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Abstract

In late 2019, an outbreak of coronavirus disease 2019 (COVID‐19) arose, caused by

severe acute respiratory syndrome coronavirus type 2 (SARS‐CoV‐2). This disease

rapidly became a public health event of international concern. In addition to the

most typical symptoms of dyspnea, numerous patients with COVID‐19 exhibited

systemic symptoms, such as cardiovascular disease, liver and kidney failure, and

disorders in coagulation. At present, clinical data indicates that numerous patients

who are critically ill die from multiple organ dysfunction syndromes (MODS).

Moreover, the entry of SARS‐CoV‐2 into cells causing severe pathology and pro-

gressive organ failure is precisely mediated by the human angiotensin‐converting

enzyme 2 protein. This plays a role in maintaining both fluid and electrolyte

homeostasis, ensuring the stability of the internal environment. Therefore, the

present review aimed to investigate the pathogenesis of MODS caused by

SARS‐CoV‐2 infection based on the current clinical data and previous studies.
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1 | INTRODUCTION

The coronavirus disease 2019 (COVID‐19) caused by the novel se-

vere acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) has

become a public health emergency of international concern since its

outbreak in late December 2019, causing mass transmission world-

wide. As the mutation of the virus increases, more and more people

are at risk of infection. By November 2021, there were over

2.5 billion cumulative confirmed cases of COVID‐19 worldwide,

including more than 5.16 million deaths.

All humans are susceptible to developing the disease associated

with SARS‐CoV‐2, but the conditions following infection differed

between patients.1 Although there have been a considerable number

of asymptomatic infections, numerous patients with COVID‐19 ex-

hibited symptoms of fever, dry cough, fatigue, and myalgia, and se-

verely ill patients in particular certain specific populations presented

with dyspnea and hypoxemia, which may result in acute respiratory

distress syndrome (ARDS).2 In addition to severe respiratory damage,

cardiovascular digestive system, urinary system, and immune system

are also greatly affected, affecting the prognosis. Researchers3 ana-

lyzed the clinical characteristics of 41 COVID‐19 patients and found

that five patients had combined acute myocardial injury, three pa-

tients had combined acute kidney injury, and most of them were

severe patients. In a statistical study by Chen4 on 99 COVID‐19

patients, 11% exhibited short term deterioration and later died of

multiple organ dysfunction syndromes (MODS), including heart fail-

ure, acute renal injury, and shock.

MODS is a clinical syndrome in which two or more systemic

or organ dysfunctions occur simultaneously or sequentially fol-

lowing acute damage, such as infection, poisoning, severe trauma,

and extensive burns. Previous studies have demonstrated that

patients with COVID‐19 who also exhibited comorbid MODS

have extremely high rates of severe illness and mortality.

Therefore, futher understanding the mechanisms underlying

SARS‐CoV‐2 in MODS development is critical to reduce the

impact of COVID‐19 (Figure 1).
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2 | MECHANISMS OF INFECTED WITH
COVID‐19 LEADING TO MODS

2.1 | Inflammatory cytokine storm causes MODS

An inflammatory cytokine storm occurs when an organism is in-

fected by microorganisms that cause the release of a large number

of inflammatory factors, which not only kills the virus, bacteria but

also causes permanent damage to normal cells, resulting in damage

to various organs.5 The study6 found that plasma cytokine levels

were higher in COVID‐19 patients compared to healthy subjects,

while plasma IL‐2, IL‐7, IL‐10, granulocyte colony‐stimulating

factor and recombinant human interferon‐inducible protein‐10,

MCP‐1, macrophage inflammatory protein‐1A, and TNF‐α levels

were incrsased in critically ill patients, compared with non critically

ill patients. Moreover, results of a further studiey demonstrated

that IL‐6 played a unique role in the development of a hyper‐

inflammatory response following SARS‐CoV‐2 infection, and this

could be used as a marker for understanding the severity of the

disease and predicting patient prognosis.7,8 When SARS‐CoV‐2

directly infects endothelial cells that highly express angiotensin‐

converting enzyme 2 (ACE2), thus causing inflammation, IL‐6 is

released to increase vascular permeability and promote the release

of pro‐inflammatory factors in the endothelial cells themselves,

thereby enhancing the release of cytokine.9 The release of a large

number of inflammatory factors eventually evolves into an un-

controlled systemic inflammatory cytokine storm that damages

various organs leading to MODS.

