

s TNF- 𝛼, seems to be in great alliance with MMP-9 induction and acti-

ation [49] . In addition, the capacity of Ang-II to activate MMP-9 in a di-

ect fashion constitutes a synergistic pathway to that of Ang-II–mediated

NF- 𝛼 induction [50] . It was noticed that patients with COVID-19 ex-

ibit significantly elevated levels of Ang-II [51] , which were found to

e linear with viral load and lung injury [52] , together with its intrinsic

bility to exaggerate the inflammatory profile that is characteristic of

OVID-19 [53] . Ang-II plays an important role during an event of acute

ung injury. Following an acute episode of an injurious pulmonary sit-

ation, this mediator arises to initiate pro-collagen production with a

brotic response via the release of transforming growth factor- 𝛽 (TGF-

) [54] . In addition, an interesting study revealed that Ang-II induces

he expression of hypoxia-inducible factor (HIF-1), which is expressed

ormally during an episode of hypoxia, together with generating a hy-

ertrophic pulmonary arterial smooth muscle response [55] . The func-

ions of ACE-2 within the respiratory system are of great importance,

nd the imbalance that results from impaired ACE-2 can lead to fatal

omplications [56] . ACE-2 can undergo ectodomain shedding as a func-

ion of extracellular substrate interactions, including a viral binding to

he ectodomain region of the receptor that initiates an intracellular sig-

aling reaction to modulate gene expression and regulate the number
3 
f expressed ACE-2 receptors on the cell surface. This results in the re-

ease of two soluble forms of equivalent enzymatic activity known as

he large soluble form and the small soluble form [57] . Considering the

triking similarity between SARS-CoV and SARS-CoV-2 when it comes

o spike protein sequence and target binding affinity [58] , it is highly

ikely that the novel strain’s binding to ACE-2 will result in downregu-

ation of its expression and cell-surface translocation as an outcome of

ts internalization following cell-surface interaction [59] . It was found

hat shedding and downregulation of ACE-2 following viral interaction

ith the receptor is actually due to ADAM-17, which is induced to ini-

iate the release of a soluble form of ACE-2 detectable in plasma and

ence, enhancing its clearance from the cell surface [60] . In contrast

o ACE, ACE-2 is considered a substrate for the sheddase ADAM-17

57] . Numerous studies have demonstrated the relationship between

CE-2 shedding and ADAM-17 as a principal enzyme of this physio-

ogical phenomenon, which if imbalanced, can result in pathological

utcomes. Overshedding and downregulation of ACE-2 are reportedly

inked to lung injury and respiratory pathological conditions [61] . The

elation between MMP-9 and the vasoconstrictive peptide Ang-II, which

s known to have a potential role in gene expression, was established fol-

owing the conclusive evidence that NF- ϰB activation in response to the

nteraction between Ang-II and its receptor AT1 results in the activation

f multi-intracellular pathways with subsequent upregulation of MMP-

 at the transcriptional level [62] . An important role was assigned to

NF- 𝛼 when it comes to modulation of MMP expression. It was reported

hat this cytokine, in a dose and time-dependent manner, can increase

he expression of MMP-9 [63] . In an optimum respiratory condition,

he expression of MMP-9 is tightly restricted and thus, presents itself in

ery low numbers. Such restricted presentation is highly altered in the

vent of respiratory inflammation, where numerous cells confined to

he respiratory space contribute to MMP-9 secretion and expression and
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[  
ence, tissue injury [64] . MMP-9, which is the major proteinase respon-

ible for airway tissue remodeling, acts principally by potentiating the

igration of eosinophils and neutrophils across basement membranes;

nfiltrating ovalbumin, which contributes to airway inflammation; and

nducing airway hyperresponsiveness [65] . Furthermore, it was demon-

trated that MMP-9 is the predominant MMP presenting during an event

f an asthmatic episode, with its expression being highly enhanced dur-

ng an acute inflammatory response [66] . Acute lung injury and ARDS

re of high importance among the wide spectrum of respiratory condi-

ions, and MMPs are indispensable in their generation and progression

y contributing to alveolar cell injury and basement membrane degrada-

ion [67] . A biomarker of pulmonary inflammation, known as neutrophil

lastase (NE), had been linked to MMP-9. It is a potent inflammatory

rotease that is highly involved in the process of respiratory tissue re-

odeling and degradation through activating MMP-9 as a main inflam-

atory mediator contributing to pathological findings [68] . Cytokines

nd chemokines interact intensely with MMP-9, where it cleaves IL-8

nto a 10-fold more potent derivative and participates in the generation

rocess of TNF- 𝛼 and TGF- 𝛽 active forms in addition to its ability to re-

ease IL-1 𝛽 from its inactive proform. It seems evident that neutrophils,

ith their ability to secrete their internally stored MMP-9, are a major

ausative factor for tissue destruction taking place during an episode of

nfectious disease or respiratory distress syndrome [69] . Also, it seems

hat a decrease in ACE-2 expression is strongly related to an increase in

MP-9 activity [47] . The intricate relationship of ADAM-17, MMP-9,

nd ACE-2, along with the contribution of TNF- 𝛼 and Ang-II to their ac-

ivation and expression and hence, augmentation of the cytokine storm

enerated during COVID-19, is detailed in scheme 1 . 

. Conclusion 

As a biological target, ACE-2 naturally undergoes shedding by

DAM-17, but such shedding as a regulatory process seems to be ex-

loited by the novel SARS-CoV-2. It was established that during a SARS-

oV-2 infection cycle, the virus interacts with ACE-2 as a target receptor

o cell entry. Such interaction leads to internalization of the target re-

eptor together with an additional overlooked mechanism, which is the

ctivation of ADAM-17. This leads to multiple consequences, with the

hedding of ACE-2 and mTNF- 𝛼 being a prominent outcome. Thus, a rise

n the level of the inflammatory metabolite of ACE-2, which is Ang-II,

ith sTNF- 𝛼 being generated simultaneously will activate MMP-9, lead-

ng to further destructive inflammatory outcomes. Hence, a cytokine

torm of hazardous magnitude is set to occur with greater overall collat-

ral damage. Further studies focusing on the activation of ADAM-17 and

MP-9 by SARS-CoV-2 together with the introduction of selective in-

ibitors of these two target enzymes as a therapeutic strategy should be

oregrounded. Thus, the shedding process of ACE-2 and mTNF- 𝛼 would

e relatively suppressed and better control of the serum levels of Ang-II

nd sTNF- 𝛼 consequently achieved. Expectedly, the controlled rise in the

evel of these inflammatory mediators will have a positive therapeutic

ffect, with the main target being the cytokine storm of COVID-19. 
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