2.2 | Oxidative stress causes MODS

Oxidative stress is a phenomenon caused by the loss of regulation of

the production and accumulation of reactive oxygen species (ROS) in

cells and tissues and the inhibition of the activity of endogenous

antioxidant system.10 ROS include superoxide radicals (•O2
−), hy-

drogen peroxide (H2O2), hydroxyl radicals (•OH), and singlet oxygen

(1O2), which are closely associated with multiple physiological ac-

tivities, such as protein phosphorylation, activation of several tran-

scription factors, apoptosis, immunity, and differentiation.11 The

increase of ROS will irreversibly destroy proteins, lipids, and nucleic

acids, inhibit the enzyme complex of the respiratory chain and cause

mitochondrial dysfunction, leading to cell damage, and further organ

dysfunction.12 Oxidative stress may be a contributing factor in the

pathogenesis of MODS due to the association of elevated plasma

levels of ROS, NO, and ONOO− with MODS.13 By investigating the

clinical characteristics of 198 patients with COVID‐19, results of a

previous study demonstrated that glutathione (GSH) reductase

(GR) levels were significantly increased in 40.2% patients with

COVID‐19.14 GR is known to participate in an oxidative defense

system required for effective immune responses against bacterial

infection. From an accumulation of literature data, an endogenous

deficiency in GSH may underly the serious manifestations and death

resulting from COVID‐19 infection.15 The receptor‐binding domain

of the viral spike proteins and ACE2 has several cysteine residues.

Molecular dynamic simulations showed that the binding affinity was

significantly impaired when all the disulfide bonds of both ACE2 and

SARS‐CoV/CoV‐2 spike proteins were reduced to thiol

groups.16 GSH‐peroxidase is a key antioxidant enzyme that converts

peroxides and hydroxyl radicals into nontoxic forms by the oxidation

of reduced GSH into GSH disulfide, which is then reduced to GSH by

GR.17 Under oxidative stress, the lack of a reducing environment

would significantly favor viral protein binding to cell surface ACE2.

Therefore, it is speculated that SARS‐CoV‐2 may cause ACE2‐

expressing cells with GSH depletion, thus leading to oxidative stress.

This may mean that the histocyte is more susceptible to SARS‐CoV‐2

infection and ultimately causing systemic multiple organ damage.

2.3 | Disseminated intravascular coagulation (DIC)
causes MODS

D‐Dimer (DD) levels are commonly used as an indicator of fibrinolytic

system function, and elevated DD levels indicate fibrinolytic system

activity. Clinical reports demonstrated that patients infected with

SARS‐CoV‐2 often present with thrombocytopenia and increased

DD, and patients with severe infection exhibit an increased risk of

DIC.4 DIC, a secondary syndrome of intravascular coagulation due to

local damage caused by different etiologies, is a manifestation of

coagulation failure and an intermediate link in the development

of multiorgan failure.18 Abnormal coagulation in patients with

COVID‐19 is characterized by elevated fibrinogen and DD in parallel

with increased inflammatory markers.4 At the same time,

F IGURE 1 The factors contributing to multiple organ dysfunction
syndromes (MODS). Factors including aging, obesity, and underlying
diseases can degrade angiotensin‐converting enzyme 2 (ACE2) and
exacerbate downregulation of ACE2 induced by virus. In addition, the
infection of severe acute respiratory syndrome coronavirus type
2 and the downregulation of ACE2 further cause inflammatory
cytokine storms, oxidative stress and disseminated intravascular
coagulation (DIC). These events lead to organ damage, eventually
causing MODS
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prothrombin time and partial thrombin activation time were

prolonged, as well as platelet reduction, suggesting that an excessive

inflammatory response may activate the clotting pathway, leading to

excessive consumption of clotting factors and platelets. In parallel

with the systemic organ inflammation, the microvascular system is

damaged, leading to abnormal activation of the coagulation system,

which manifests itself pathologically as systemic microangiitis and

extensive microthrombosis, eventually leading to MODS.

2.4 | Distribution of ACE2 in the body

ACE2, the first homolog of the human angiotensin‐converting enzyme

(ACE), is a key members of the renin−angiotensin−aldosterone system

(RAAS).19 The RAAS is an important component in regulating the

function of numerous tissues and organs, including the cardiovascular

system, kidneys, lungs, and liver, and especially by maintaining a balance

of blood pressure, electrolyte balance, and inflammatory response.20 In

the classical RAAS system, renin secreted by the paranephric cells of the

kidney acts on angiotensinogen in the blood and converts it into an-

giotensinI (AngI). AngI forms angiotensinII (AngII) and AngIII under the

action of ACE. AngII can increase blood pressure by contracting the

smooth muscle of arteries, promoting the release of vasopressin and

oxytocin from the pituitary gland, stimulating the secretion of aldos-

terone by the adrenal cortex, and promoting the reabsorption of water

and sodium by the renal tubules. In contrast, angiotensin (1−7) (Ang

(1−7)) exhibit a number of biological effects, including vasodilation,

regulation of blood pressure, inhibition of cell proliferation, diuretic, and

natriuretic properties, and theses closely associated with slow peptide

interactions.20,21 ACE2 converts AngI to angiotensin (1−9) and further

to Ang (1−7).22 In addition, ACE2 can also directly degrades AngII to Ang

(1−7).23 Using single‐cell RNA sequencing, results of previous study

demonstrated that ACE2 is predominantly expressed in type II alveolar

cells in the lung, proximal tubule cells in the nephron, cardiomyocytes,

epithelial cells of the ileum and esophagus, and urothelial cells of the

bladder in humans.24 ACE2 could mediate both SARS‐CoV and SARS‐

CoV‐2 S‐mediated entry into cells, but the affinity of the S protein of

SARS‐CoV‐2 to the ACE2 receptor is nearly 20 times that of SARS.25

Thus, although SARS‐CoV‐2 exhibits a lower lethality than SARS, the

high affinity for ACE2 may explain its greater susceptibility to human

infection and transmission. The expression and distribution of ACE2 in

the human body may act as a target of SARS‐CoV‐2 infection.21

2.4.1 | Lung injury mediated by ACE2

A recent study of patients with COVID‐19 by Wang's team26 demon-

strated that the pathology caused by SARS‐CoV‐2 was characterized by

diffuse alveolar damage with pulmonary edema and formation of lung

hyaline membranes. Fibrous mucus‐like exudates were also observed in

the lung tissue. ARDS is a syndrome with bilateral pulmonary effusion as

the clinical manifestation without heart failure, and the mortality rate of

patients with ARDS is as high as 30%.27 ACE2 may play a key role in the

progression of ARDS.28 It has previously been demonstrated that in a

lipopolysaccharide‐induced ARDS rat model, bronchoalveolar lavage

fluid increased ACE activity and AngII expression levels, while ACE2

activity and Ang (1−7) expression levels were decreased.29,30 Moreover,

ACE2 is abundantly expressed in alveolar type II pneumocytes and as-

sociated with endothelial cells, making these cells major targets for viral

entry and replication.31 It is thus speculated that following infection of

alveolar epithelial cells by SARS‐CoV‐2, the corresponding S protein acts

on the ACE2 receptor to allow the virus to enter the cells via en-

docytosis. This activates A disintegrin and metalloproteinase‐17

(ADAM17) to cleave the ACE2 N‐terminal, resulting in the down-

regulation of ACE2 expression.32 Decreased expression of ACE2 in-

creases vascular permeability, thus leading a cycle of the alveolar wall in

a vicious cycle of ongoing destruction and repair, ultimately resulting in

diffuse alveolar damage.

2.4.2 | Cardiac injury mediated by ACE2

Results of previous studies have suggested that high activity of the

RAAS system in the heart and the production of cardiomyocyte AngII

accelerate the progression of heart failure. Yamamoto33 demon-

strated that ACE2 knockout mice were more likely to develop severe

cardiac dysfunction under stress overload, while myocardial AngII

levels were significantly increased. Moreover, Burrell34 demonstrated

that cardiac ACE2 expression was increased in the infarcted and

peripheral ischemic zone in experimental myocardial infarction. Re-

sults by, Donoghue35 indicated that ACE2 induced vascular diastole

in the heart and maintained myocardial perfusion during acute

ischemia. Furthermore, researchers36 measured ACE2 mRNA levels

in the left ventricular myocardium of patients with normal donor

(9 cases), primary dilated cardiomyopathy (11 cases), and ischemic

cardiomyopathy (12 cases). The results of this study indicated that

ACE2 mRNA levels were found to be locally upregulated in the hearts

of patients with ischemic cardiomyopathy and idiopathic dilated

cardiomyopathy. Previous studies have demonstrated that upregu-

lation of ACE2 levels is a compensatory response to heart fail-

ure,37–39 as increased levels of Ang (1−7) can counteract the effects

of AngII to some extent. These findings may imply that when SARS‐

CoV‐2 is infected with ACE2, levels in the cardiac system may con-

sequently decrease, and symptoms such as heart failure may occur in

critically ill patients as well.

2.4.3 | Liver injury mediated by ACE2

Previous research indicated that patients with COVID‐19 exhibit a

14.8%−53% probability of developing concurrent liver injury, with

abnormal serum ALT/AST levels and mildly elevated bilirubin levels.4,40

In severe cases, the albumin level decreased to 26.3−30.9 g/L, and the

proportion of liver injury was significantly higher in patients with se-

vere disease than in those with mild disease.40 Liver injury caused by

SARS‐CoV‐2 through multiple pathways mainly includes moderate
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steatosis, lobular and portal inflammation, apoptosis, and bile duct

proliferation.41 The expression of ACE2 in hepatic duct cells is much

higher than that in hepatocytes, so the liver damage caused by

SARS‐CoV‐2 infection in hepatic duct cells with immune and pro-

tective effects may be more serious. On the one hand, SARS‐CoV‐2

infection attenuated bile duct barrier function leading to liver injury

by reducing cholangiocyte tight junction protein and mRNA

expression. On the other hand, it impairs bile acid signaling and

causes biliary changes by negatively regulating hepatobiliary

transporters.41 Moreover, infected hepatocytes also upregulated

the expression of inflammatory pathways.42 Other factors such as

hypoxia and inflammatory factor storms, also cause liver injury by

affecting the expression of ACE2.41

2.4.4 | Kidney injury mediated by ACE2

In the kidney, ACE2 is predominantly found in the brush‐like proximal

margin of the tubules, the endothelium of renal vessels, and smooth

muscle cells, and in parietal epithelial cells.43–45 Results of previous

studies highlighted the role of renal ACE in renal damage. Notably,

Tikellis46 demonstrated a two fold increase in circulating ACE2 ac-

tivity in diabetic mice, which may be a potential cause of impaired

reactivity to AngII. Oudit47 demonstrated that ACE2 deficiency is

associated with the formation of lipid peroxidation products in the

kidney, and the increased activation of mitogen‐activated protein

kinase and extracellular signal‐regulated kinases 1 and 2 in the glo-

meruli. It has previously been reported that SARS‐CoV‐2 can be di-

rectly mediated through ACE2, causing acute renal failure, tubular

necrosis, Bowman's capsule protein leakage, glomerular collapse, and

mitochondrial damage.48 A cause of acute kidney injury in patients

with COVID‐19 may be that SARS‐CoV‐2 reduced ACE2 expression

after entering the cells to inhibit its anti‐inflammatory protective

effect. The disrupted balance between intrarenal ACE and ACE2 may

elevate the levels of Ang2 concentrations in the injured tubules, thus

leading to further kidney damage.

3 | SARS‐CoV‐2 INFECTION IN THE
ELDERLY CAUSES MODS

Previous studies have demobnstrated that the prevalance of

COVID‐19 is increased in patients with underlying diseases such as

chronic obstructive pulmonary disease, coronary heart disease, liver

and kidney failure, hypertension, diabetes, and cerebrovascular dis-

ease, and so forth.49 Investigating fatal cases of COVID‐19 in China

demonstrated that the majority of the non‐survivors died of multiple

organ failure, and most of these cases were in male over 50 years old

with noncommunicable chronic diseases.50 Apparently, there is a link

between basic diseases and COVID‐19 infection. Clinical reports

have indicated that ACE2 deficiency in patients with COVID‐19 with

underlying disease, exacerbated the damage caused by ACE2

downregulation during viral infections.48 As numerous underlying

diseases afflicting the elderly may be more complex and severe, this

age group may be affected the most. Studies reported “inflame‐

aging,” a chronic mild inflammation in aging that is associated with

elevated systemic levels of pro‐inflammatory cytokines which may

promote underlying diseases.51 It is speculated that “inflame‐aging”

caused a cytokine storm in elderly patients with COVID‐19, by al-

tering the expression of ACE2 receptor, producing excessive ROS,

aging adipocyte activity, altering the levels of autophagy and mi-

tochondrial autophagy, immune aging, and reducing vitamin D (VD).52

This is precisely verified by the age‐related ACE2 dysregulation.53

This may also explain why elderly people with these underlying dis-

eases exhibited a high rate of COVID‐19 infection (31.2%).54 Most of

the critically ill patients in the ICU are also elderly,55 and acutely ill

patients progress to ARDS, sepsis, shock, and multi‐organ dysfunc-

tion, and even failure within a week. Moreover, previous that de-

scribed the pathology and the molecular changes in patients with

COVID‐19 suggested that immunosenescence is also a major driver

of high mortality in elderly patients, which hampers pathogen re-

cognition, alert signaling, and clearance.56 The main manifestations of

immune aging are thymus atrophy resulting in reduced T cell output,

decreased natural killer cell activity, ineffective pathogen recognition,

and macrophage activation.57 These age‐related changes are thought

to be due to pathogenic, genetic, and lifestyle factors that affect the

cells' epigenetic status and the diversity of immune cells.58 These

factors indicated that both aging and numerous diseases may ex-

acerbate the impact of SARS‐COV‐2 in the elderly and may even-

tually lead to MODS.

4 | SARS‐CoV‐2 INFECTION IN THE
OBESE SUBJECTS CAUSES MODS

Results of previous studies have demonstrated that COVID‐19 and its

severity is associated with overweight and obesity. Notably, obese pa-

tients frequently suffer from cardiovascular dysfunction, hypertension,

type 2 diabetes, and other fundamental diseases.59 Therefore, obesity

may be an important risk factor for the development of severe

COVID‐19. In patients who are overweight or obese, macronutrient

excess in the adipose tissues stimulates adipocytes to release TNF‐α,

IL‐6, and other pro‐inflammatory mediators and to reduce the produc-

tion of the anti‐inflammatory adiponectin, thus predisposing to a pro‐

inflammatory state and oxidative stress.60 The lack of cardiovascular and

anti‐inflammatory protective factors of the ACE2/ang(1−7)/Masr axis

triggered a cytokine storm due to the physiological conditions of the

adipose tissue and viral induction. Results of aprevious study demon-

strated that both SARS‐CoV‐2 infection and obesity appear to share

some common metabolic and inflammatory response pathways.61 In

Germany, patients with ARDS were more commonly overweight or

obese (83%) versus those with normal body mass index (BMI) (42%).62

In China, patients with overweight/obesity were more likely to be

hospitalized longer than those with normal BMI.63 A high BMI not only

reflects the risk of infection and complications but also tends to indicate

the severity of the SARS‐CoV‐2 infection. Other complications of
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severe obesity, such as heart failure and renal failure,64,65 may exacer-

bate the occurrence of multiple organ dysfunction.

5 | CONCLUSION AND PROSPECT

In conclusion, the severity of COVID‐19 may be impacted by multi-

system failure, which includes underlying disease and ACE2 expression

in humans (Figure 2). We also need to consider that the current rate of

SARS‐CoV‐2 variation is rapid, with implications for both infection and

lethality, and that this is the reason why COVID‐19 was not controlled

despite widespread vaccination in China. In the face of the possible

long‐term coexistence of COVID‐19 with the human body, we should

more adhere to standardized prevention and control, cutting the

transmission chain of the virus and blocking it to a minimum. ACE2 has

been identified as the cell receptor of SARS‐CoV‐2,21 so we can start

from the targeted combination of SARS‐CoV‐2 S protein and ACE2

receptor to find treatment schemes or develop related drugs. At pre-

sent, therapeutic method involves treatment with soluble recombinant

human ACE2, in order to disrupt viral entry via the spike protein‐ACE2

interaction and reduce viral load in a dose‐dependent manner.1 In re-

sponse to the effects of the underlying disease and age factors, we are

aiming for therapeutic intervention with pro‐inflammatory factors and

chemokines, while also actively attempting to reduce mortality by

means of activating the body's defenses against aging. In the future, the

management of COVID‐19 patients with possible MODS should take

into account individual differences such as age, weight, different and

complex underlying diseases and infection levels, and adopt a more

flexible and personalized treatment approach.
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